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Abstract  

Excess moisture significantly impact durability and sustainability 
of road components especially in cold regions. To improve 
understanding of moisture dynamics in roads with drainage 
system, hourly measured moisture content, soil temperature and 
groundwater level data during a 3-year period from a test site in 
Växjö, Sothern Sweden were utilized. Seasonal and manipulated 
changes in the groundwater level and moisture dynamics were 
observed that describe extreme conditions providing extra 
moisture to the upper layers of road. CoupModel was used to 
estimate mass and heat balance in four depths of two spots of 
the road section. Good performances of the model were 
achieved in calculation of the soil moisture in different depths. 
Soil water retention curve parameters were sensitive to constrain 
criteria which demonstrate importance of soil texture in 
controlling moisture dynamics. Model could properly capture 
temperature dynamic during winter time but simulated excess 
evaporation from soil layers reduced performance of model in 
the estimation of temperature during summer The combined 
monitoring and modelling of physical conditions in the road 
structure will be highly relevant to help decision makers and road 
engineers to avoid moisture in road structures and to also identify 
crucial events from meteorological data. 
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 INTRODUCTION 1.
Understanding moisture distribution and groundwater dynamics in 
roads and the factors that governing them can help to identify and 
address the causes of damages to road structure and materials due 
to excess moisture. There are direct and indirect complex 
interactions between roads and landscape. A proper designing and 
planning of sustainable roads and drainage systems requires a 
better understanding of the entire system under different climate 
conditions, considering physical characteristics of the roads and 
geo-morphological characteristics of the surrounding environment. 
To achieve such understanding, one of the key issues will be to 
quantify how the moisture dynamics is regulated during normal 
climate conditions with typical seasonal changes. The moisture is 
of the highest importance for the decomposition of the road 
materials and for the sensitivity to various threats during extreme 
events. 
A sustainably performing road network plays an important role in 
the economy of each country. In Sweden, a large part of the 
national budget has been allotted to construction, operation and 
maintenance of the road network which is a consequential section 
of the estate infrastructure. Total costs of damages to the road 
infrastructure has been considerable in the past decade (SRA, 
2002) and it is predicted that the cost of damages to roads due to 
flooding in a changing climate (IPCC, 2007) will increase 
drastically by 2100 (SCCV, 2007). Consequently, the interrelation 
of road networks and landscape and considerable effects of road 
alterations in the environment has been motivation for numerous 
studies and researches globally and in different fields. 
In Sweden there have been many studies conducted to investigate 
environmental issues related to road networks, e.g. impacts of road 
de-icing slat on the ground water and runoff quality and vegetation 
(Blomqvist, 2001; Bäckström et al, 2004; Lundmark and Olofsson, 
2007; Lundmark and Jansson, 2008a, 2008b; Olofsson and 
Lundmark, 2009), effect of roads network on ecology (Karlson 
and Mörtberg, 2015), road runoff quality (Westerlund, 2007), 
contaminant transport and flow rate (Olofsson, 2011) and so on. 
Additionally, there have been many studies involving physical and 
mechanical issues related to road networks such as:  water and heat 
transport in road structures (Hansson and Lundin, 2005; Hansson 
et al, 2005, Jansson et al, 2006), pavement moisture content and 
mechanical behavior of road (Salour and Erlingsson, 
2012).Decrease in bearing capacity of asphalt is in direct 
correlation to increase of moisture content in the road body, and 
can be recovered by removing the excess water (Apeagyei et al. 
2014). It is recommended to move toward preventing measures 
than applying highly coast maintenance strategies in road water 
related problems (Dawson, 2009).  
 In hydrology perspective, there have been many studies 
conducted that investigate the effects of roads on hydrologic 
responses of catchments for different meteorological conditions. 
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Most of these studies were focusing on explaining the alterations 
in hydrological processes happening due to changes in geo-
morphological characteristics because of road construction or 
operation. Yet there are few studies that try to explain the moisture 
distribution and temperature dynamics within the road and 
embankments also ground water oscillation in the road pavement 
and in the close vicinity of the roads. 
Investigation of moisture and water table in the road structure is 
important because presence of extra moisture in road has different 
consequences on the road itself and the surrounding environment. 
A road with high moisture content is more vulnerable to flood 
waves and erosion. Additionally, variations in Temperature and 
rainfall intensity cause alterations in moisture balance within and 
close to the road structure which significantly affects the expected 
life and strength of roads. Extra moisture in roads significantly 
reduces the shear strength and internal friction forces between the 
aggregates which results in less rigidity of the road. This causes a 
process called asphalt “raveling or stripping” in which more water 
will enter to asphalt mix and reduces the bond strength between 
aggregate and mastic due to action of traffic and moisture 
together, that may result in failure of the asphalt layer (Huber, 
2005;Dawson, 2009). It also results in frost heaving during winter 
and thaw settlement and loss of structural load bearing capacity 
during spring (Dawson, 2009). It is estimated that about the 80% 
of the problems encountered in road pavement and sub-grade 
materials are correlated to amount of the moisture that exists in 
the road frame (Birgisson & Ruth, 2003).  
Moisture in road structure is generally results of precipitation 
infiltration through cracks and pores in the road surface, base 
course and shoulders, also high ground water level and moisture 
transfer as a result of capillary rise from the water table or vapor 
transport (Dawson, 2009). It may be assumed that during dry 
conditions, there are not fluctuations in moisture in the road 
compartment also no transport phenomena occurs. But there will 
be dynamics and that is much more sophisticated in dry conditions 
compare to wet conditions. These dynamics are dependent to 
moisture and temperature. To understand this dynamics one step 
can be investigation of moisture and temperature together which 
will help us to identify those types of dynamics that are described 
by the available data and further investigate related damages. To 
do this, one can model vertical/horizontal transport of moisture in 
the road itself that is connected to surroundings environment and 
find to what extend there are horizontal fluxes going on through 
unsaturated part or all the horizontal fluxes in the saturated part. 
In addition, find to what extend there are variabilities in the soil 
moisture in unsaturated part that could also be caused by various 
gradients and how they look in different positions of the road. 
Another step can be combination of groundwater fluctuations with 
both geo-morphological data and moisture data. This investigation 
can help us understand how the groundwater is correlated to 
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moisture and how both of them are varying in different sections of 
road. 
Most parts of a road construction such as embankments, 
foundations and pavement are in partially saturated state which is 
highly affected by boundary conditions. Temperature not only 
influences the performance of the pavement and foundation but 
affects moisture flow within road structure. A detailed study of the 
moisture distribution and ground water dynamics within and in the 
close vicinity of roads can assist in better understanding and 
estimation of important driving factors affecting moisture content 
of the road structure. Such knowledge can assist in designing 
proper drainage system that can prevent deterioration of road 
structures due to excess moisture. 

