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Résumé
Face au changement climatique global, il est de plus en plus important de prêter attention à la
performance thermique-hydro-mécanique des constructions géotechniques sous l'effet des
conditions atmosphériques. L'objectif principal de cette étude est d'étudier le comportement
hydro-thermique des sols soumis aux effets du changement climatique par la modélisation
numérique.
Un modèle hydro-thermique couplé est tout d'abord développé pour décrire le comportement
du sol hydro-thermique. La théorie utilisée pour décrire l'interaction sol-atmosphère est
présentée sous forme des bilans de masse et d'énergie. Ensuite, une approche numérique pour
analyser le comportement hydro-thermique du sol est proposée en combinant le modèle hydrothermique couplé avec un modèle d'interaction sol-atmosphère. La validation de cette approche
est réalisée par la comparaison entre les résultats numériques obtenus en utilisant le code
FreeFem++ et les données des essais de la colonne de séchage qui sont trouvées dans la
littérature. Cette approche est d'abord utilisée pour la modélisation numérique des essais à la
chambre environnementale, réalisés par Song en 2014. Des résultats de simulation satisfaisants
sont obtenus en termes de variations de la température et de la teneur en eau volumétrique du
sol. Ensuite, cette approche est appliquée à deux remblais, à Héricourt et à Rouen. Pour le
remblai d’Héricourt, une étude numérique a été menée pour une durée de 20 jours. La bonne
concordance obtenue entre les résultats de simulation et les mesures montre que l'approche
proposée est pertinente pour l'analyse du comportement hydro-thermique du sol dans le cas de
remblais bidimensionnels. Elle prouve également que les conditions aux limites et les
paramètres du sol adoptés sont appropriés. Dans le cas du remblai de Rouen, deux périodes
différentes, 187 jours et 387 jours, sont prises en considération. On vérifie également la bonne
performance de l'approche proposée pour estimer le comportement hydro-thermique du remblai
sous l'effet du climat. La comparaison entre les calculs et les mesures révèle également
l'importance d'adopter correctement les conditions aux limites thermiques et hydrauliques ainsi
que les paramètres du sol. De plus, à partir des simulations numériques, plusieurs suggestions
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sont faites pour collecter des données d'entrée dans l'application de cette approche pour prédire
les variations de la température et de la teneur en eau du sol à plus long terme.

Mots clés: interaction entre sol-atmosphère; couplé modèle de hydro-thermique; bilans de
masse et d'énergie; code FreeFem++; étude numérique; essais de chambre environnementale;
remblais en bidimensionnels; variations de la température du sol; variations de la teneur en eau
volumétrique du sol.
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Abstract
Facing the global climate change, it is more and more important to pay attention to the thermalhydro-mechanical performance of geotechnical constructions under the effect of atmospheric
conditions. The main objective of this study is to investigate the hydro-thermal behavior of soil
subjected to climate change through numerical modelling.
A coupled hydro-thermal model is developed for describing the coupled hydro-thermal soil
behavior. The soil-atmosphere interaction is studied through the mass and energy balances.
Afterwards, a numerical approach to estimate soil hydro-thermal behavior by integrating the
coupled hydro-thermal model with a soil-atmosphere interaction model is proposed. The
validation of this approach is performed through the comparison between the numerical results
using FreeFem++ code and the experimental data available from column drying tests reported
in literature. This approach is firstly used for the numerical modelling of the environmental
chamber tests carried out by Song in 2014. Satisfactory simulation results are obtained in terms
of variations of soil temperature and soil volumetric water content. Afterwards, this approach
is further applied to two cases of embankments, in Héricourt and in Rouen respectively. For
Héricourt embankment, a numerical investigation was conducted for 20 days, and a good
agreement between simulation results and filed measurements is obtained, showing that the
proposed approach is suitable for analyzing the soil hydro-thermal behavior in the case of twodimensional embankments. It proves also that the boundary conditions and the soil parameters
adopted are appropriate. In the case of Rouen embankment, two different periods, 187 days and
387 days, are considered. The good performance of the proposed approach in estimating the
embankment hydro-thermal behavior under the climate effect is also verified. The comparison
between calculations and measurements also reveals the importance of appropriately adopting
the thermal and hydraulic boundary conditions as well as the soil parameters. Based on the
numerical simulations, several suggestions are made in terms of collection of input data for the
application of this approach to predict soil temperature and volumetric water content variations
in long term.
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Key words: soil-atmosphere interaction; coupled hydro-thermal model; mass and energy
balances; FreeFem++ code; numerical investigation; environmental chamber tests; twodimensional embankments; variations of soil temperature; variations of soil volumetric water
content.
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General introduction

General introduction
Changing climate alters the performance of geotechnical constructions, giving rise to disruption,
financial lost and casualties, along with significant damages. It is reported by EEA (2012) that
the hydro-meteorological events (storms, floods, and landslides) account for 64 % of the known
damage costs due to natural disasters in Europe since 1980, the climatological events (extreme
temperatures, droughts, and forest fires) accounting for another 20 %. The financial lost due to
extreme weather events has increased from EUR 9 billion in the 1980s to more than EUR 13
billion in the 2000s. The increase in damages is primarily due to the increase in population,
economic wealth and human activities in hazard-prone areas and also to better reporting.
Furthermore, the contribution of climate change to the damage costs from natural disasters is
expected to increase due to the projected changes in the intensity and frequency of extreme
weather events. The stability of geotechnical infrastructures in long term is of increasing
concern among geotechnical engineers. Thereby, the effect of climate change on the
geotechnical infrastructure, especially the extreme weather events such as more intense winter
rainfall events and drier summer weather, needs to be paid more attention.
A large-scale environmental chamber was designed and used for investigating soil water
evaporation in the laboratory (Cui et al. 2013; Song 2014; Song et al. 2014; Ta 2009). It is
equipped with various sensors, enabling the monitoring of different parameters: wind speed, air
temperature and relative humidity, soil volumetric water content, soil temperature, etc. Four
evaporation tests on Fontainebleau sand were carried out by Song in 2014 at different air
temperatures and wind speeds, providing rich data for further numerical analysis.
In the project “ANR-07-PCGU-006-10-TerDOUEST”, a field embankment at Héricourt was
conducted in 2010. It was planned for several objectives: understanding the coupling between
the chemical and geotechnical behavior of treated soils; understanding of the long term behavior
of treated soils; building a reference embankment to study the construction and monitoring
processes; studying the effect of environment and various operations during the earthwork.
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Abundant equipments were set up during the construction, including a field weather station for
recording climate variations and various sensors for monitoring soil state parameters’ variations.
This embankment allows the experimental investigation of soil-atmosphere interaction and
further numerical investigation as well.
Another field embankment in Rouen was built in 2011 for the project “Digues et Ouvrages
Fluviaux, Érosion Affouillements et Séismes (DOFEAS)”. The objective of this study is to
better understand the mechanical, hydraulic and erosion behavior of silt treated by lime in the
field situations. The embankment was constructed by Centre d’Expérimentation et de
Recherche (CER) with treated and untreated silt, and instrumented with various sensors and a
nearby weather station. Various soil parameters were recorded continuously: soil volumetric
water content, soil temperature, slope surface erosion photography, etc. The field measurements
also enable the numerical investigation of soil-atmosphere interaction.
The main objective of our study is to numerically investigate the soil hydro-thermal behavior
in embankments under the climate effect. Several specific aspects need to be particularly
studied:
1) To establish a state-of-the-art in the numerical investigations of soil-atmosphere interaction
through literature review;
2) To propose a numerical approach to estimate soil hydro-thermal behavior by integrating a
coupled hydro-thermal model with a soil-atmosphere interaction model;
3) To verify the chosen numerical tool and to conduct the validation of the proposed numerical
approach;
4) To investigate the numerical modelling of soil hydro-thermal behavior in the tests using
environmental chamber by Song in 2014;
5) To incorporate meteorological information properly (depending on the time scale and site
position) to estimate the boundary conditions of the coupled hydro-thermal model;
6) To study the soil hydro-thermal behavior in two-dimensional embankments by numerical
2
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investigation.
Consequently, the whole thesis consists of six chapters.
Chapter 1 is devoted to the presentation of a general literature review of the current knowledge
concerning soil-atmosphere interaction. The first part summarizes the four aspects of the main
hydraulic and thermal factors that characterize the climate changes, indicating the significance
of climate effect on soil behavior. The second part introduces the general knowledge of heat,
water liquid, water vapor, air and mechanical modelling as well as their couplings. The third
part shows the study of soil-atmosphere interaction conducted through experimental and
numerical investigations, respectively. This chapter is finished by a conclusion and the
presentation of the aspects that are dealt with in this study.
Chapter 2 focuses on the numerical aspects of the study. Firstly, the accuracy of the numerical
solution using FreeFem++ code is verified through heat and water flows by comparing the
calculation results with the known theoretical solutions. Afterwards, the numerical modelling
of a simple coupled hydro-thermal model is conducted. The simulation results show a high
consistency with the known results in terms of soil volumetric water content and temperature
variations. Furthermore, a fully coupled hydro-thermal model is developed and the weak forms
of equations for water and heat flows are established for the following study.
Chapter 3 proposes a numerical approach by combing the coupled hydro-thermal model and
the soil-atmosphere interaction model. The first part of this chapter introduces the theory about
soil-atmosphere interaction by presenting mass and energy balances. The second part indicates
the method used to define the initial and boundary conditions for the proposed model. The third
part validates this numerical approach through a column drying test carried out by Wilson
(1990).
Chapter 4 introduces four different evaporation tests on Fontainebleau sand in an environmental
chamber, carried out by Song (2014) firstly. After the definitions of model dimension, soil
parameters, initial and boundary conditions, the corresponding numerical modellings of the four
tests are conducted accordingly. An overall satisfactory agreement is obtained between the
3
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simulations and measurements, proving the good performance of the proposed approach in
simulating the environmental chamber tests.
Chapter 5 applies the proposed numerical approach to Héricourt embankment. The first part of
this chapter introduces the field situation. In the second part, the model dimension, soil
parameters, initial and boundary conditions are defined, respectively. The third part compares
the calculated results of soil temperature and volumetric water content with the corresponding
measured data. The fourth part is devoted to the sensitivity analyses of initial condition effects.
Chapter 6 investigates the soil hydro-thermal behavior of Rouen embankment under the climate
effect. The field situation of Rouen embankment is introduced firstly, followed by the
presentation of soil parameters, initial and boundary conditions. Afterwards, two periods of 187
and 387 days are studied, respectively. A satisfactory agreement is obtained between the
calculated and measured results of soil temperature and volumetric water content variations.
Furthermore, several suggestions are proposed for the collection of input data in case of some
missing information.

4
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Chapter 1: Literature review
1.1 Influence of climate change on geotechnical constructions
The climate change is occurring globally, posing problems for the society, human health and
ecosystems. The related studies have revealed the changes in frequency and intensity of climate
in different regions, leading to floods, droughts, heat waves, windstorms, etc. The climate
change can have also potential impacts on water resources, agriculture, food security, human
safety, geotechnical and geo-environmental constructions (Várallyay 2002, 2007, 2010; Barnett
et al. 2005; Harley et al. 2006; Várallyay and Farkas 2008; Harnos and Csete 2008; Tubiello et
al. 2008; Yusuf and Francisco 2009; Harris et al. 2009; Koetse and Rietveld 2009; Nikulin et al.
2011; EEA 2012). In the field conditions, geotechnical constructions are unavoidably subjected
to the climate change. In some cases, disruption, financial lost and casualties can occur, along
with significant damages. It is thus a great challenge for geotechnical engineers to propose
appropriate solutions based on the knowledge of the thermo-hydro-mechanical behavior of soils
under the effect of climate change. Basically, the effect of climate change on constructions is
dealt with through consideration of the interaction between soil and atmosphere. That is why
this topic attracts more and more attention of researchers (McKeen and Johnson 1990; Wilson
et al. 1994, 1995, 1997; Hignett et al. 1995; Blight 1997, 2002, 2003, 2009; Potts et al. 1997;
Toll et al. 1999, 2011, 2012; Dehn et al. 2000; McCarthy et al. 2001; Toll 2001; Nelson et al.
2002; Rahardjo et al. 2002, 2005, 2013; Várallyay 2002, 2010; Alonso et al. 2003; Cui et al.
2005, 2010, 2013b; Dixon et al. 2006; Gitirana et al. 2006; Chowdhury and Flentje 2007;
Bittelli et al. 2008; Gens 2010; Tang et al. 2010, 2011; Smits et al. 2011; Al Qadad et al. 2012;
Lee and Khairoutdinov 2012; Smethurst et al. 2012; Daniel et al. 2014; Rianna et al. 2014;
Vardon 2015; Bárta et al. 2016)
Blight (1997) indicated that the interaction between the atmosphere and the earth can be rapid
and catastrophic, leading to the failure of structures such as dams and bridges, loss of life and
widespread environmental devastation. On the other hand, it can also be slow and insidious,
5

Chapter 1: Literature review
being destructive and costly in long term, for instance, the problems caused by the swelling or
shrinking of clay in shallow foundations of buildings. The major hydraulic and thermal factors
characterizing the climate changes can be classified in four categories: increasing intense
rainfalls that cause flooding, soil erosion and hydro-mechanical failure constructions;
increasing drought events that lead to soil desiccation; temperature rise that leads to soil drying
and temperature drop that causes soil freezing.
Many geotechnical problems are observed during heavy rainfalls, e.g. slope failures frequently
occurred all over the world (Brand 1984, 1992; Lim et al. 1996; Toll et al. 1999, 2011, 2012;
Toll 2001; Rahardjo et al. 2002, 2005, 2013; Collins and Znidarcic 2004; Jan et al. 2016; Suradi
et al. 2016). In the studies of the effect of rainfall on the deformation and stability of slope,
several aspects are involved: field monitoring of pore-water pressure (Chipp et al. 1982;
Sweeney 1982; Krahn et al. 1989; Fredlund and Rahardjo 1993; Lim et al. 1996; Rahardjo et
al. 2002, 2005, 2013; Ng et al. 2003; Li et al. 2005; Toll et al. 2011, 2012), numerical
investigation of soil pore-water pressure distribution (Potts et al. 1997; Alonso 2003; Ferrari et
al. 2009; Rouainia et al. 2009) and further evaluation of slope displacement and sustainability
(Dehn et al. 2000; Alonso et al. 2003; Dixon et al. 2006; Dijkstra and Dixon 2010; Laloui et al.
2016). Besides, it is specified that soil hydro-mechanical properties also play an essential role
in the geotechnical problems induced by rainfalls (Alonso et al. 2003; Hughes et al. 2007;
Ferrari et al. 2013).
On the other hand, the evaporation effect on soil performance has been paid particular attention
in some geotechnical problems (Wilson 1990; Wilson et al. 1993, 1994, 1995; Blight 1997;
Yanful and Choo 1997; Yanful et al. 1999, 2003; Rykaart et al. 2001; Yang and Yanful 2002;
Swanson et al. 2003; Cui et al. 2005, 2010, 2013b; Gitirana 2005; Weeks and Wilson 2006;
Gitirana et al. 2006; Rayhani et al. 2007; Gerard et al. 2008, 2010; Ta 2009; Tang et al. 2010,
2011, 2012; Leung and Ng 2013; Song 2014; Song et al. 2014). For instance, the performance
of soil cover system in a waste disposal site (Wilson et al. 1993; Yanful and Choo 1997; Yanful
et al. 1999, 2003; Yang et Yanful 2002; Swanson et al. 2003; Gerard et al. 2008), the pore-water
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pressure distribution within tailings impoundment (Rykaart et al. 2001) and the seepage
problems within soil layers (Gitirana 2005; Gitirana et al. 2006; Gerard et al. 2008; Leung and
Ng 2013) are strongly affected by the presence of evaporation. In particular, soil desiccation
cracks and settlement induced by the decreasing of water content can also occur during the
evaporation in clayey soils (Rayhani et al. 2007; Ta 2009; Tang et al. 2010, 2011, 2012; Song
2014; Song et al. 2014). The study by Rahardjo et al. (2013) indicates that various problems
related to evaporation are mainly attributed to the increase of negative pore-water pressure and
soil shear strength within the soil layer along with the decrease of soil water content. Thereby,
it is further suggested to consider evaporation in the analysis of the slope stability problems,
the design of dams, the construction of mining waste cover systems, etc.
Even though the variation of air temperature does not cause adverse effects on soil performance
directly, it governs several coupled processes such as evapotranspiration, soil shrinkage and
desiccation, vegetation growth or loss (Vardon 2015). During a drought period, elevated soil
temperatures and low soil moisture levels can lead to the reduction of soil effective stress and
soil strength (Uchaipichat and Khalili 2009; Alsherif and McCARTNEY 2015). In the study of
the performance of earthen levees under extreme drought conditions by Robinson and
Vahedifard (2016), it was identified that the weakening process of earthen levees during the
drought period is related to soil strength reduction, soil desiccation cracking, land subsidence,
surface erosion and microbial oxidation of soil organic carbon. Moreover, this weakening
process can be similar in other drought-stricken geotechnical infrastructures including
embankments, roads, bridges, building foundations and pipelines (Gitirana 2005; Hughes et al.
2009; Toll et al. 2012; Daniel et al. 2014; Glendinning et al. 2014; Bárta et al. 2016; Robinson
and Vahedifard 2016). Therefore, the investigation of the effect of drought-induced weakening
process is essential in the short and long term behavior of earth constructions.
In terms of temperature drop, related studies mainly focus on frozen ground and freezing–
thawing phenomena (Nelson et al. 2002; Gruber et al. 2004; Gruber and Haeberli 2007; Yue
2008; Harris et al. 2009; Thomas et al. 2009a; Gens 2010; Schoeneich et al. 2011; Wang et al.
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2014). Gens et al. (2010) pointed out that the process of soil freezing exhibits a certain degree
of complexity. As the soil temperature drops to 0 °C, liquid water becomes frozen with the
appearance of liquid water/ice interfaces in soil (Figure 1. 1). The ongoing frozen process will
result in the increase of soil suction, leading to some potential problems. On the other hand,
much attention has been paid to the frost heave accompanied with soil freezing-thawing, which
leads to the instability problems of infrastructures in permafrost regions (Nelson et al. 2002;
Gruber 2005; Gruber et al. 2004; Gruber and Haeberli 2007; Harris et al. 2009; Wang et al.,
2014). As stated by Schoeneich at al. (2011), the common problem in permafrost areas is the
local ground movements. It is a complex process, including horizontal downslope movements
related to the creep of permafrost bodies and vertical settling movements induced by the melting
of ice bodies and/or interstitial ice, etc. Furthermore, these movements may cause problematical
variations of soil parameters and arise corresponding damages, hence threatening the stability
of buildings and infrastructures.

Figure 1. 1. Schematic arrangement of solid phase, unfrozen water, ice and interfaces in
a frozen soil (Gens et al. 2010)
In the case study about the impact of climate change on pavement performance by Daniel et al.
(2014), the increasing precipitation and flooding events can cause the increase of moisture
content of the granular layers under the pavement surface, weakening the pavement base and
8
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subgrade and hastening the failure of the whole pavements structure. Besides, the appearance
of drought may lead strength reduction and desiccation cracking of pavement/soil. On the other
hand, higher temperature can decrease the stiffness of asphalt concrete, increasing rutting
susceptibility. Moreover, the freeze/thaw cycles may potentially increase the thermal fatigue
cracking of pavement/soil, further leading its damage. This representative case shows that the
variations of climate conditions (rainfall and drought, temperature rise and drop) are complex
and their effects on pavement/soil are difficult to be determined: these climate terms interact
and appear synchronically, and the behavior of pavement/soil is normally affected by more than
one climate factor.
The common factors involved in the interaction between soil and atmosphere are presented in
Figure 1. 2, including direct interaction factors (evaporation, solar radiation, etc.) and the
possible consequences (soil erosion, desiccation, etc.).

Figure 1. 2. The interactions between geotechnical infrastructure and climate (after
Vardon 2015)
Additionally, the general climatic influences on existing and new geotechnical infrastructures
were also assessed and summarized by Vardon (2015) (Table 1. 1), indicating the potential
9
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failure mechanisms of geotechnical infrastructure: soil desiccation, shrinkage and displacement
etc. It can be concluded that climate change involves several aspects of soil state: the variations
of volumetric water content, suction, temperature, stress and strain relationship, as well as the
couplings between them.
Table 1. 1. Overview of the potential impacts of climate change on geotechnical
infrastructure (Vardon 2015)

1.2 Coupled modelling of soil behavior
The study of climate effect on soil behavior requires the information of meteorological data, as
well as the understanding of coupled phenomena in soil. In this chapter, the heat flow, water
flow, air flow and mechanical modelling of soil are presented respectively. As the heat flow,
water flow, air flow and mechanical modelling are always coupled in unsaturated soils, the
representative coupled models of unsaturated soil are presented, followed by the assessment of
these coupled models.
10
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1.2.1 Heat flow, water flow, air flow and mechanical modelling
1.2.1.1 Heat flow
In the studies of heat transfer in soils, the soil is generally assumed to be homogeneous and all
process of heat transfer takes place uniformly through the soil (De Vries 1958). The heat flows
in soils involve several transportation processes as follows (Farouki 1981):
1) Heat conduction
Heat conduction is the transfer by microscopic collisions of particles and movement of electrons,
involving the transfer of kinetic energy at the molecular level. The molecules in warmer regions
vibrate rapidly resulting in collisions with, or excitation of their colder "neighbors". In soil, heat
conduction occurs in all the soil constituents (solid, water liquid/vapor and pore air), and works
as the predominating heat mechanism.
2) Heat radiation
Heat radiation is the emission of energy in the form of electromagnetic waves. According to the
Stefan-Boltzmann law, all bodies with temperatures above 0 °C are capable to emit energy. The
temperature of the radiating body is the predominating factor in the estimation of heat radiation
value: radiation flow is proportional to the fourth power of the absolute temperature. Soils can
also provide radiation, emitting most of its radiation as long-wave radiation in a wavelength
band between 0.5 and 30.0 µm at soil surface. Generally, it makes a negligible contribution to
heat transfer in soil. For instance, the heat radiation in sand is less than 1% of the overall heat
transfer under the condition with normal atmospheric temperatures (Farouki, 1981). Especially,
its effect is noticeable in nearly dry gravel-size material, amounting to 10% of total heat transfer
at normal temperature (Wakao and Kato 1969). Hence, radiation plays a significant role of heat
transfer in dry coarse crushed-stone materials.
3) Heat convection
Heat convection refers to the transfer or movement of thermal energy in “heat-carrying” mass
(e.g., water or vapor). As the dominant form of heat transfer in liquids and gases, two types of
11
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convection exist in soil: free and forced convection. Free convection is a mass transport caused
in fluids by changes in density with temperature gradients. The density of the fluid is lower at
higher temperature, giving rise to the upward displacement. On the other hand, the movement
of liquids and gases forced to pass through the soil pores by pressure differences is defined as
forced convection. In soils under natural condition, convection through air or water is usually
negligible (Farouki 1981). Nevertheless, the convection through air and water in soils facilitates
the process of heat conduction (De Vries 1952; Johansen 1975).
The contribution of these three heat mechanisms in soil is affected by soil texture and degree
of saturation, temperature levels, and soil structure, etc. A rough relation between different heat
transfer mechanisms and soil texture and degree of saturation is presented in Figure 1. 3.
4) Evaporation-condensation process
In unsaturated soils, temperature rise may cause water evaporation, consuming latent heat
through liquid-vapor transfer. Consequently, the local vapor pressure increases and the water
vapor diffuses through the interconnected pores to the regions with lower vapor pressure. By
contrast, latent heat is released in cooler locations through condensation.
In addition, there is a geothermal heat flux resulting from the upward heat flow from the hot
interior of the Earth, containing soil temperature in a relative constant range. Meanwhile, the
air temperature in daily fluctuations is normally superimposed on its seasonal cycles. Due to
the diurnal and seasonal cycles, the continuous varying air temperature gradients can affect the
variations of soil temperature in the near surface zone, further altering the soil composition,
particularly the amount, phase and condition of water in soil (Farouki 1981).
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Figure 1. 3. Regions of predominant influence of various heat transfer mechanisms
against soil grain size and degree of saturation. Expected variations in degree of
saturation under field condition lie in the region bounded by dashed lines (after
Johansen 1975 and Farouki 1981): 1-thermal redistribution of moisture; 2-vapor
diffusion due to moisture gradient; 3-free convection in water; 4-free convection in air;
5-heat radiation (Farouki 1981)

1.2.1.2 Water flow
Water flow in unsaturated soils consists of two parts: liquid flow and vapor flow. Normally, the
analysis of liquid flow requires a law to relate the flow rate to a driving potential. In unsaturated
soils, the gradients in water content and hydraulic head have been used to describe the flow of
liquid water. Water flow is mainly depending on the positive gradient of soil water content.
However, water liquid can also flow from a region of low water content to a region of high
water content when the variations of soil type, hysteretic effect or stress history are involved
(Fredlund and Rahardjo 1993). Therefore, it is more appropriate to define the water liquid flow
in terms of hydraulic head gradient, which is composed of pressure and elevation gradients.
This case is also applicable for saturated soils (Darcy 1856; Buckingham 1907; Richards 1931;
Childs and George 1950).