1.1.  Aims and Objectives 
The general aim of this study is to explore soil moisture, 
groundwater and temperature dynamics in a road structure by 
combining physical based modeling with data from detailed in situ 
measurements covering a period of disturbance of the normal 
drainage system. Specific objectives are:  
• To describe the seasonal patterns of measured moisture and 
groundwater data using a general conceptual model 
• Identify the most important processes and characteristics in 
the mathematical model to describe moisture and temperature 
dynamics with different forcing upper and lower boundary 
conditions.  
• Discus how uncertainties in both the measurements and in 
the model approach can be reduced by more research. 

 METHOD 2.
To simulate what are the likely dynamics with respect to soil 
moisture and soil temperature, groundwater and heat flows, a site 
specific set up of the CoupModel (Jansson and Moon, 2001) was 
made for 2 vertical sections of the road. 
The method includes the following steps: 
 Investigation of the available data and finding seasonality 

patterns in the available time series data. 
 Modeling the study site utilizing data from two groundwater 

tubes, two groups of moisture sensors and one group of frost 
detection sensors to make demonstrations of the study site.  

 Sensitivity analysis and comparison of the model results with 
the observations to find to what extent the dynamics in the dry 
and wet period have similarities and what are the influencing 
factors. 

2.1. Study site and data 
The study site is located in Torpsbruk in Kronoberg County, 
Southern Sweden. Moisture and groundwater probes were installed 
on a section of the road 126 which is a two-lane two-direction 
rural road in the Torpsbruk region that opened to traffic on 
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November 1985. The measured data was registered from 
September 2009 until November 2012 on a regular basis. In the 
period 7 June to 15 September 2011 (i.e. 3 months) the drainage 
pipes of the roads were closed to assimilate the road section as a 
not-draining structure (Hansson et al, 2012). 
The road which has 3.5 meters width with a 0.5 meter unpaved 
shoulder is a three layer flexible pavement road type.  Constitutive 
road layers from the top to bottom are: hot mix asphalt concrete, 
base course, sub-base and sub-grade (Table 1). Thickness and grain 
size of the constitutive materials are listed in the Table 1. 

2.1.1. General descriptions of  the study site 
After the construction and operation, the road has been equipped 
with plastic filter drains on both sides of the road that collect 
subsurface water and discharge to drainage pipes. The drainage 
pipes which are aligned parallel to the road stretch have been 
installed in one meter depth from the bottom of the open ditch 

Table 1 Soil component layers of the road 126 
 Type of Layer Thickness (mm) Description 
HMA Overlay (AB16 160/220) 50 Hot Mix Asphalt Concrete 
HMA Bound layer (AB16 160/220) 50 Hot Mix Asphalt Concrete 
Base Course 160 Crushed Gravel 
Sub-base 300 Natural Sandy Gravel 
Sub-grade - Natural Sandy Silt 
   

Fig. 1 Study area is located in Kronoberg County, Sothern Sweden (left). Test site was at 
a section of the road 126 at Torpsbruk (Right). 
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and redirect water into a 200 m long pipe (Bäckman, 1987). The 
reason to utilize filter drains was that in the early summer, it was 
observed that the terrace of an intersection was very wet and had 
poor bearing capacity. Those phenomena could be partly explained 
by an unusual rainy spring, but it was observed that this particular 
part of the road was wetter than nearby sections (Bäckman, 1987). 
It was concerned that the embankment and the pavement would 
have no time to drain up which resulted in higher moisture content 

Fig . 2 General specification and instrumentation of the test site. Road surface is made of 
10 cm of hot mix asphalt (HMA). Base course and subbase course are made of crushed 
gravel and natural sandy gravel with thickness of 0.16 and 0.3 m respectively (Figure up, 
modified after Hansson et al, 2012). Groundwater tubes (GW_K and GW_D) are 
installed on two sides and moisture sensors (ES1-ES4) and frost depth sensor are 
installed on one side of the road (Figure bottom). 
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and poor bearing capacity of the constitutive materials. Therefore 
it was decided to use plastic filter drains to dry up the road 
pavement. 
In order to understand moisture and ground water variation within 
and in the close vicinity of the road, the test site was instrumented 
by four moisture probe conductors, one frost rod and four ground 
water measurement probes (Fig. 2) . Measured data was read 
automatically every 30 minute and was registered in the data 
loggers. Real time volumetric moisture content was measured at 
four different depths (0.3, 0.7, 1 and 1.3 m) from the surface by 
using high frequency domain (capacitance) probes (TDR). The 
sensors for measuring water content were from Envirosmart 
brand. Frost depth was measured by utilizing a Tjäl2004 frost rod 
(http://www3.vv.se/tjaldjup/). Ground water pipes equipped with 
pressure sensors for automatic logging of water level (Hansson et 

Fig . 3 Moisture data for the utilized TDR probes in the study site are illustrated in these 
graphs. From 4 equipped TDR probes, two probes (ES1 and ES3) were functioning 
properly in the whole period. Measured moisture values of ES1 and ES3 in four depths 
are illustrated in figures a (1 and 2) and b (1 and 2) respectively. 
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al, 2012). For automatic recording and transmission of measured 
data, two data loggers have been installed in the line across the 
road on both sides. The pressure sensors on the west side are the 
brand Keller and those on the east side of the road are of the label 
Druck (Hansson et al, 2012). 

2.1.2. Exploring groundwater and moisture data 
The dataset include hourly measurement of the volumetric 
moisture content on one side and groundwater level on both sides 
of the road which covers two interesting period of draining and 
non-draining conditions. Not-draining condition was created by 
manually closing the drainage pipes to assimilate a road without 
drainage system. Measured groundwater level and moisture 
content of the different sections of the road can describe response 
of the road to water fluxes. Temperature was measured in one 

Fig. 4 Hourly data representing volumetric moisture content for TDR probes ES1 (a1 
and a2) and ES3 (b1 and b2) illustrated in solid lines and double solid lines respectively 
and groundwater levels in dashed lines. Precipitation (mm/hr) is shown in blue bars 
(figure c1 and c2). Drainage pipes were manually closed on June 7 (Left figures) which 
resulted in considerable increase in groundwater level and moisture content of soil and 
opened on September 15 (right figures) that resulted in fast decrease of groundwater and 
moisture content. 
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vertical section with 2-hourly resolution from the road surface to 2 
meters depth with 5 cm intervals i.e. 41 points. 
The soil moisture contents and groundwater levels reveals 
interesting patterns to understand the behavior of the road 
structure in response to changes in the boundary conditions also 
driving factors such as intense rainfalls, temperature and global 
radiation. During the period from June 7 to September 15, the 
drainage system was manually closed (Fig. 4, a1 and b1). During 
the normal operation of the drainage pipe, groundwater level 
stayed around -2.5 to maximum -2 m beneath the soil surface and 
moisture contents ranged from minimum 5% for the probe ES1 at 
the depth 0.3 m to maximum 22% for the probe ES3 at the depth 
1.3 m. After the manually closure of the drainage pipes in both 
sides of the road, increases in the groundwater levels and moisture 
contents were observed that started on June 7 and gradual increase 
continued until 2 days later. Increase in groundwater levels might 
be due to contribution of hill slope to the measurement spots or 
parallel flow of subsurface water toward the road. Hysteresis 
effects occurred during wetting of GW_D2. A light rainfall (1.3 
mm in 5 hours) on June 10 resulted in considerable increase in 
both groundwater levels (up to 1m) and soil moisture contents (up 
to 25%). Further on, groundwater levels continued to slightly 
increase until 16 and 19 of June 2011 where two intense rainfalls 
had impacts on the groundwater levels and moisture contents. 
Those responses were small and stabilized after June 22. Despite 
several intense rainfalls during the closure of drainage pipes, slight 
increase occurred due to summer dry conditions which resulted in 
small decrease in groundwater level and moisture content. 
After drainage pipes were opened on September 15, a sudden 
reduction in the level of groundwater in tube GW_D2 occurred. 
Other GWTs showed smoother reaction to the opening of the 
drainage system where it took up to 7 days to reach the conditions 
before the closure of the pipes. This was not exactly the same for 
moisture content values. After the opening of the drainage system, 
soil moisture contents stayed near the same values as the closure 
period and had some clear responses to rainfalls (Fig 4). 
The transition from freezing to melting period (February 20-March 
30 2010) also revealed interesting patterns (Fig 5). In this period air 
temperature from minimum -19 (on February 22) increased to 
maximum +16 (on March 22). Precipitations occurred from 23 to 
27 February (8 mm in 5 days) that resulted in the increase of 
moisture contents in different soil layers which the responses in 
the 2 upper soil layers (in 0.5 and 0.9 m depth) were more 
significant comparing to the lower layers (1.2 and 1.5 m depth). All 
the changes in the moisture content values happened 3 days after 
the first precipitation and gradually decreased until the next 
precipitation on March 19. After the precipitation on March 19 
which was followed by several other precipitations, there were 
considerable increases in the moisture contents of different soil 
layers. Increase in the groundwater levels for  the two GWTs in 
the left side of the road (GW_K1 and GW_K2) was small and 
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Fig . 5 Recorded meteorological data, moisture and groundwater dynamics from 2010-02-
22 till 2010-03-31.  Graph (a) shows measured precipitation (red line) and global 
irradiation (blue line). Graphs (b) and (c) illustrate measured moisture in 4 different 
positions each in 4 depths. Graph (d) compares groundwater levels in 4 different 
positions close to road and measured precipitation (blue blocks). 
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gradual while in the GWTs on the right side of the road (GW_D1 
and GW_D2) had different responses. The GWT (GW_D1) 
which was closer to the road edge showed drastic changes in GW 
level but it damped fast while the other GWT that is located in 1.2 
m distance to the road edge did not show any dynamic. Several 
precipitations after March 19 (i.e. March 21, 25 and 27) caused 
gradual increase in the groundwater levels. 