13

Chapter 1: Literature review
Additionally, vapor transfer in unsaturated soil is significant in the near surface zone, involving
the heat and water transfer between soil and atmosphere. It is mainly attributed to the large
diurnal air temperature fluctuations above the soil surface. In the field cases studied by Cahill
and Parlange (1998), water vapor flux in the layer 7~10 cm below soil surface transported a
significant amount of the total energy flux (up to 50%) and an appreciable amount of the total
moisture flux (up to 25%). Besides, the magnitudes of the heat and water change caused by
water vapor flux rise are presented in Table 1. 2 involving the results from some other field
experiments. Indeed, the most important factor influencing the vapor flux is the availability of
air-filled pore space for vapor diffusion. During the process of evaporation, there is less liquid
water in pore space for the surface layer, increasing the air-filled porosity and hence facilitating
vapor flux in the near surface zone (Bittelli et al. 2008). Moreover, Bittelli et al. (2008)
presented that the vapor flux decreases as depth increases in the zone 2~7 cm below the surface
in the case study, indicating that vapor flux is higher in the layer closer to the soil surface.
Besides, thermal gradients also exist between the lower and the upper soil layers. However, the
vapor migration through soil is merely critical in the study with apparent temperature gradient
in the whole soil profile.
Table 1. 2. The magnitude of heat and water change caused by water vapor flux and the
corresponding observed zones (Cahill and Parlange 1998)
Maximum magnitude of

Maximum magnitude of

heat change caused by

moisture change caused

vapor flow (W/m2)

by vapor flow (cm/s)

Cary (1965)

…

2×10-6

column

Rose (1968)

…

2~6×10-6

1~3

Jackson et al. (1974)

Author

Depth of observation
(cm)

-6

3~12

…

2~7×10-6

0.5, 1

80

…

0.95

Westcot and Wierenga

70

…

1.5

(1974)

20

…

5

10

…

11

40~60

7×10-6

7~10

Cahill and Parlange
(1998)

2~4×10
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The traditional rule of vapor flow proposed by Philip and De Vries (1957) are used widely.
However, this rule was established based on the results from tests on sand, and it may overestimate the vapor flow in highly-compacted clay (Thomas et al. 2009b). Moreover, vapor flux
can also be determined as the residuals in the energy and mass balance (Cahill and Parlange
1998). In this case, the values of vapor fluxes estimated contain all the errors associated with
the measurements and uncertainties of other factors in the energy and mass balances. Thereby,
the selection of the approach to estimate vapor flux requires the consideration of soil type and
the case conditions.

1.2.1.3 Air flow
Air flow in soils involves pore dry air and air dissolved in pore water. The former is continuous,
occurring when the degree of saturation of soil is reduced to around 85% or lower (Corey 1957).
When the degree of saturation is above 90%, air becomes occluded and air flow takes place in
soil through diffusion in pore-water (Matyas 1967).
Therefore, different methods should be adopted to estimate the air flows in two different
mechanisms: as part of bulk flow of pore air under the air pressure gradient and within the pore
liquid water under the influence of pore water pressure gradient. The pore air flow due to air
pressure gradient can be described by Fick’s law. Besides, a modified form of Darcy’s law was
suggested to evaluate the air diffusion in occluded air bubbles through the unsaturated soils by
Fredlund and Rahardjo (1993), with introduction of a volumetric coefficient of solubility to
describe the volumetric mass of dissolved air by Henry’s law.

1.2.1.4 Mechanical modelling
The mechanical behavior of soil refers to the volume change behavior and shear strength. In
literature, many studies have been reported, attempting to develop the stress state of unsaturated
soil for different stress paths and different soil types (Bishop 1959; Jennings and Burland 1962;
Bishop and Blight 1963; Blight 1965).
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Bishop (1959) proposed a tentative expression of effective stress for unsaturated soils using the
notions of net normal stress (ua) and matric suction (uauw). Afterwards, different
constitutive models have been developed. A nonlinear elastic models was proposed by Fredlund
and Morgenstern (1976), describing the deformation of the soil structure and the change of
water volume. An elasto-plastic model known as “Barcelona basic model (BBM)” was built by
Alonso et al. (1990), being applied widely as one of the fundamental models for unsaturated
soils. It is able to estimate the elastoplastic volume decrease caused by wetting mechanical
compression, the change of stiffness and shear strength with suction, the volume increase upon
wetting. Based on the BBM model, many developments have been done, aiming at describing
the mechanical behavior of unsaturated soils. For instance, Cui et al. (1995) and Cui and Delage
(1996) described the behavior of compacted silt by taking the net stress and suction as two
independent stress variables. In a further attempt to study the observed irreversible swelling
upon wetting for swelling soils, a conceptual model was developed by Gens and Alonso (1992).
Two additional yield surfaces, one for plastic yielding caused by suction increase (SI) and the
other by suction decease (SD) were defined, allowing the prediction of the irreversible
shrinkage/expansion under the effect of wetting/drying cycles. Vaunat et al. (2000) developed
a constitutive model to address the irreversible behavior of unsaturated soils during cyclic
wetting and drying, particularly the irreversible change of degree of saturation. Wheeler et al.
(2003a) introduced an elastoplastic constitutive model that fully couples the hydraulic
hysteresis with the mechanical behavior of unsaturated soils and applied it for anisotropic soft
clays (Wheeler et al. 2003b). In the elastoplastic model proposed by Gallipoli et al. (2003), the
effect of suction and degree of saturation on soil mechanical behavior was incorporated. The
elastoplastic constitutive model developed by Sheng et al. (2004) considers the hydraulic
hysteresis and the irreversible deformation during cyclic drying and wetting.
Basically, soil is composed of solid, liquid water, water vapor, pore-air and dissolved air,
making the description of practical flows and mechanical behavior quite complex. In many
situations, the variations of these terms occur simultaneously. It is observed that heat flow and
water flow are interacted continuously because of vapor flow (Philip and De Vries 1957; Luikov
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1965, 1966; Dakshanamurthy and Fredlund 1981; Thomas 1985; Wilson 1990; Wilson et al.
1994; Cahill and Parlange 1998). Moreover, the hydraulic behavior of soil is intimately related
to its mechanical behavior (Tang and Cui 2010a; Deng et al. 2011a, 2011b; Wang 2012; Cui et
al. 2013a). Recent studies have illustrated the importance of studying the coupling of heat flow,
water flow (liquid and vapor), air flow and mechanical modellings in unsaturated soil (Dixon
et al. 1985, 1987, 1992, 1996, 1999; Yong et al. 1986; Thomas and He 1995; Thomas and
Sansom 1995; Thomas et al. 1998; Romero et al. 1999, 2005, 2011; Lee et al. 1999; Wu et al.
2004; Lloret and Villar 2007; Uchaipichat and Khalili 2009, François et al. 2009; Tang and Cui
2010b; Cui and Tang 2013).

1.2.2 Coupled models
In literature, many coupled models have been reported, attempting to estimate soil behavior
properly for different study objectives. According to the forms of these coupled models, they
can be classified into four categories: simple coupled hydro-thermal models (Philip and De
Vries 1957; Luikov 1965, 1966; Dakshanamurthy and Fredlund 1981; Thomas 1985; Wilson
1990; Wilson et al. 1994; Cui et al. 2005, 2010), fully coupled hydro-thermal models (Milly
1982; Thomas and King 1991, 1992, 1994; Hussain 1997; Jahangir and Sadrnejad 2012),
coupled thermal-hydro-mechanical models (Thomas and He 1995, 1997, 1998; Wu et al. 2004;
François et al. 2009; Thomas et al. 2009b; Wang et al. 2009; Hemmati et al. 2012), and coupled
thermal-hydro-chemical-mechanical models (Olivella et al. 1996; Seetharam et al. 2007).

1.2.2.1 Simple coupled hydro-thermal models
Aiming to study soil moisture content changes under temperature gradients, Philip and De Vries
(1957) proposed a method to estimate vapor transfer with consideration of the interaction
between vapor, liquid and solid phases in a thermodynamic equilibrium. In this study, vapor
flow was found to be a series-parallel flow through liquid “islands” located in a vapor
continuum. Moreover, due to the contribution of vapor flow in the soil mass and energy transfer,
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a simple hydro-thermal coupled model was further proposed. Its governing equations are
constituted through the formulation based on two key variables: soil volumetric water content
and temperature. However, its application to geotechnical constructions is limited because of
several reasons: the effect of temperature on relative humidity was not included in the
expression of vapor density gradient; the variation of temperature caused by latent heat was not
considered well in this model (Nakano and Miyazaki 1979); this coupled model was proposed
merely for incompressible soil.
Dakshanamurthy and Fredlund (1981) proposed a model by converting the temperature change
to the change of pore air pressure. It allows the estimation of the variations of soil temperature,
pore water pressure and pore air pressure using finite difference method. In this study, the vapor
movement as a result of a vapor pressure gradient was not included, because the phase change
between liquid and vapor in water transfer and the corresponding latent heat in heat transfer
was ignored. In addition, the thermodynamics of irreversible processes were also considered as
a powerful phenomenological method by Luikov (1965, 1966) for the investigation of heat and
mass transfer in porous media.
Some coupled hydro-thermal models were reported with different methods of considering vapor
flow. In the simple hydro-thermal coupled model proposed by Thomas (1985), the heat flux
consists of heat conduction and latent heat of vapor movement, and the liquid moisture is
governed by liquid water and vapor transfers. The phase conversion factor introduced initially
by Luikov (1964) was adopted to express the vapor flow. When the phase conversion factor
equals “1”, it means moisture transfer occurs in the form of vapor. When the phase conversion
factor equals “0”, moisture transfer occurs only as a result of liquid transfer. Specifically, the
mass of vapor was assumed to be negligible in comparison with the mass of liquid.
In the coupled hydro-thermal model proposed by Wilson (1990) and Wilson et al., (1994), the
vapor flow was determined by combing the change of vapor mass due to both diffusion and
advection expressed using Fick's Law (Philip and De Vries 1957; De Vries 1975; Fredlund and
Dakshanamurthy 1982). Meantime, the vapor pressure was estimated using the widely accepted
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thermodynamic relationship given by Edlefsen and Anderson (1943). In this study, the vapor
pressure at the soil surface was estimated, allowing the further estimation of actual evaporation.
Furthermore, the estimated evaporation was validated successfully by the measurements in
column drying tests (Wilson 1990). This coupled hydro-thermal model was applied by Cui et
al. (2005, 2008) with consideration of the atmosphere conditions, analyzing the soil hydrothermal behavior under climate effect.
Overall, the different simple coupled hydro-thermal models allow the evaluation of soil hydrothermal behavior with different assumptions. Based on the proposed models (Philip and De
Vries 1957; Thomas 1985; Wilson 1990; Wilson et al. 1994), the generalized forms of water
and heat governing equations can be written, as follows:
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where the volumetric water content  can be replaced by the hydraulic head ; the parameters
C CD D D D L L have different expressions in the simple coupled hydro-thermal
models introduced above.
In the coupled hydro-thermal model proposed by Philip and De Vries (1957) and Thomas
(1985), the dependent variables are soil moisture content and temperature. However, the soil
hydraulic head and temperature were adopted by Wilson (1990) for building another coupled
hydro-thermal model. Compared with the former model (moisture content based formulations),
the latter (hydraulic head based approach) has several distinguished advantages (Thomas and
Sansom 1995):
1) Compatibility with the current approaches when the stress/strain behavior of unsaturated
soil has been involved;
2) The ability to analyze both saturated and unsaturated conditions;
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3) The good simulation using the finite element method, the problem of moisture discontinuity
at soil boundaries in heterogeneous soil conditions being avoided (Hussain 1997).
Thereby, it can be inferred that the model depending on hydraulic head and temperature has the
theoretical superiority of numerical results than the models depending on moisture content and
temperature.
Moreover, merely the moisture content  () is set on the left of the governing equation for
moisture flow, and the temperature T on the left of the governing equation of heat flow. Thereby,
the variations of soil moisture content and temperature are not interacted synchronously in the
simple coupled hydro-thermal models. A fully coupled hydro-thermal model needs to be
developed for better describing the soil hydro-thermal behavior.