2.2. Modeling Approach 
Moisture movement and heat transfer in intricate systems such as 
roads structures are too complicated to be formulated in complete 
details. Therefore models are implemented to provide 
straightforward representation of the real system that can help to 
understand physical processes involved. CoupModel (Jansson and 
Moon, 2001) which is a physically-based model applied in 
simulation of moisture and groundwater dynamics. This model is a 
one dimension process-based model to simulate water and heat 
flow in different soil types and land covers (Jansson and Haldin, 
1979, 1980; Jansson and Gustafsson, 1987; Johansson, 1987; 
Lundin, 1989; Thunholm et al, 1989; Espeby, 1991; Stähli et al, 
1996; Jansson, 1998). CoupModel uses laws of conservation of 
mass and energy coupled with two fundamental equations to 
describe water and heat flow in soil: 1) Richards’ equation 
(Richards, 1931) formulates movement of water in unsaturated 
soils; 2) Fourier’s heat equation describes heat balance and heat 
flow. Infiltration, evaporation, capillary rise, lateral flow, drain flow 
and deep percolation are the processes that govern amount of 
water in the control volume which are described by the first 

Fig . 6 Schematic of the installations in the test site (road 126) and the 
processes that were considered in the CoupModel for simulation of moisture 
and temperature dynamics with a changing lower boundary condition 
(changes in groundwater level due to manipulation of drainage). 
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equation. Convection, vapor diffusion and conduction are the 
thermal processes that are represented by the second equation. 
These thermal processes control heat state and shifts in phases of 
water which are closely associated with the water balance in the 
control volume. Radiation covers a small portion of heat balance 
in the pavement and underlying sub-grade material which is not 
considered for the soils below the surface in this study. Methods 
that were applied in the simulation of moisture, groundwater and 
heat flow are described in the subsequent sections. 
Modeling moisture dynamics with temperature variations in 
CoupModel was done based on the two distinct drainage 
conditions: 
1. Open drainage system and discharge occur through drainage 
pipes  
2. Closed drainage system and discharge occur through ditches 

2.2.1. Drainage processes  
Drainage is a very important process that governs the potential of water 
in a system which can happen either through open drainage or through 
drainage pipes. In this study both of the processes were investigated due 
to the local drainage conditions. Drainage through the pipes was 
calculated by Hooghoudt drain distance equation (Hooghoudt, 1940). 
Seepage was considered in the calculations as it is likely to happen 
because of the nature of fractured bedrock in the site. Deep percolation 
is a function of the hydraulic conductivity of the lowest saturated layer, 
geometrical characteristics of the drainage and groundwater level. 
Following equation describes the rate of deep percolation: 

2
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Where ksat is saturated hydraulic conductivity of the lowest layer, zsat is 
groundwater level, and zp2 and dp2are depth of groundwater and distance 
to drainage respectively. 

2.2.2. Soil water flow 
CoupModel utilizes Richards’ (1931) equation to calculate the flow of 
water in soil. Additionally, water retention parameters and unsaturated 
hydraulic conductivity were calculated based on Brook and Corey (1964) 
and Mualem (1976) equations. Due to existence of physical drainage in 
the system, following linear equation was used to calculate horizontal 
flow rate (qwp) in the soil column: 
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Where du is the unit length of the horizontal element, zp is the depth of 
the physical drainage from the surface, zsat is the calculated depth of the 
groundwater level and dp is the interval between drainage pipes. 

2.2.3. Soil and snow heat processes 
In this study area which is characterized by two distinct periods of 
frozen soil and unfrozen soil, water flow processes such as infiltration, 
capillary rise and evaporation of water in the soil are very much 
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dependent to the temperature seasonality. Therefore wet and dry seasons 
are based on the combination of precipitation conditions, frost 
formation in winter time and snow melt in spring time followed by dry 
summer season with short intense rainfalls. Soil-heat processes were 
formulated by solving energy balance for water and heat fluxes 
considering conduction and convection in the soil. As it is mentioned 
before radiation has very small share in heat balance in the soil below 
surface therefore it is not considered here. Hence the rate of heat flow in 
soil (qh) is formulated as the sum of conduction and convection: 

h h w w v v
Tq k C Tq L q
z

∂
= − + +

∂
     eq(3) 

Where h, v, and w represent indices for heat, vapor and liquid water 
respectively. Parameters in the equation are: conductivity (k), soil 
temperature (T), heat capacity (C), latent heat (L) and depth (z). The first 
term in the right side of the equation (3) is for conduction. The last two 
terms calculate convection processes in which the first term (CwTqw) is 
significant when high water flow rates occur e.g. during heavy snowmelt 
infiltration. Latent heat flow by vapor that may occur considerably in the 
upper layers of road foundation with coarse material i.e. base course and 
sub-base course can be described by the second term of convection 
(Lvqv). 

The general heat flow equation that is used to calculate water heat 
balance is derived by combining the law of energy conservation and 
eq(4): 

( ) ( )i w w
f w v

q qCT TL k C T L
t t z z z z

qρ ∂ ∂ ∂∂ ∂ ∂
− = − −

∂ ∂ ∂ ∂ ∂ ∂
 eq(4) 

where indices i and f stand for ice and freezing condition respectively, L 
is latent heat, θ is the volumetric moisture content, t is time and ρ is 
density. In the above equation, change of heat storage in each soil layer 
over time is represented by the left term. The terms in the right are input 
or output of heat to the soil layer. 

During the winter time when soil temperature is below zero, ice 
formation may occur in different layers of the soil in the road. 
Considering the measured frost depths in this study, the lowest layer that 
temperature below zero occurred was at the depth 1.15 m in the road 
body. Therefore, effect of ice formation in lowering water flow rate was 
considered in the calculations. Depending on the pore structure and the 
interface of ice and liquid water, when water flows through the pores 
there are shifts in the phases of water that significantly affects water flow 
processes such as infiltration and capillary rise by alteration in saturated 
and unsaturated hydraulic conductivity also surface tension forces. Such 
phenomena were considered in the calculations by implementing 
parameters describing refreezing/melting of water in soil such as heat 
transfer coefficient (AlphaHeatCoef), scaling coefficient for the high-flow 
domain (HighFlowDampC) and decrease of unsaturated conductivity 
because of freezing (LowFlowCondImped). Hydraulic conductivity of high 
flow domain (khf) is formulated as: 

, (k ( ) ( ))
i

ic
hf w tot w lf ik e kq

q

q q q= − +    eq(5) 
where in the above equation, the term kw(θtot) corresponds to the 

hydraulic conductivity when all the volume is filled by water. When there 
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are ice formations in the soil voids, hydraulic conductivity is the function 
of volume of ice and volume of water in the lowered domain of water 
flow (θlf) and described by the term kw(θif+θi). Blocking effect of the ice 
formation reduces water flow in soil that is considered in the calculation 
by the term (θi/cθ,i) where cθ, i is the damping coefficient of the ice 
content.   

In winter time when precipitations occur in the form of snow and 
remains on the road, part of the snow melts and the rest will be removed 
from the road surface by snow ploughing or splashes by vehicles that 
result in collection of snow on the road sides and ditches. Calculation of 
water balance due to snow mass was done by considering snow melt and 
phase changes of water. Factors that regulate the rate of snow melt are 1) 
heat flux from soil surface, 2) global radiation and 3) temperature. By 
assuming that temperature change and phase change are equal, amount 
of snow melt and refreezing of liquid water within snow pack was 
calculated. This is formulated based on the conservation of heat within 
snowpack that there is a correlation between snow temperature change 
(qh,sensible) and snow melt/refreeze of liquid water (qh,latent), and snow 
surface heat flux (qh,snow ) and Heat flux between snow and soil (qh,soil) 
which are moderated by the heat content in precipitation (qh,prec).This 
correlation is formulated as below: 

, , , ,soil ,prec( )h sensible h latent h snow h hq q q q q− + = − +  eq(6) 

Evaporation from soil surface and snow is an important process that was 
considered in the calculations of water balance. Iterative solution of 
energy balance which is a physically based approach was used to 
calculate evaporation from the soil surface. To calculate net radiation at 
the soil surface (Rns) sum of three heat fluxes (i.e. latent heat flux, LvEs, 
sensible heat flux, Hs, and heat flux to the soil, qh) were calculated as 
follow: 

ns v s s hR L E H q= + +       eq(7) 

2.3. Simulation approach 
Volumetric moisture content values (theta) for 2 position and 4 
depths for each position and temperature in 4 soil layer depths (-
0.3, -0.7, -1 and -1.3 m) were simulated between September 2009 
and December 2012. Soil stratifications and other relevant 
geological information were implemented from reports by 
Bäckman (1987 and 1993) and Olofsson (2011). Additional useful 
information about particular soil properties of the study site and 
generic soil characteristics of Sweden were adopted from 
Lundmark and Jansson (2009), Kätterer et al (2006) and Johansson 
(1987).To cover the two distinct periods of open and closed 
drainage for the system, groundwater levels were set as the lowest 
drainage boundary for each GWT (GW_D1 and GW_D2). 
Therefore moisture and temperature dynamics were simulated in 
accordance with the increase in the groundwater levels during the 
closure of the drainage pipes. 
A set of parameters (Table 2) which could describe groundwater, 
moisture and temperature dynamics in the road body were selected 
and applied in the simulations. A method similar to GLUE 
method (Beven and Binely, 1992; Beven and Freer, 2001; Beven, 
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2006) was utilized to evaluate sensitivity of the parameters to the 
boundary conditions and driving forces. The criteria to evaluate 
the performance of the model were combination of the highest 
possible coefficient of determination (R2) and lowest possible 
mean error of the simulations. Ten percentile of the cumulative 
frequency distribution of R2 of the temperature simulations were 
considered as the first constrain to the simulated runs. 
Furthermore, lower mean errors for moisture simulations were 
considered simultaneously to constrain the total runs (35,000 runs) 
to 100 accepted runs. 

 RESULTS AND DISCUSSION 3.
The posterior values of performances indicators demonstrated that 
the uncertainties were substantially reduced by using the posterior 
ensembles (Table 4). The resulted mean and ensemble of the 
accepted runs from each set of simulations that are compared with 

Table 2 Parameters and the ranges used in the study and the related equations are described in the 
Appendix 1. 
 Parameter 
 

Unit 
 

S
y
m

 
 

Equati
on 
/note 

 
 

Prior 

Min Ma
x Meteorological 

 PrecA0Corr  - cr
 

 0.1 2 
Drainage 
 DrainSpacing 

 
 m d

 
Eq(A1) 0.5 3.5 

Soil water processes 
 AscaleSorption[1] - as

 
- 0.2 3 

Lambda - λ Eq(A9) Table 3 
Air Entry cm 

 

ψ

 
 

Eq(A9) Table 3 
Saturation vol 

 
 Eq(A9) Table 3 

Total Conductivity mm
 

ks
 

Eq(A10
 

Table 3 
 n Tortuosity - n Eq(A10

 
Table 3 

Snow and radiation, soil heat processes 
 MeltCoefAirTemp kg/c

 

m
 

Eq(A4) 1 6 
 EquilAdjustPsi – ψ

 

Eq(A2-
 

0.5 2 
 MaxSoilCondens mm

 
1. 