1.2.2.2 Fully coupled hydro-thermal models
The hydraulic head and temperature were selected as the dependent variables in the fully
coupled hydro-thermal model developed by Milly (1982). Due to the accommodation of the
concepts of hysteresis and inhomogeneity of soil properties, this new model has served as a
general mathematical derivation of coupled heat and moisture flow in porous media.
Afterwards, a fully coupled hydro-thermal model was proposed by Thomas and King (1991)
for non-deforming materials without considering air flow. In the study by Thomas and King
(1991, 1992), the performance of this coupled model with and without considering the
gravitational effect were presented, indicating the significance of gravitational effect on soil
hydro-thermal behavior. However, no further comparison with experimental work was
conducted. In the numerical calculation, finite element method was applied to describe the
spatial variations and finite difference time-stepping scheme for the transient behaviors.
Moreover, a further verification work of this model in two-dimensional cases was presented by
Thomas and King (1994). Even though a good agreement between the simulated and
experimental temperature variations was obtained, no further information about the comparison
of volumetric water content results was provided.
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For the fully coupled hydro-thermal models, they were applicable for the non-deformable cases
(Milly 1982; Thomas and King 1991). The generalized forms of moisture and heat governing
equations in these models can be written as:
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where, C CCT CD D D D L L have different values in the fully coupled
hydro-thermal models introduced above. Unlike in the simple coupled hydro-thermal model,
both hydraulic head  and temperature T can be observed on the left of the governing equations
of moisture and heat flow in the fully coupled hydro-thermal models. It means that these two
variables are influenced by each other.

1.2.2.3 Coupled thermal-hydro-mechanical models (Coupled T-H-M models)
As far as deformable soils are concerned, air flow and mechanical modelling need be considered
in the coupled models. In literature, various coupled T-H-M models were developed to account
for the soil thermal-hydro-mechanical behaviors, further estimating the soil deformation.
Air flow was considered by Thomas and Sansom (1995) to build a new theoretical formulation
for unsaturated soils in three-phases (air, liquid, solid). In this study, a mechanistic approach
was adopted and constant air pressure was considered, extending the previous coupled hydrothermal models (Milly 1982; Thomas and King 1991). In addition, Jahangir et al. (2012)
improved a hydro-thermal coupled model with consideration of air low. The control equations
of this coupled model were expressed in terms of volumetric water content, temperature and
pore dry air pressure. Specifically, convection was considered in the heat transfer equation,
forming a more general theoretical part than that in the model proposed by Thomas and Sansom
(1995). Nevertheless, several parts were not well explained in this model: firstly, the latent heat
21

Chapter 1: Literature review
of vapor transfer was not considered in the heat transfer conservation equation; secondly, latent
heat should represent the product of the vapor flux (evaporation) and latent heat of vaporization
of water, rather than the sum of liquid flux and vapor flux and latent heat of vaporization of
water as presented in paper. Moreover, the studied case with an internal heat source flow
presented merely the variation of soil temperature, and no indication of soil hydraulic
performance was provided. Overall, these two coupled models (Thomas and Sansom 1995;
Jahangir et al. 2012) are suitable for the studied applications, being limited in the cases of nondeformable soils.
A new theoretical formulation employing a non-linear elastic state surface approach and
elastoplastic constitutive model was developed by Thomas and He (1995), taking the volume
change behavior of unsaturated soils into account. It needs to be implemented using finite
element method for spatial discretization and finite difference method for transient behavior.
Specifically, the elasticity theory coupled with the so-called state surface approach relating the
volumetric strain to stress, suction and temperature was adopted to express the stress-strain
relationship, giving satisfactory results of soil hydro-thermal-mechanical behavior.
Nevertheless, due to the data-fitting techniques applied to obtain the analytical expression of
the state surface, it is difficult to apply this model to other soil types. A non-linear elastic
approach and an elasto-plastic constitutive model were accommodated by Thomas and He
(1997) and Thomas and He (1998), constituting coupled T-H-M models that provide better
performance in describing the soil T-H-M behavior.
Correspondingly, a geo-environmental software (COMPASS) was proposed (Thomas and He,
1997) and developed by GRC (Thomas et al. 2009b) incorporating these coupled T-H-M models.
This tool has the ability to analyze coupled heat, moisture (vapor and liquid), air pressure, and
mechanical response of unsaturated soils. Further extensions of the coupled T-H-M models
were conducted for different engineering cases, including extreme temperature behavior such
as freezing and thawing of ground, impact of temperature beyond 100°C and vapor flow in
compacted clays (Thomas and Rees 2009; Thomas et al. 2009a, 2009b). Nevertheless, most of
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these applications were related intimately to the estimation of soil thermal performance, being
lack of further study of soil hydraulic behavior.
A thermo-hydro-mechanical coupled model for unsaturated soil was proposed by Gatmiri and
Delage (1997) and Gatmiri and Arson (2008). It was expressed with dependent variables: soil
temperature, air and water pressure, and displacement. Hemmati (2009) extended this model
with consideration of soil-vegetation-atmosphere interactions. In their studies, the effect of soilvegetation-atmosphere interactions were accounted for through the boundary conditions (Blight
1997).
François et al. (2009) investigated a thermo-hydro-mechanical finite element approach with a
thermo-plastic constitutive model. Their results present the good performance of the model in
describing the thermo-hydro-mechanical behavior of clay submitted to thermal loading.
Furthermore, it appears that it is necessary to perform adjustment of soil parameters governing
the thermal and hydraulic diffusions in Boom Clay to obtain the agreement between numerical
simulation and experiment data.

1.2.2.4 Coupled thermal-hydro-chemical-mechanical models (Coupled T-H-C-M
models)
Olivella et al. (1996) took salt condensation of water into consideration in a coupled T-H-C-M
model. The numerical solution of this coupled T-H-C-M model was conducted by finite element
in space and finite differences in time. Satisfactory simulation results were obtained in terms of
soil displacements, liquid pressure, gas pressure, temperature and salt content. Seetharam et al.
(2007) studied the geochemical interactions in unsaturated soil and developed another coupled
T-H-C-M model based on the coupled T-H-M model proposed by Thomas and He (1998).
Satisfactory estimations of soil T-H-C-M behavior were obtained by these two models in the
studied cases.
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1.2.3 Evaluation of coupled models
The conditions/limitations of each coupled model introduced above are listed in Table 1. 3. The
assessment of the limitations of these coupled models illustrate that each coupled model can be
applicable for specific situations. Therefore, according to the study goal, suitable coupled model
can be selected among the existing ones with consideration of the applicable conditions or be
further developed with specific assumptions.
It is noticed that the effect of climate changes has been seldom taken into account in the coupled
models. Moreover, none of the above-mentioned studies addressed soil hydro-thermal behavior
in details for the real two-dimensional cases even though it is essential for some earth
constructions as embankments. Thereby, considerable work is still required to develop fully
coupled models and to validate such models against long term laboratory/field measurements.

1.3 Interaction between soil and atmosphere
In section 1.1, the importance of studying the climate effect on soil performance has been stated.
On the other hand, various coupled models showing soil hydro/thermal/mechanical behaviors
are presented and their applicable conditions are reported in section 1.2. Concerning the
implemented approach, the estimation of soil coupled behavior under climate effect is then
discussed in terms of experimental and numerical investigations.

1.3.1 Experimental investigations
Through field monitoring of soil responses by various sensors, direct observation of soil
hydro/thermal/mechanical behavior can be done under the climate effect. In literature, the
related studies have been conducted in two different conditions: laboratory and field conditions.
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Table 1. 3. Conditions/limitations of different coupled models
Model

Author

Conditions & limitations

Philip and De

1.

The effect of temperature on relative humidity is not included;

Vries (1957)

2.

The effect of latent heat on the variations of temperature is not well
considered.

Luikov

1.

and thermodynamic forces is adopted, making the coupled model

(1965, 1966)
Simple

complicated to use.
1.

coupled
hydro-thermal

Dakshanamurthy

model

and Fredlund
(1981)

The equation of irreversible thermodynamics related to the fluxes

Vapor movement as a result of vapor pressure gradient is not
presented. The study assumes that the vapor pressure above the
boundary of considered layer is the same as the vapor pressure
within the soil;

2.

Latent heat is not considered in both heat flow and conservation
equations.

Thomas (1985)

1.

The vapor-liquid phase change is defined by a conversion factor.

Wilson et al.

1.

Correction factor for vapor diffusion is used to define vapor-liquid

(1994)

phase change.
1.

Milly (1982)
Fully coupled

temperature;
2.

The model is able to simulate highly coupled, hysteresis-affected and
nonlinear problems.

hydro-thermal
model

The model is based on variables of hydraulic head (suction) and

1.
Thomas and
King (1991)

The model is based on variables of hydraulic head (suction) and
temperature;

2.

The ratio of microscopic to macroscopic temperature gradient was
introduced.

Thomas and

1.

Sansom (1995)
Jahangir et al.
(2012)
Coupled
T-H-M model

Thomas and He

considered.
1.

Air flow is considered;

2.

The lant heat is not considered in heat conservation equation and is
not expressed properly in heat flow equation;

1.

(1995)
Thomas and He

Coupled
T-H-C-M
model

Olivella et al.

1.

(2007)

The mechanical theory is considered by elastoplastic constitutive
model.

1.

The vegetation influence in soil-atmosphere interaction is
considered.

1.

(1996)
Seetharam et al.

The mechanical theory is considered by elasticity model combing
with the state surface approach.

(1998)
Hemmati (2009)

Air flow and vapor flow as part of the bulk flow of air are both

Specific saline media is considered as the studied chemical material
in soil.

1.

Chemical effect is expressed in a general form and incorporated into
the T-H-M soil model of Thomas and He (1998).
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1.3.1.1 Laboratory tests
Aiming to study soil behavior under evaporation, simple column drying tests were designed
(Wilson 1990; Wilson et al. 1994; Yang and Yanful 2002; Lee et al. 2003; Smits et al. 2011;
among others). The related studies indicate that evaporation results in continuous decreasing of
soil volumetric water content and temperature of soil. The values of soil volumetric water
content and temperature in the region near the soil surface decrease more quickly than those in
deeper regions. Meantime, it is widely recognized that the movement of water vapor is closely
coupled to the thermal process in the shallow subsurface below the soil-atmosphere interface.
However, merely one-dimensional soil hydro-thermal behavior under the evaporation effect
was specified in these studies.
Besides, different rainfall systems were designed and applied in the laboratory to study the soil
behavior: the variations of soil moisture and suction, runoff and erosion, breakdown of soil
aggregates, sediment transfer, chemical movement and slope stability induced by rainfall
(Hignett et al. 1995; Regmi and Thompson 2000; Tohari et al. 2007; Pérez Latorre et al. 2010;
Voulgari 2015; among others). The results reveal a strong connection between the variations of
soil moisture content and soil behavior. Voulgari (2015) implemented a slope model in the
laboratory to study the successive failures of soil. The experimental results illustrate that along
with a short-term of rainfall, moisture content increases and soil strength decreases, leading to
the appearance of vertical cracks in slope and the development of significant vertical
deformations. In the test conducted by Tohari et al. (2007), the occurrence of landslide was
initiated by the development of an unstable area near the slope toe, along with the formation of
a seepage area. It is pointed out that the volumetric moisture content in the slope region where
localized failures initiated approaches a nearly saturated value. Meantime, the major portion of
soil slopes involved in the overall instability stay in unsaturated state. Moreover, a prediction
model of slope failures was proposed by Tohari et al. (2007) based on the observed moisture
content response of the slope models.
The wind tunnel system was developed with the controlled climate conditions (wind speed,
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radiation, air temperature and relative humidity) in several studies (Yamanaka et al. 1997, 2004;
Komatsu 2003; Yuge et al. 2005; among others). The representative laboratory experimental
set-up of wind tunnel system is presented in Figure 1. 4. It was developed to verify the accuracy
of different evaporation models. The soil surface evaporation was recorded normally by the
weighing micro-lysimeter. However, little attention has been paid to the corresponding soil
behavior.

Figure 1. 4. Experimental set-up of wind tunneling for evaporation investigation
(Yamanaka et al. 2004)
In addition, environmental chamber tests were conducted to study the soil performance under
complex atmosphere conditions (radiation, wind speed, water table, air temperature and relative
humidity) (Watanabe and Tsutsui 1994; Yanful and Choo 1997; Mohamed et al. 2000;
Aluwihare and Watanabe 2003; Ta 2009; Cui et al. 2013b; Song et al. 2013, 2014; Song 2014).
Specifically, a device ‘‘open chamber’’ was developed by Aluwihare and Watanabe (2003) for
determining evaporation from bare soil in the climate conditions similar to the filed situations
(Figure 1. 5). Comparison between the results obtained in the laboratory and in the field
indicates that this equipment is suitable for estimating evaporation under different field
conditions, except for the periods of drastic change in atmospheric conditions. The soil behavior
under evaporation was poorly instrumented and discussed even though the estimation of actual
evaporation was well analyzed (Song 2014). Recently, a new large-scale environmental
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chamber was developed by Ta (2009) and Cui et al. (2013b) for studying soil behavior under
evaporation. The evaporation process was activated by the heated air flow passing through the
soil surface in the environmental chamber. In the tests conducted by Song (2014) to study the
sand and clay performance, the variations of soil temperature, volumetric water content and
suction were monitored instantaneously, accompanied by synchronous recordings of
atmosphere conditions. Moreover, comparative tests with different speeds and temperatures of
air flow were conducted, enabling the further analyses of different soil performance.

Figure 1. 5. Schematic illustration of the device for measuring evaporation by Aluwihare
and Watanabe (2003)
Among these experimental investigations, the environmental chamber has distinguished
advantages as compared with others:
1) Unlike the simple column drying test, all atmosphere conditions: radiation, wind speed,
water table, air temperature and relative humidity can be considered;
2) Unlike the wind tunneling system, larger soil sample in environmental chamber can be
considered, diminishing the lateral border effect on soil behavior and allowing more space
for the settlement of monitoring sensors.
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1.3.1.2 Field tests
Field tests to investigate climate effect on soil behavior have been presented widely in literature
(Rose 1968; Jackson 1973; Kustas and Daughtry 1990; Cahill and Parlange 1998; Schelde et al.
1998; Rahardjo et al. 2002, 2005, 2008; Heusinkveld et al. 2004; Cui et al. 2005, 2010; Cui and
Zornberg 2008; Suradi et al. 2016). The field meteorological condition includes rainfall, solar
radiation, air temperature, wind speed and relative humidity, etc. The responses of soil behavior
under field atmosphere condition normally cover: the variations of soil temperature, volumetric
water content/suction, surface movement, heat fluxes, etc.
In the field, the soil performance for a period of six days was studied by Rose (1968), with
monitoring of the variations of soil water content and temperature in the top 15 cm zone.
Similarly, diurnal changes of soil water content at the top 10 cm zone during drying were
investigated by Jackson (1973). This study elucidates the effects of meteorological parameters
on the evaporation from bare soil. The water transfer process in a bare soil was examined by
Cahill and Parlange (1998) using subsurface monitoring of soil temperature and water content,
illustrating the importance of vapor flux during soil-atmosphere interaction. Additionally, the
coupled transport of heat and water flux was taken into consideration to evaluate the interactions
between liquid and vapor flows in a bare soil by Schelde et al. (1998). Through the comparison
between the results by field test and numerical analyses, the importance of vapor flow was
confirmed. Rahardjo et al. (2002, 2005, and 2008) investigated the response of a residual soil
slope to rainfall. By considering rainfall in natural and simulated conditions, his study
investigates the slope runoff in response to rainfall, presenting the changes of pore-water
pressure (soil water content) and the corresponding redistribution.
In terms of heat transfer during soil-atmosphere interaction, different approaches to measure
soil surface heat flux were examined by Kustas and Daughtry (1990), Heusinkveld et al. (2004)
at different sites. As the field techniques were proposed allowing the measurements of sensible
heat flux (Wang and Bras 1998; Voogt and Grimmond 2000) and latent heat flux (Bowen 1926),
it is also possible to calculate the soil heat flux based on the energy balance at the soil29
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atmosphere interface. These studies focus on the measurements or calculations of heat fluxes
during soil-atmosphere interactions and the variations of soil temperature. Less attention has
been paid to the variations of soil water content.
Based on the studies introduced above, it is concluded that the soil temperature and volumetric
water content can be measured by buried sensors at the targeted positions during the studied
period, but impossible for the positions without measurements and for longer period. Besides,
unpredictable problems during sensors’ operation in the long term period may happen, calling
for uneconomic expense. Specifically, for the near soil surface region which is sensitive to soilatmosphere interaction, direct monitoring of volumetric water content and especially suction
meet some challenges (Cui and Zonberg 2008). Furthermore, the study about the coupled hydrothermal behavior of soil is difficult to be analyzed merely with experimental investigation,
presenting a challenge to evaluate the heat and water transfer during soil-atmosphere
interactions.

1.3.2 Numerical investigation
In literature, various numerical investigations have been reported involving soil-atmosphere
interactions. Several representative codes are shown as follows.
FLUX code (Wilson 1990)
As introduced in section 1.2.1, a simple coupled hydro-thermal model was built by Wilson
(1990). In order to investigate the soil hydro-thermal behavior in the column drying test, a
simple computer program “FLUX” written in Fortran code was proposed with explicit finite
difference formulation. The validation of this numerical approach was conducted for heat flux,
water flux and vapor flux, respectively: it was verified by the analytical solution for onedimensional conductive heat transfer in a homogeneous solid for the heat flow; it was confirmed
by a commercial program “PC-SEEP” for the moisture flow; it was validated by the
measurements in the column drying test for the vapor flow. After validation, the boundary
conditions and soil parameters need to be assumed correctly. In the calculation, the soil water
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potential and temperature at the top and bottom nodes will be gotten firstly, followed by the
estimation of their values at the connected interior nodes. After updating all nodes at each time
step during the numerical calculation, the vapor pressure at soil surface can be used to calculate
evaporation.
Furthermore, soil-atmosphere interaction was also studied by Cui et al. (2005, 2010) using the
coupled model proposed by Wilson (1990) and the soil-atmosphere interaction theory (Blight,
1997). The numerical investigation was conducted by finite difference scheme method in one
dimension. For the studied experimental embankments, a satisfactory agreement was obtained
between the estimation and measurement results of soil water content and temperature at
different depths.
θ-STOCK code (Hemmati 2009; Hemmati et al. 2012)
A two-dimensional model to study soil-vegetation-atmosphere interaction was developed
through θ-STOCK finite element program. Standard meteorological data, soil characteristics
and canopy parameters were used in the numerical calculation. Based on the mass and energy
balances, soil heat and water (evaporation/infiltration) fluxes at soil surface can be determined.
Afterwards, the variations of soil temperature, water content or suction during the studied
period can be calculated. Furthermore, this coupled model makes it possible to predict the
settlement using only the soil physical properties, e.g. soil water retention and state surface.
The flow chart of θ-STOCK code is presented in Figure 1. 6, presenting the estimation of
boundary conditions depending on both atmosphere condition and soil surface properties.
Hemmati (2009) implemented the study of soil-vegetation-atmosphere interaction though θSTOCK code, giving the satisfactory estimation of daily variations of soil temperature, water
content and displacement.
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Figure 1. 6. The flow chart of θ-STOCK code (Hemmati et al. 2012)
TRUCHAMP code (Hussain 1997)
Serving for preliminary design of nuclear waste repository, a numerical solution namely
“TRUCHAMP” was developed by Hussain (1997). The governing equations proposed by
Thomas and King (1991) were formulated by the integrated finite difference method, and
applied in the code “TRUCHAMP” to estimate the coupled heat and moisture flow of
unsaturated soils. This code was used to simulate the one-dimensional heat and moisture flows
in the soil surrounding nuclear waste (Hussain 1997).
HYDRUS code (Šimůnek et al. 1999)
As one of the mostly used models for soil cover design in the United States, the code “HYDRUS”
is able to simulate the transport of water, solute and heat in an unsaturated porous media in
one/two/three-dimensional conditions (Šimůnek et al. 1999, 2005, 2006, 2008). Saito et al.
(2006) presented a numerical calculation of coupled water, vapor and heat transfer in soil using
HYDRUS-1D code, allowing a flexible way of using various types of meteorological data to
evaluate the water and heat transfers at the soil-atmosphere interface. It is able to estimate all
relevant variables such as soil volumetric water content, temperature and liquid water, water
vapor, and heat fluxes by considering the mass and energy balances during the soil-atmosphere
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interaction. However, only one-dimensional experimental work was carried out for the
verification purpose, allowing the soil water content and temperature monitoring in the near
soil surface region (<= 25 cm).
Additionally, the HYDRUS-2D program solves the Richards’s equation for saturatedunsaturated water flow and the convection-dispersion equation for heat and solute transports.
The boundary conditions in the water transport portion can adopt heat and water flux boundaries
controlled by atmospheric conditions, free drainage boundary conditions, etc. It was applied by
Hansson et al. (2005) to simulate water flow patterns in flexible pavements, with consideration
of the subsurface flow and the surface runoff. Furthermore, the extended version HYDRUS
(2D/3D) was presented by Sansoulet et al. (2008) to simulate transient spatial distributions of
water fluxes in a three-dimensional domain under a banana plant.
UNSAT-H code (Fayer 2000)
“UNSAT-H” code in Fortran was initially developed at Pacific Northwest Laboratory (PNNL)
in order to assess the water dynamics of agricultural land and to estimate the recharge fluxes
for scenarios of waste disposal facilities (Fayer 2000). In this model, water liquid was described
by Richards’s equation, water vapor diffusion was described by Fick’s law and sensible heat
flow was written in Fourier’s equation. However, the flow considered in UNSAT-H was
assumed to be strictly vertical, limiting its application to one dimension.
This model has been applied to four different cases: 1-year simulation of the water dynamics in
layered soil (Fayer and Jones 1990); 3-day period of the water dynamics in layered soil with
consideration of heat flow (Fayer and Jones 1990); 1-year simulation of the water dynamics in
sandy soil with plants (Fayer and Jones 1990); 35-year simulation of the water dynamics in
sandy loam soil without plants (Fayer and Walters 1995). The results obtained illustrate that
“UNSAT-H” has the ability to simulate the water balance of various protective barrier designs,
to estimate the concurrent flows of water and heat, to model transpiration and to conduct
multiyear simulations.
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Other codes/models
The soil hydro-thermal behavior in the region near the soil surface was studied by Grifoll et al.
(2005) through a general numerical model with consideration of climate effect. This model was
validated by two field tests of Rose (1968) and Jackson (1973), being able to estimate soil
moisture content and temperature under the effect of non-isothermal diurnal cycles. This study
elucidates the significance of the various water transport mechanisms in the upper layer of soil
through four kinds of water fluxes involving: diffusion and dispersion of water vapor, and
convection in liquid and gas phase. Furthermore, it is specified that the dispersion transport of
water vapor could be relevant (up to 35% of the total water flux) in this upper soil layer even
in the case where the contribution of gas-phase convection to the overall water transport is
relatively small.
A numerical model of coupled heat, water vapor and liquid water fluxes in soil was developed
by Bittelli et al. (2008) to compute evaporation from bare soils. Meantime, a field trial was
conducted to validate the one-dimensional numerical results. The satisfactory agreement
between numerical and experimental results proves the ability of this model to estimate the
variations of soil temperature and water content, and the surface evaporation during soilatmosphere interaction. Nevertheless, the model developed is a simple coupled hydro-thermal
model because merely the hydraulic head () is set on the left of the governing equation for
moisture flow, and the temperature (T) on the left of the governing equation of heat flow.
Moreover, the specified soil hydraulic head (air entry value) is set as upper boundary condition
during an irrigation period, and a variable water potential after the end of the irrigation. This
limits the general application of this numerical approach.
In the study of soil-atmosphere interaction by Al Qadad et al. (2012), the developed coupled
hydro-thermal model was validated using the column-drying test of Wilson (1990) and the
numerical results of Gitirana et al. (2006) in terms of suction and evaporation changes. This
approach can be used for the determination of drought-induced soil movement and for the
assessment of possible structure damage. The results show that the presence of structures may
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lead to important change in moisture distribution, particularly in the vicinity of the structure.
However, no further information of soil temperature was provided in the validation.
Additionally, there are some other numerical codes giving the possibilities to do the analyses of
the coupled thermos-hydro-mechanical behavior of soil with consideration of soil-atmosphere
interaction, such as Vadose/W developed by Geo-Slope International Ltd., LAGAMINE by
Université de Liège, CODE_BRGITH by Universitat Politécnica de Catalunya, and GEFDYN
by Ecole Centrale Paris (Boldini et al. 2014). However, Boldini et al. (2014) stated that the
results of these simulations are very sensitive to many parameters that are often unknown.
Furthermore, the applications of these possible approaches targeting the soil-atmosphere
interaction have not been reported.