 

Eq(A6) 50 45
  WindLessExchangeSoil - ra,

 

Eq(A7) 0.1 0.6 
 AlphaHeatCoef W/

 
qi

 

Eq(A12
 

1000 60
  HighFlowDampC vol 

 
 Eq(A12

 
5 60 

 LowFlowCondImped -  Eq(A13
 

4.5 9 
 MaxSurfDeficit mm sd

 
Eq(A14
 

-3 -1 
 MaxSurfExcess mm se

 

Eq(A14
 

0.5 2 
 FreezePointFWi - d

 
Eq(A15
 

0.1 0.7 
 FreezingStartTemp[2] -  - -3 0 
 MinimumCondValue mm

 
k

 

Eq(A17
 

1e-8 0.1 
[1] Coefficient of bypass flow rate in macro pores. 
[2] Correction of freezing temperature of water in soil 
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the measured data are presented in the Figures 7, 8 and 9. In most 
cases the coefficients of determination reach high values and most 
of the dynamics was reasonable well described by the model. 
However, a systematic bias still remained for the posterior 
ensemble showing the trade off when the constraining criteria 
were based on the best coefficients of variations. The maximum 
values of ME occur in the upper layer and it decreases in the lower 
layers. 
Major discrepancies were noticed when measured values from 
single sensor are outside the uncertainty range of the simulated 
ensembles and were most obvious for the lower layers. Such 
discrepancies occurred with higher frequencies during non-drained 
conditions than during drained conditions. The difference in the 
mean of the accepted and measured values for the period that the 
road drainage is closed increases with increase in the depth of the 
moisture simulations. The differences between measured value for 
single sensors and simulated ensemble also reflect the potential 
errors of measurements. For the deepest depth (-1.3 m) no 
temporal variability was indicated prior the non-drained period and 
was sustainably lower than simulated.  
During and after the non-drained period instead substantial 
underestimation was indicated by the model in lowest depth of 
probe ES1. But when the drainage was closed it showed a drastic 
increase and after the opening of the drainage it reduced to a value 
higher than moisture content value before the closure and 
recorded just a few dynamics. The only considerable peak that has 
been recorded by the lowest sensor was during the melting period 
in the spring 2012 (April) that an increase in the moisture content 
of the all the four sensors of ES1 can be detected. A period of 
erroneous functioning of the sensor ES1 at depth -1 m can be seen 
in October and November 2012 that shows high values of 
moisture content (Fig.7c). During melting periods (April and 
March) larger mean errors can be detected in the upper layer of 
sensor ES1 (Fig7a) which is more noticeably depicted in the same 
period in ensembles of temperatures (Fig 9) that might be due to 
overestimation of soil heat balance in that period. 
Mean, minimum and maximum of the accepted simulated 
moisture values in the sensor ES3 shows better performances 
comparing to simulated moisture values for ES1 (Fig. 8). Although 
the peaks in the measured moisture dynamics are higher than the 
simulated values, still the general trend and dynamics of the 

Table 3 Ranges that applied to SWRC parameters and total conductivity 

 Lambda 
(-) 

Air Entry 
(cm) 

Saturation 
(%) 

n Tortuosity 
(-) 

Total Conductivity 
mm/day 

min max min max min max min max min max 
Model Layer* 1 0.25 0.8 0.2 4 25 50 0 2 1000 3000 
Model Layer 2 0.25 0.8 0.2 4 25 50 0 2 1200 3200 
Model Layer 3 0.1 0.4 1 10 20 45 0 2 300 1100 
* Model layers are internal boundaries that are assumed for the soil layers in the model 
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moisture variation are captured in the simulated values. Larger 
peaks can be detected in the upper sensors of ES3 that it was 
damped in the lower layers. This may explain that in the 
measurement location of ES3 coarse grain material exist that 
allowed fast transport of water to lower soil layers. In all the four 
depths of the sensor ES3 considerable increase in the moisture 
content of the road layers during melting period have been 
recorded that the model could simulate those phenomena 
relatively good. Deviations between the measured and simulated 
moisture content values during the non-draining period can be 
observed in ES3 that increases with increase in depth. 
Comparison of the simulated and measured temperature values in 
the figure 9 represents the performance of the model in calculating 
heat balance in different soil layers. Because temperature dynamics 
was of interest in this study, R2 was chosen as constrain to model 
performances to better capture oscillations in the temperature of 
the different soil layers. However, the mean errors of the simulated 
temperature values show a general underestimation of the 
temperature in all of the four model layers. This was because the 
increase of temperature above zero degree was systematically 
underestimated when using these constraining criteria. The low 
simulated temperature is the results of the high evaporation from 
soil layers. The evaporation is correlated to the available water in 
the water balance of the model which reduces sensible heat flux 
from soil surface to the atmosphere. During high moisture 
availability the heat flux will instead be directed from the air to the 
soil surface. From the ensemble of the accepted simulations, it can 
be seen that the model predicted a lower temperature for the lower 
soil layers (at 4 depths) that indicates high deviations from the 
measured values for those soil layers. 