1.3.3 Discussion
1.3.3.1 Comparison between experimental and numerical investigations
As presented above, experimental and numerical approaches have been developed widely to
investigate the soil behavior under climate effect. Indeed, they are complementary with each
other in the study of soil-atmosphere interaction:
1) The accuracy of numerical investigation needs to be verified by the results of experimental
investigation;
2) The experimental investigation provides the initial conditions for the numerical
investigation;
3) The variation tendency of simulation results can help detect the anomalous values in
measured results.
The specific merits and drawbacks of the two methods are further concluded in Table 1. 4.
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Table 1. 4. Comparison between experimental and numerical investigations
1.

It can be used for long term prediction. No period limitation when
initial and boundary conditions are provided;

Merits

2.

It is able to provide soil performance at all points of soil;

3.

It is time saving as compared with the field measurements;

4.

It is cheap as compared with the payment for buying and containing
sensors in the field;

5.

Numerical

It helps to investigate the complicated coupled soil behviour under
climate effect.

investigation
1.

It requires in time meteorological information to determine its
boundary condtions;

Drawbacks

2.

It needs the measurements at the intial moments to set its initial
condtions;

3.

It needs to be conducted with some assumptions of the field conditions
( for the inhomogeneity of soil, the positions of buried sensors, etc.).

Merits

Experimental
investigation

Drawbacks

1.

It is capable to provide direct results of soil behavior;

2.

It provides reliable data set.

1.

It is normally conducted for a targeted period;

2.

It may meet some unpredicted problems of sensors during the
measurements;

3.

It is costy for the construction and maintenance;

4.

It can only provide the soil responses at the points where sensors are
buried.

1.3.3.2 Further study needed in numerical investigation
Based on the numerical investigations of soil-atmosphere interaction presented above, it is
concluded that several aspects require further study:
1) It is observed that some codes are designed for one-dimensional analyses: FLUX,
TRUCHAMP, and UNSAT-H. In practice, the effect of lateral border conditions on soil is
also significant, such as the behavior of surface cover with side slopes in the case of
embankment, requiring application of numerical approach in two-dimensional conditions;
2) In terms of meteorological data, some studies adopted the daily measurements directly to
study soil coupled behavior under climate effect (Cui et al. 2005, 2010; Saito et al. 2006;
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Al Qadad et al. 2012; Hemmati et al. 2012). The daily information can be applied in hourly
through the transformation in empirical formulas (Grifoll et al. 2005). However, little
attention has been paid to the significance of hourly meteorological data in the study of
soil-atmosphere interaction (Bittelli et al. 2008). Indeed, average daily meteorological
information diminishes the maximum and minimum values during the whole day, limiting
precise estimation of soil behavior. Hence, short time scale (hourly/half hourly) of
meteorological information is suggested to be applied in the study of soil-atmosphere
interaction;
3) Furthermore, concerning the applications involving soil-atmosphere interactions, the
related works cover the soil behavior in long term landfill management (Hussain 1997;
Khire et al. 1997), the detection of buried land mines (Šimůnek et al. 2001), the
transpiration of vegetation (Fayer and Jones 1990; Blight 2003; Sansoulet et al. 2008), etc.
The coupled hydro-thermal soil behavior under climate effect in two-dimensional field
embankments has been rarely examined.

1.4 Conclusions
In this chapter, the effect of climate change on geotechnical constructions is presented firstly,
suggesting the importance of studying the soil-atmosphere interaction. Afterwards, the coupled
modelling of soil behavior and the interaction between soil and atmosphere are reviewed. The
following conclusions can be drawn:
1) According to the four aspects of the main hydraulic and thermal factors that characterize
the climate changes (rainfall and drought, temperature rise and drop), the general climatic
influences on geotechnical constructions are assessed respectively. It appears that the
variations of climate condition are complex due to the synchronal appearance of some
climate terms. Besides, the climate effects on soil are difficult to be identified separately
because the soil behavior can be affected by more than one climate factor. Moreover, it is
observed that the soil-atmosphere interaction requires further study involving two aspects
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at the same time: soil coupled behavior and soil-atmosphere interaction;
2) In terms of soil behavior, the general knowledge of heat, water liquid water, water vapor,
air transfers and the mechanical modelling is reviewed. Emphasis is put on the couplings
between them. Furthermore, various coupled models (simple and fully coupled hydrothermal, coupled T-H-M, coupled T-H-C-M models) in literature are presented, classified
and evaluated depending on their application conditions;
3) The soil-atmosphere interaction is investigated through experimental and numerical
investigations. Through the comparison of these two approaches, their merits and
drawbacks are summarized. Due to their complementarity, it is suggested to conduct both
experimental and numerical investigations in the further studies of soil-atmosphere
interaction;
4) None of the present studies addressed soil coupled behavior under climate effect in twodimensional field conditions even though it is essential for earth constructions in the cases
of embankments, slopes, etc. New development of numerical approach applicable for twodimensional cases is thus needed;
5) In the studies of soil-atmosphere interaction, it is noticed that little attention has been paid
to the selection of different time scales of meteorological information. Daily
meteorological information was widely adopted in different studies. In fact, the
meteorological information in hourly or half hourly is able to provide more precise
estimations by catching the maximum and minimum values compared to daily data.
Thereby, it is recommended to adopt meteorological information in short time scale
(hourly/half hourly) in the further study of soil behavior under climate effect.
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Chapter 2: Development of a coupled hydro-thermal numerical
model for unsaturated soils
2.1 Introduction of FreeFem++ code (Hecht 2010, 2012)
FreeFem++ is an open source platform to solve partial differential equations based on finite
element methods. It was developed at the Laboratoire Jacques-Louis Lions, Université Pierre
et Marie Curie, Paris by Frédric Hecht in collaboration with other researchers (Sadaka 2012).
It is written in C++ and its language is a C++ idiom. It runs on most UNIX, Window XP, and
MacOS computers. The adopted version in our study is the third edition, version 3.26.
FreeFem++ code is a high level integrated development environment (IDE) for numerically
solving partial differential equations (PDE) in 2-D and 3-D. It has an advanced automatic mesh
generator, capable of a posteriori mesh adaptation. It has several triangular finite elements,
including discontinuous elements. Also, FreeFem++ provides color display online with
zooming and other features and postscript printouts.
Moreover, FreeFem++ is highly adaptive. In geotechnical and geo-environmental engineering,
many phenomena involve several coupled systems, for example: fluid-structure interactions,
Lorentz forces for aluminum casting and ocean-atmosphere interactions are three such coupled
systems. To deal with these systems, different finite element approximations and polynomial
degrees are required, possibly on different meshes. Some algorithms like Schwarz’ domain
decomposition method also require data interpolation on multiple meshes within one program.
FreeFem++ can handle these difficulties, i.e. arbitrary finite element spaces on arbitrary
unstructured and adapted bi-dimensional meshes.
The main characteristics of FreeFem++ code are cited in the full documentation of FreeFem++,
and they are listed below:
1) Problem description (real or complex value) by their variational formulations, with access
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to the internal vectors and matrices if needed;
2) Multi-variables, multi-equations, bi-dimensional and three-dimensional static or time
dependent, linear or nonlinear coupled systems. However, the user is required to describe
the iterative procedures which reduce the problem to a set of linear problems;
3) Easy geometric input by analytic description of boundaries by pieces. However, as it
doesn’t work as a CAD system, the user needs to specify the intersection points when two
boundaries intersect;
4) Automatic mesh generator based on the Delaunay-Voronoi algorithm. The inner point
density is proportional to the density of points on the boundaries (Thompson et al. 1999);
5) Metric-based anisotropic mesh adaptation. The metric can be computed automatically from
the Hessian of any FreeFem++ function (Hecht 1998);
6) High level user friendly typed input language with an algebra of analytic and finite element
functions;
7) Multiple finite element meshes within one application with automatic interpolation of data
on different meshes and possible storage of the interpolation matrices;
8) A large variety of triangular finite elements: linear, quadratic Lagrangian elements and
more, discontinuous P1 and Raviart-Thomas elements, elements of a non-scalar type, the
mini-element, etc., but no quadrangles;
9) Tools to define discontinuous Galerkin finite element formulations P0, P1dc, P2dc and
keywords: jump, mean, intalledges;
10) A large variety of linear direct and iterative solvers (LU, Cholesky, Crout, CG, GMRES,
etc.) and eigenvalue and eigenvector solvers (ARPARK);
11) Near optimal execution speed (compared with compiled C++ implementations
programmed directly);
12) Online graphics, generation of .txt, .eps, .gnu, mesh files for further manipulations of input
and output data;
13) Many examples and tutorials: elliptic, parabolic and hyperbolic problems, Navier-Stokes
flows, elasticity, fluid structure interactions, Schwarz’s domain decomposition method,
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eigenvalue problem, residual error indicator, etc;
14) A parallel version using mpi.
It is worth noting that this code has not been widely used in geotechnical engineering. Based
on the characteristics of this code presented above, it appears feasible to adopt it for
investigating the interaction between soil and atmosphere.
In order to validate the application of FreeFem++ code in our study, the heat flow and water
flow in unsaturated soil are firstly studied, respectively. Afterwards, a simple coupled hydrothermal soil model in literature is adopted in numerical investigation, allowing further
verification of this numerical tool in the coupled cases. Finally, a fully coupled hydro-thermal
soil model is developed. Furthermore, the formations of their weak forms are presented with
details, providing the theoretical basis for the numerical studies presented in the following
chapters.

2.2 Heat flow
As presented in Chapter 1, heat conduction, radiation and convection are three major heat
transport processes in soils. Even though the contribution of these three mechanisms can be
affected by temperature levels, degree of saturation, soil composition and structure, conduction
is still the predominating mode of heat transfer in soils.
By considering conduction merely, one-dimensional heat flow in soil is given by Fourier’s law:

qh  T

(2.1)

where qh (W/m2) is the heat flux;  (W/(mK)) is the thermal conductivity; ▽T (K/m) is the
temperature gradient.
The conservation of heat energy is expressed as:

C

T
   q
t

(2.2)
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where C is the soil specific heat capacity.
Therefore, by combing equation (2.1) and (2.2), the governing equation of heat flow can be
written as:
T
 2T
 DH 2
t
z

(2.3)

where DH (m2/s) is soil thermal diffusivity. With equation (2.3), soil temperature variation in
time and space can be analyzed.
A simple one-dimensional case is designed to verify the performance of FreeFem++ code in
heat flow. The model dimension, initial and boundary conditions are shown in Figure 2. 1. The
initial soil temperature of the whole column is assumed to be 14 °C. The top and bottom
boundary conditions are set as 20 °C and 14 °C, respectively. In this case, soil thermal
diffusivity is assumed to be constant: 0.004 m2/s. By rewriting the governing equation (2.3) of
heat flow to the weak form in FreeFem++ code, the numerical analysis of soil temperature
variation can be conducted.
Top BC: 20 °C

20 m

Point A (2,15)

IC: 14 °C

Bottom BC: 14 °C
4m

Figure 2. 1. Model details for heat flow in soil
Meanwhile, an analytical solution of the simplified heat flux equation is given by Carslaw and
Jaeger (1959):
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 x 
T  T0
 efrc 

Ts  T0
 4 DH t 

(2.4)

where,

efrc u   2 1/2  exp  u 2 du is the complementary error function;

T0  T ( x,0) is the initial condition;
Ts  T (0, t ) is the top boundary condition;
T0  T (, t ) is the bottom boundary condition.
Note that this analytical solution is applicable only if the one-dimensional soil column is
sufficiently long so that the temperature at the other face of the column remains unchanged (at
the initial temperature value T0).
The comparison of soil temperature variations between analytical solution and simulation is
presented in Figure 2. 2. Figure 2. 2a shows the soil temperature profile by two methods in
different moments: t = 0, 10 min, 30 min, 60 min, 120 min, 300 min and 600 min. The soil
temperature increases gradually when approaching the top boundary. A satisfactory agreement
is obtained for soil temperature profile between analytical and numerical calculations at t = 0,
10 min, 30 min, 60 min, 120 min. The differences of soil temperature are obvious at the bottom
of model column as time continues. For instance, the differences are about 1 °C and 2 °C at 300
min and 600 min, respectively. This is attributed to the limitation of the analytical solution,
which is based on the assumption of an infinite length of column. Figure 2. 2b presents the soil
temperature variation over time. The temperature variation tendencies by analytical and
numerical methods are highly consistent. However, their differences appear and increase
gradually as time continues.
(a)
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Figure 2. 2. Comparison of soil temperature between numerical simulation and
analytical solution: (a) soil temperature profiles at different moments: t = 0, 10 min, 30
min, 60 min, 120 min, 300 min, 600 min; (b) soil temperature variation over time at
Point A (2, 15)
From the comparisons made above, the following conclusions can be drawn:
1) The tendencies of soil temperature by both numerical simulation and analytical calculation
are consistent during the studied period (Figure 2. 2). As time increases, the discrepancy of
the bottom temperature goes up between the two methods. Moreover, the difference region
is extending to the top. These differences are mainly due to the limitation of the analytical
solution for the posed problem. However, the values obtained by the two methods are the
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same during the initial short periods. For Point A, a similar variation mode can be observed
in the results of soil temperature variations by two methods;
2) At the end of this test, a linear relationship between soil temperature and depth can be
observed. It shows that the soil temperature is reaching the thermal equilibrium distribution
in the soil column. Nevertheless, the analytical solution is limited to provide accurate
values at the bottom of column. It is thus concluded that the numerical investigation using
FreeFem++ code provides reliable results of heat flow in soil.

2.3 Water flow
As discussed in Chapter 1, fluid flow in soil requires a law to relate the flow rate to a driving
potential. It is appropriate to describe water flow with hydraulic head gradient which includes
the pressure and elevation effects. This is true for both saturated and unsaturated soils.
Darcy (1856) postulated that the rate of water flow through soil is proportional to the hydraulic
head gradient. The one-dimensional water flow in saturated and unsaturated soil can be
expressed by:

q w  ks

H
y

(2.5)

y

(2.6)

where,

H


ρl g

where qw (m/s) is water liquid flux; l (kg/m3) is water liquid density; (m) is matric suction;
ks (m/s) is the coefficient of permeability; g (m/s2) is the gravitational acceleration constant. For
saturated soils, ks is constant for a specific soil type. Rather, it is variable depending on water
content or suction in case of unsaturated soils. By assuming air pressure to be zero and by
neglecting the osmotic suction, the suction term reduces to the pore water pressure in negative
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values.
The conservation of water fluid mass yields:


   q w
t

(2.7)

where  is the volumetric water content. Combining equation (2.5) and (2.7), the onedimensional governing equation of water flow for coupled seepage and deformation can be
written as:

A

d
     w ks H 
dt

(2.8)

where,
 S

A   w n  r  Sr  r 
 


Sr 

(2.9)


s

(2.10)

where Sr is the degree of saturation; n is the soil porosity; βr is the coefficient of compressibility
(Pa-1).
Aiming to simulate water flow in unsaturated soil, a one-dimensional case is assumed with
width of 1 m and height of 10 m. The model dimension, initial and boundary conditions are
presented in Figure 2. 3. The studied case has the saturated bottom boundary condition. A
constant infiltration rate of 1×10-6 m/s is assumed for the top boundary. The initial matric
suction distribution is linear over height. The middle section A is used to record the soil matric
suction profile variations at the studied moments, and Point E (0.5, 8) is selected to show the
soil suction variation over the whole studied period. Moreover, the contour plot of soil initial
condition is presented in Figure 2. 4.
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A Top BC: q = -1e-6 m/s
Point E (0.5,8)

10 m

IC:  = (-y) wg

Bottom BC:  = 0 kPa
A

Figure 2. 3. Model details for the verification of water flow in soil

Figure 2. 4. The contour plot of soil initial condition of suction
In addition, soil parameters need to be defined specifically in the numerical investigation. For
this purpose, Boltzman model (McKee and Bumb 1984) is adopted for the soil water retention
curve as:


when ae    0

    s  
when   ae
 s e e
u ae

(2.11)

u

The following relationship is also used:
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when ae    0
 1
Sr     uae u
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(2.12)

0
when ae    0

  uae u
when   ae
u e e

(2.13)

The hydraulic conductivity of soil is described by Gardner model (1958):

k
when ae    0

k     uaes u
when   ae
 ks e e

(2.14)

The values and physical meaning of all related soil parameters are presented in Table 2. 1.
Table 2. 1. Soil parameters for water flow analysis
Parameter

value

Physical meaning (unit)

ρw

1000

Water liquid density (kg/m3)

αu

0.043×10-3

Desaturation coefficient (Pa-1)

ks

1×10-6

Hydraulic conductivity (m/s)

ae

-7000

Air entry value (Pa)

n

0.3

Porosity

βr

0

Coefficient of compressibility (Pa-1)

Note that no soil compression caused by water flowing is considered in this study. Thus, the
value of coefficient of compressibility is taken equal to zero.
In addition to the numerical analysis, based on the method provided by Wu and Zhang (2009),
a general analytical solution for soil suction distribution is considered:
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where,
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X  u w x

(2.16)
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(2.17)
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(2.18)

(2.19)

 n cot   n L  0.5

(2. 20)

L  u  w l

(2. 21)

where 0 is the pore water pressure at the bottom;1 is the pore water pressure at the top surface;
l represents the thickness of the homogeneous soil layer adopted in the one-dimensional
infiltration case; w is the unit weight of water.
In the case of top boundary condition defined by water flux, Wu and Zhang (2009) proposed
that:

A'' 

A 
'''

2 n eu0
L   n 2  0.25  0.5

2e L /2 sin   n L 

ks eu0  L   n 2  0.25  0.5

(2.22)

q0

(2. 23)

Due to its complexity of computation, the analytical solution of soil suction variations is
obtained using a Matlab code. Figure 2. 5 compares the results by the numerical and analytical
calculation at different moments: t = 1 h, 2 h, 5 h, 10 h, 20 h, 30 h.
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Figure 2. 5. Comparison between numerical and analytical methods: (a) soil suction
profile at section A at different moments: t = 1 h, 2 h, 5 h, 10 h, 20 h, 30 h; (b) soil suction
variation at point E (0.5, 8)
A high consistency between numerical and analytical calculation is obtained for soil suction
distribution at section A at different moments: t = 1 h, 2 h, 5 h, 10 h, 20 h, 30 h (Figure 2. 5a).
As infiltration goes on, the soil suction at the top surface increases gradually, from -100 kPa at
initial moment to about -15 kPa at t = 30 h. Meanwhile, the depth of soil region influenced by
infiltration extends over time, from about 1 m at t = 1 h to 4 m at t = 30 h. This process is
intimately related to the soil coefficient of permeability. In terms of suction variations at point
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E, a continuous increase is observed. The two methods give the similar variation curves.
As the results of soil suction variations by the two methods show a good agreement, it can be
concluded that the numerical investigation using FreeFem++ code is feasible and reliable.

2.4 Simple coupled hydro-thermal model
2.4.1 Introduction
Soil settlement/swell is intimately related to the variations of soil temperature and volumetric
water content/suction. A rigorous analysis would use a fully coupled hydro-thermal-mechanical
soil model for assessing the soil behavior. However, in some cases it is possible to assume that
the mechanical part is of secondary importance, when dealing with non-deformable soil masses
for example. Also, an analysis of simultaneous heat and water flow will constitute a basis for
further assessment of soil hydro-thermal-mechanical behavior.
Thomas (1985) developed a simple coupled hydro-thermal model for unsaturated soil based on
De Vries’ model (De Vries 1958). In his model, the moisture flux density with consideration of
coupling effect is expressed as:

qm l   D   DT T  ky

(2.24)

where qm is the flux density of moisture;  is the total volumetric liquid content; T is the
temperature; D is the thermal moisture diffusivity; D is the isothermal moisture diffusivity ; k
is the permeability of unsaturated soil and l is the density of liquid water.
Assuming that the mass of vapor is negligible compared with the mass of liquid, the
conservation of moisture flux reads:


    q m l 
t

(2.25)

where t is time (s).
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Further, the governing equation of soil moisture transfer is given by:

k
   qm l      D       DT T  
t
y

(2.26)

The liquid and vapor fluxes are considered respectively as:

l
    ql l   E
t

(2.27)

 v
   q v l   E
t

(2.28)

where ql is the flux density of liquid; qv is the flux density of vapor; l is the volumetric water
content;v is the volumetric vapor content; E is an evaporation term introduced to represent
the source or sink of water along with the liquid water and vapor transfer.
As the incremental change in liquid moisture content d(ll) may be considered as being
composed of liquid water transfer de(ll) and phase change di(ll), is introduced as the phase
change factor by Luikov (1966):

d i   l l 

d e   l l 





(2.29)

1

It can be further arranged as:
   l l 
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   l l 
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(2.30)

t
   l l 

(2. 31)

t

It can be also written as:
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   l l 
t

    ql      q v 

(2.32)

On the other hand, neglecting the transfer of sensible heat due to moisture movement and
convection effects, the heat flux is considered as the sum of heat conduction and the transfer of
latent heat by vapor movement. It is expressed as:

qh  T  Lvqv

(2.33)

where qh is the heat flux  is the thermal conductivity of soil; Lv is the latent heat of
vaporization of water.
The conservation of heat flux follows the expression below:

C

T
   qh      T      Lvqv 
t

(2.34)

With the assumption of negligible vapor mass in moisture flow, it is obtained:
   l l 
t



   

(2.35)

t

Based on equation (2.31), (2.32) and (2.35), it can be inferred further that:

   q v   

   l 

(2.36)

t

Therefore, substituting equation (2.26) and (2.36) into equation (2.34), the governing
differential equation can be obtained:

C

T
k
      Lvl DT  T     Lvl D    Lvl
t
y

(2.37)

Equations (2.26) and (2.37) are the governing equations of the coupled hydro-thermal model,
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giving the variations of both  and T in time and in space. Note that on the left of the governing
equations, merely moisture content and soil temperature T are presented as the variables in
time for the moisture and heat flows, respectively.
The two governing equations can be transformed to:

K q  2T  K  2  Cq

T
k
 Lq
0
t
y

(2.38)

K  2T  K  2  C


k
 L
0
t
y

(2.39)

where,

Kq  DT    Lvl DT 

(2.40)

K  Lvl D DT

(2.41)

Cq  CDT

(2.42)

Lq  Lvl DT

(2.43)

K  Lvl D DT

(2.44)

K  Lvl D 2

(2.45)

C  Lvl D

(2.46)

L  Lvl D

(2.47)

Further, aiming to conduct numerical investigation by finite element method, the weak forms
of heat and moisture flow were rebuilt by Thomas (1985) as:
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where Ns is the usual shape function defined element by element; Nr is the shape function used
as weighting function. The heat and water flux boundary conditions Jq and J are written in a
generalized form as:

Kq

k

T
 Jq
n

(2.50)


 J
n

(2.51)

where, is the total potential for moisture flow. The other details of the finite element
formulation can be found in the paper by Thomas (1985).

2.4.2 Validation and analysis
Three different applications of this simply soil hydro-thermal model were conducted by Thomas
(1985). For the purpose of validation of our numerical model, these three applications are also
implemented in FreeFem++ with the governing equations proposed by Thomas (1985).
The basic two-dimensional model is shown in Figure 2. 6. Different regions are considered in
three cases: rectangle ABEF is used in Case 1 and Case 2; trapezoid ACDF is used in Case 3.
However, the initial soil temperature 10 °C through the soil is assumed for all cases. The initial
moisture content and boundary conditions are different and will be introduced in the following
parts. In each case, three points at different heights of section S: h = 0 cm, 100 cm, 180 cm are
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selected to analyze the soil behavior.
1.6 m
S

B

C

2m

A

E

F

D

S
0.4 m
3.6 m

Figure 2. 6. Two-dimensional model used by Thomas (1985)
Moreover, the same soil parameters are adopted to represent a fine sandy soil in the three cases.
The details of soil parameters are listed in Table 2. 2. Note that the new value of soil thermal
conductivity (0.02 cal/(cms°C)) is used to replace the original value (4×10-3 cal/(cms°C)) for
better simulation results.

2.4.2.1 Case 1 - vertical soil column ABEF
In this vertical soil column ABEF, the soil initial volumetric water content is assumed to be a
constant value of 0.4 throughout the whole model. At the top boundary AB, a temperature of
25 °C and a volumetric moisture content of 0.2 are adopted. Other surfaces are defined as
impermeable boundaries to both heat and moisture transfers.