Table 4 Prior and posterior distribution of the model performances for two moisture 
sensors (ES1 and ES2) and frost detector sensor (TS) 

Depth   Prior Distribution Posterior Distribution 

  
n1 Mean CV Min Max Mean CV*** Min Max Range 

-0.3m 
ES1, ME[2] 24731 10.1497 0.4691 -1.0746 28.57 1.1798 0.5221 -0.942 1.9682 0.0973 

TS, R23 5512 0.6643 0.1411 0.0467 0.9007 0.763 0.0295 0.744 0.8676 0.1448 

-0.7m 
ES1, ME 24859 8.7192 0.7242 -4.1022 26.2384 -0.0318 5.9831 -0.3376 0.3164 0.0216 

TS, R2 5510 0.6668 0.125 0.0488 0.8966 0.7743 0.0228 0.756 0.8453 0.1053 

-1m 
ES1, ME 24457 4.7465 1.3504 -8.3977 22.1087 0.0129 15.89 -0.3469 0.3467 0.0277 

TS, R2 5510 0.7209 0.0948 0.1684 0.8475 0.8271 0.008251 0.8168 0.8451 0.0416 

-1.3m 
ES3, ME 24734 6.661 0.9695 -6.6695 24.0404 -0.00754 37.5753 -0.4755 0.4436 0.0299 

TS, R2 5505 0.6289 0.1175 0.0682 0.8483 0.7463 0.0277 0.722 0.8016 0.102 

-0.3m 
ES1, ME 24872 2.0164 2.3611 -9.2046 20.7254 0.00954 23.4508 -0.3866 0.3691 0.0253 

TS, R2 5512 0.6643 0.1411 0.0467 0.9007 0.7788 0.03 0.7622 0.8892 0.1487 

-0.7m 
ES1, ME 24872 -2.3037 2.7411 -15.124 15.2155 -0.0428 7.0343 -0.5049 0.5155 0.0336 

TS, R2 5510 0.6668 0.125 0.0488 0.8966 0.7796 0.0213 0.7656 0.8645 0.1167 

-1m 
ES1, ME 24872 -2.2223 2.8843 -15.354 15.1428 0.003517 44.5356 -0.2696 0.2789 0.018 

TS, R2 5510 0.6552 0.1167 0.0644 0.8843 0.7617 0.0201 0.7439 0.8225 0.0959 

-1.3m 
ES1, ME 24872 -2.0193 3.1977 -15.342 15.3602 0.00464 31.292 -0.2607 0.249 0.0166 

TS, R2 5505 0.6289 0.1175 0.0682 0.8483 0.7435 0.0309 0.7198 0.8325 0.1445 
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Fig . 7 Ensemble and mean of the posterior distributions of accepted simulations for 
ES1 in four depths: (a) -0.3m, (b) -0.7m, (c) -1 m, and (d) -1.3m. The blue band 
represents maximum and minimum of the accepted simulations. 
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Fig . 8 Ensemble and mean of the posterior distributions of accepted simulations for 
ES3 in four depths: (a) -0.3m, (b) -0.7m, (c) -1 m, and (d) -1.3m. The blue band 
represents maximum and minimum of the accepted simulations. 
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Fig . 9 Ensemble and mean of the posterior distributions of accepted simulations for 
frost detection sensor in four depths: (a) -0.3m, (b) -0.7m, (c) -1 m, and (d) -1.3m. The 
blue band represents maximum and minimum of the accepted simulations. 
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Posterior distribution of the selected parameters showed different 
sensitivities to the implemented constrains criteria. Soil water 
retention curve parameters (Lambda, Air Entry and Saturation, 
Table 2) were selected because they could describe water content 
variations in soil layers. Sensitivity of the soil porosity (Saturation) 
to constrain was observed for both of the moisture sensors i.e. 
ES1 and ES3 (Fig.  A1 and A2, Appendix II). Posterior 
distribution of saturation in upper two layers of ES1 showed a 
range that might be more adaptive to fine grained soils 
characteristics which is not expected for upper layers of road soil 
types. This is different for sensor ES3 in which posterior 
distribution of saturation for all the three soil layers beneath the 
upper layer showed a range between 25 and 42 percent. Porosity 
(saturation) of the upper most layer did not show a sensitivity to 
the implemented constrain. 

 CONCLUSION 4.
A three-year hourly measured moisture content, groundwater level 
and soil temperature data were used under various upper and 
lower boundary conditions to improve understanding of moisture 
and temperature dynamics during winter. CoupModel could 
satisfactorily estimate moisture variation in different depths in 
response to the model constrains using the measured data. 
Response of the model in capturing temperature dynamics was 
different. Model could properly estimate temperature variations in 
winter season but it was underestimating soil temperature in 
summer time due to overestimation of evaporation from upper 
soil layers. Detailed interpretation of the obtained results could be 
abstruse due to large uncertainties in measured values also 
restricted amount of information about the physical properties of 
the road and constituent material. However sensitivity of the soil 
water retention parameters to model constrains was detected that 
can describe importance of soil texture in controlling moisture 
variation in road layers. To understand in detail how to interpret 
the results obtained it would be useful to have longer time series, 
more replicates of measurements covering both temperature and 
moisture. The combined monitoring and modelling of physical 
conditions in the road structure will be highly relevant to help 
decision makers and road engineers  to avoid moisture in road 
structures and to also identify crucial events from meteorological 
data. 
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 APPENDIX I 5.

Table A1 

Equation Eq. Definition 

min( )rain mP c Qc P= +  
whereP is the true value of precipitation, Pm is measured precipitation, and crain is 
correction factor. 

A(1) Correction 
coefficient for 
precipitation 
(PrecA0Corr) 

1
( )( )

water corr

s abszero

M g e
R T T

surf s se e T e
 −Ψ
 

+ =  

where es is the vapor pressure at saturation ,R is the gas constant, Mwateris the 
molar mass of water, g is the gravity constant and, Tsis vapor pressure at the soil 
surface which is given by the surface temperature and Ψ1 is  the water tension of 
the uppermost layer. 

(A2) Vapor pressure at 
the soil surface  

(cm water) 

( )10 surf eg
corre δ ψ−=  

ecorr, the empirical correction factor, ψegis empirical parameter and , δsurf, is 
calculated mass balance at the soil surface 

(A3) Empirical correction 
factor (-) 

0

0

T a

T
T

a
snow f

m T
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m T

z m

≥
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∆

 

whereTa is air temperature and mT And mf are parameters.  ∆zsnow snow depth,  

(A4) Temperature 
function 
kg °C-1 m-2 day-1 

 

(MeltCoefAirTemp) 

( )min 1, 1

0

a RainL
liqmax liqmax a RainL

P SnowL RainL

a RainL

T Tf f T T
Q T T

T T

  −
− + ≤  = −  

 >  
wherefliqmax is a parameter that defines the maximum liquid water content of 
falling snow and is automatically put to 0.5. TRainL and TSnowL are the temperature 
range where precipitation is regarded as a mixture of ice and liquid water.  

(A5) Thermal quality of 
precipitation  
(-) 
 
(OnlyRainPrecTemp) 
(OnlySnowPrecTemp
) 

( )max -1 ,s max,cond v s barevE e L E L f= ⋅ ⋅  

wherefbare is the fraction of bare soil. The soil evaporation is finally restricted to a 
limited portion of the soil water content of the upper most soil layer (arbitrarily 
chosen to 10%) 

(A6) Threshold for 
condensation from 
the soil surface 
(MaxSoilCondens) 

1
1
max,

1
−

−








+= a

aa
aa r

r
r  

ra,soil,max
-1

,windless exchange” coefficient, a function of wind speed and 
temperature gradients. 

(A7) Aerodynamic 
resistance 

(m) 
(WindLessExchangeS
oil) 

1 v
w w v bypass

cq k D q
z z

∂∂ψ
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 = − − − + 
 

 

where kw is the unsaturated hydraulic conductivity, ψis the water tension, z is 
depth, cv is the concentration of vapor in soil air, Dv is the diffusion coefficient for 
vapour in the soil and qbypass is a bypass flow in the macro-pores described below. 
The total water flow, qw, is thus the sum of the matrix flow, qmat, the vapor flow, 
qv, and the bypass flow, qbypass 

(A8) Water flow in the 
soil (Richard 
equation) ,drain level 
(1/day) 
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e
a

S
λ

ψ
ψ

−
 

=  
 

, 𝑆𝑆𝑒𝑒 =  𝜃𝜃− 𝜃𝜃𝑟𝑟
𝜃𝜃𝑠𝑠− 𝜃𝜃𝑟𝑟

 

whereψa is the air-entry tension and λ is the pore size distribution index. the 
pressure head or actual water tension, ψ. Se is effective saturation, 𝜃𝜃𝑠𝑠 is the 
porosity, 𝜃𝜃𝑟𝑟 is the residual water content, 𝜃𝜃 is the actual water content 

(A9) The effective 
saturation (-) 

2 (2 )
*

n
a

w matk k
λ

ψ
ψ

+ +
 

=  
 

 

where kmat is the saturated matrix conductivity and n is a parameter accounting 
for pore correlation and flow path tortuosity 

(A10) Unsaturated 
Conductivity 
(mm/day) 

*

( )
log( ( )) log

* 10
s m sat

w s m
m w s m

kk
k

wk q q

q q qq q
q −

  − +  − +     =  
where ksat is the saturated total conductivity, which includes the macro-pores, and 
kw

*(qs-qm)  is the hydraulic conductivity below qs-qm 

(A11) Unsaturated 
Conductivity 
(mm/day) 

Refreezing of water happens when water which is assumed to be close to 0 °C 
percolates to lower layers through high-flow domain partially refreezes. This can 
be calculated as: 

𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑟𝑟𝑒𝑒𝑒𝑒𝑖𝑖 =  𝛼𝛼ℎ∆𝑖𝑖
𝑇𝑇
𝐿𝐿𝑖𝑖

 

Where 𝛼𝛼ℎ is a heat transfer parameters, T is the temperature of a layer with the 
thickness of ∆𝑖𝑖 and Lf is the latent heat of freezing. 
 

(A12) Heat transfer 
coefficient for 
refreezing of water 
in the high-flow 
domain. 
(W/m°C) 
(AlphaHeatCoef) 

hydraulic conductivity of soil kwf drastically changes when soil is partially frozen: 
𝑘𝑘𝑤𝑤𝑖𝑖 =  10−𝑐𝑐𝑓𝑓𝑓𝑓𝑄𝑄𝑘𝑘𝑤𝑤 
where Q is the thermal quality, cfi is an impedance parameter and kw is the 
hydraulic conductivity when soil is not frozen. 

(A13) Decrease of 
unsaturated 
conductivity due to 
freezing 
(LowFlowCondImped) 

. 1
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where Wpool is surface water pool, qin is infiltration rate, Es is evaporation rate, 
qv,s vapor flow from soil surface, and idrip is irrigation rate. 

A(14) Soil surface 
resistance in Penman 
equation 
(MaxSurfDeficit) 
(MaxSurfExcess) 
 

1lf wiltdq q=  

where θlf is residual water, d1 is a constant and θwilt is volumetric water content at 
particular soil water potential (pF 4.2) 

A(15) Part of wilting point 
at -5 as unfrozen 
water 
(FreezePointFWi) 

*
0 1 min(r r ) max( , )w A T A T s w uck T k k= +  

rA0T, rA1T and kminuc are parameters. kw is actual unsaturated hydraulic conductivity 

A(16) minimum hydraulic 
conductivity 
(MinimumCondValue) 
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 APPENDIX II 6.
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Fig. A1- Posterior distribution of the selected parameters from simulation of moisture 
sensor ES1 in four depths (-0.3, -0.7, -1 and -1.3 m) 
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Fig. A2- Posterior distribution of the selected parameters from simulation of moisture 
sensor ES3 in four depths (-0.3, -0.7, -1 and -1.3 m) 
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