Table 2. 2. Parameters adopted for a fine sandy soil (Thomas 1985)
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Parameter

Value

Meaning (unit)

C

0.48

Volumetric heat capacity (cal/(cm3s°C))



0.02

Thermal conductivity (cal/(cms°C))

Lv

540

Latent heat of vaporization of water (cal/g)

DT

1×10-5

Isothermal moisture diffusivity (cm2/(s°C))



0.3

Phase change factor

D

0.01

Thermal moisture diffusivity (cm2/s)

k

1×10-5

Permeability of unsaturated soil (cm/s)




0.1

Specific moisture capacity (m-1)

The comparisons of results in Case 1 between the two methods (Thomas’s method and
FreeFem++) are presented in Figure 2. 7. Satisfactory agreements are obtained for the variations
of volumetric water content and temperature. Figure 2. 7a shows that as drying takes place on
the surface AB, the volumetric moisture content at the point near the soil surface presents a
rapid loss, down to 0.2. The middle point has a decreasing tendency at a lower rate, approaching
the value of 0.3. In terms of volumetric moisture content variation at the point near the base, an
increase from 0.4 to 0.46 is observed in the first five days. Afterwards, the value decreases
gradually to approach 0.4. The first short increasing phase is due to the more prominent effect
of gravity than the effect of drying. The analyzed case represents the redistribution process of
soil volumetric moisture content from a constant volumetric moisture content profile to an
equilibrium state under an assumed temperature gradient.
Figure 2. 7b compares the soil temperature variations at three different positions obtained by
the two methods. All the three positions have the same increasing tendency, toward a value of
25 °C. The point near the surface of the column has the rapidest rate. The soil temperature at
the base of the column shows an increase in temperature initially at a faster rate than at the
middle point in the first four days. It is inferred as the result of the heat carried by the increasing
volumetric moisture content. Therefore, it reflects the strong coupling between heat and water
flows.
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Figure 2. 7. Comparisons of the computation results by two methods in Case 1: (a)
volumetric moisture content variations at different positions; (b) temperature variations
at different positions

2.4.2.2 Case 2 - vertical soil column ABEF
Case 1 is extended to Case 2 to have the initial moisture varying with depth. This case is defined
with an initial equilibrium condition of soil moisture distribution as: θ0 = 0.5-y/1000. The value
chosen is 0.5 at the base, decreasing to 0.3 at the top surface. At the top boundary AB, a
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temperature of 25 °C is set. Other surfaces are defined as impermeable boundaries to both heat
and moisture transfers.
The comparisons of results by two methods (Thomas’s method and FreeFem++) are presented
in Figure 2. 8. Figure 2. 8a compares the soil volumetric moisture content variations at three
positions. Unlike the initial increase at the base point in Case 1, the volumetric moisture
contents at the three points show a steady decrease toward the equilibrium values under the
gravity effect as drying takes place on the surface AB. Figure 2. 8b presents that comparisons
of soil temperature variations at different positions. All the three positions have the similar
increasing tendency, approaching a value of 25 °C at different rates according to their distances
to the top surface.

2.4.2.3 Case 3 - two-dimensional soil model ACDF
Case 3 is built with the two-dimensional soil model ACDF. The soil initial moisture is assumed
to be the same as in Case 2. The value chosen is 0.5 at the base DF, decreasing to 0.3 at the top
surface AC. At the top boundary AC and the slope boundary CD, a temperature of 25 °C and a
volumetric moisture content of 0.2 are adopted. Other surfaces are defined as impermeable
boundaries to both heat and moisture transfers.
Figure 2. 9 shows the results in contour plot of soil volumetric moisture content and temperature
distributions at day 10. It can be observed that the two methods give the similar contour plots.
The soil volumetric moisture content distribution presented in Figure 2. 9a clearly reflects the
importance of a two-dimensional study. The soil volumetric moisture content contour lines are
parallel to boundaries AC and CD. Specifically, different contour lines enable the soil
volumetric moisture content to be different at the base line FD, varying gradually from 0.5 at
point F to 0.2 at point D. The influence of the slope boundary seems significant on the
volumetric moisture content distribution, which cannot be reflected in one-dimensional case.
Similarly, the soil temperature distribution pattern is compatible as that of soil volumetric
moisture content (Figure 2. 9b).
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Figure 2. 8. Comparisons of computation results by two methods in Case 2: (a)
volumetric moisture content variations at different positions; (b) temperature variations
at different positions

With these three different cases, FreeFem++ code is validated. Furthermore, the significance of
a fully coupled hydro-thermal soil model is illustrated.
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Contour plot by
Thomas (1985)
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Contour plot by
FreeFem++

Figure 2. 9. Comparisons of computation results by the two methods in Case 3: (a)
volumetric moisture content distribution at day 10; (b) temperature distribution at day
10

2.4.3 Discussion
As indicated above, Case 2 and Case 3 have the same initial and boundary conditions, but they
are analyzed in one-dimensional and two-dimensional conditions, respectively. In order to show
the effect of slope boundary, three points at different heights: h = 0 cm, 100 cm, 180 cm of
section S used in Case 2 are also selected in Case 3 to record the change of soil volumetric
water content and temperature. The corresponding soil volumetric water content and
temperature variations in Case 2 and Case 3 are compared in Figure 2. 10. Figure 2. 10a shows
the soil volumetric water content variations at different positions in the two cases. It is observed
that the volumetric water content shows a steady decrease toward the equilibrium values under
the gravity effect, as drying takes place on the surface AB. However, the differences at the
middle and base points between the two cases appear at day 6 and increase gradually over time.
Case 2 gives higher values of volumetric water content than Case 3. Besides, in terms of soil
temperature variations, it can be observed that the soil temperature in Case 3 has a smaller value
than that in Case 2, even though they have the same increasing tendency (Figure 2. 10b).
Meanwhile, the soil volumetric water content and temperature at the top point have the same
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variations in the two cases. Therefore, it proves that the one-dimensional and two-dimensional
analyses give different results for the middle and base points. A full consideration of the effect
of all boundary conditions is necessary in further two-dimensional analysis.
Overall, the feasibility with the FreeFem++ code is verified by analyzing heat flow and water
flow in soil using a simple coupled hydro-thermal model. Furthermore, it is found that a fully
coupled hydro-thermal model needs to be developed for better describing the soil hydro-thermal
behavior. One-dimensional and two-dimensional studies should be selected depending on the
objective of the study.

2.5 Fully coupled hydro-thermal model
2.5.1 Liquid flow and vapor flow
Darcy’s law is extended to describe the non-isothermal liquid flow in unsaturated soils, relating
the total potential to the liquid flux:

ql   K l    y 

(2.52)

where ql (kg/(sm2)) is the flux density of liquid; K (m/s) is the hydraulic conductivity of
unsaturated soil; l (kg/m3) represents the liquid density;  (m) is the matric suction; y (m) is
the elevation above a nominal datum. The water fluid is assumed to be incompressible and
osmotic suction is not considered in the following study.
In unsaturated soils, the pore vapor flux is generally caused by two effects: one is the bulk flow
of pore air and the other is the molecular diffusion. The mass flux of pore vapor due to molecular
diffusion can be described by Fick’s law. Without considering the pore air flow effect, the total
flux of pore vapor is expressed as (Philip and De Vries 1957; Wilson 1990):
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Figure 2. 10. Comparisons of computation results for the three studied points in Case 2
and Case 3: (a) volumetric moisture content variations over time; (b) temperature
variations over time

qv   Datmv

(2.53)

where qv (kg/(sm2)) is the flux density of vapor; Datm (m2/s) is the molecular diffusivity of vapor
in the air;  is the tortuosity factor for soil;  is the cross-sectional area of soil in vapor flow;
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v (kg/m3) is the vapor density which is expressed in a system with a thermodynamic
equilibrium between the liquid and vapor phases as (Philip and De Vries 1957):

v  0 exp  gM w RT 

(2.54)
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where 0 (kg/m3) is the saturated water vapor density (Thomas and King, 1991):
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(2.56)

Based on Kelvin’s equation, relative humidity of soil is calculated by:

  gM W 
h  exp 

 RT 

(2.57)

Thus:
h hgM w


RT

(2.58)

h gM W
h

T
RT 2

(2.59)

Substituting equations (2.55), (2.58) and (2.59) into equation (2.53), the flux density of vapor
can be expressed as:
qv  l  D v  DT vT 

(2.60)

where,
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D v 

Datm 0 hgM W
RT l

(2.61)

DT v 

Datm  0 h gM W
 
h 0 

2
l 
RT
T 

(2.62)

Additionally, the mass transfer of water is the sum of liquid flow and vapor flow:

q  ql  q v

(2.63)

The water mass conservation equation is expressed as:

w
   q
t

(2.64)

where w (kg/m3) is the moisture content which can be defined by both the vapor and liquid
parts:

w  l  (n   ) v

(2.65)

By substituting equations (2.52) and (2.60) into equation (2.63) and (2.64), the governing
equation for water mass transfer is obtained:

C


T
 CT
    K       KT T   l K
t
t

(2.66)

where,

 hgM W

 n    0

RT

(2.67)

 
  h gM W
CT   n      0
h 0 
2
RT
T 


(2.68)

C   l   v 
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KT  l DT v

(2.69)

K  l D v  K l

(2.70)

2.5.2 Heat flow
The heat transfer in unsaturated soils in terms of soil-atmosphere interaction mainly consists of
heat conduction and latent heat processes. Generally, the thermal conduction is in accordance
with Fourier’s law. Latent heat is the heat consumed due to vapor/liquid transfer.
The heat energy flux per unit area can be written as:

Q  T  Lvqv

(2.71)

where Q (W/m2) is the transferred heat flux through soil-atmosphere interface;  (W/(mK)) is
the soil thermal conductivity; Lv (J/kg) is the specific latent heat of vaporization.
Further, equation (2. 71) can be extended as:
Q  T  Lv  l  D v  DT vT 

(2.72)

     Lv l DT v  T  Lv l DV 

The heat energy conservation equation is written as:
  
t

   Q

(2.73)

where,   CT   n    Lv v .
The left of equation (2.73) is rewritten as:
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T
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t
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  n    Lv v  Lv  v
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  n    Lv  v

  Lv  v
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T
t
T
C
t
C

(2.74)

  T 

  

  C   n    Lv v 
   n    Lv v  Lv  v

T  t 

  t

T

 CT
 CT 
t
t

Meanwhile, the right of equation (2.73) is rewritten as:
  Q
       Lv l DT v  T  Lv l DV  

(2.75)

    KT T      KT  

Thus, based on equations (2.71) and (2.73), the governing equation of heat flow can be
expressed as:

CT

T

 CT 
    KT T      KT   
t
t

(2.76)

where,

CT  C   n    Lv

 v
T

(2.77)

C  sC ps 1  n   l C pl  vC pv  n     a C pa  n   

CT    n    Lv

 v

 Lv  v



(2.78)

(2.79)

KT    Lv l DTv

(2.80)
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KT   Lv l D v

(2.81)

Other related parameters and the corresponding values are listed in Table 2. 3.
In this study, the governing equations (2.66) and (2.76) for water mass transfer and energy
transfer respectively are used for the analysis of soil hydro-thermal behavior with consideration
of soil-atmosphere interaction using FreeFem++ code .
Table 2. 3. The values and definitions of the basic parameters
Parameter

Value

R

8.31432

Lv

2.257×10

β

n-θ



1.414

Definition (unit)
Universal gas constant (J/(molK))
6

Latent heat of vaporization of water (J/kg)
Cross-sectional area of soil that is available for the vapor flow
Tortuosity factor for soil

-3

MW

18.016×10

Molecular mass of water vapor (kg/mol)

s

2700

Density of soil solid (kg/m3)

Cps

800

Specific heat capacity of soil solid (J/(kgK))

Cpl

4180

Specific heat capacity of water liquid (J/(kgK))

Cpv

1872

Specific heat capacity of water vapor (J/(kgK))

a

1.2

Density of air (kg/m3)

Cpa

1005

Specific heat capacity of air (J/(kgK))

Datm

5.893×10-11 T2.3

Molecular diffusivity of the pore vapor (m2/s) ( Hussain, 1997)

Compared with the simple coupled hydro-thermal model, the fully coupled model has the
following developments:
1) An assumption that the mass of vapor is negligible compared with the mass of liquid is
made in the simple coupled hydro-thermal model. However, vapor flow is considered as
part of moisture flow in the fully coupled hydro-thermal model.
2) In the simple coupled model, the use of phase conversion factor simplifies the relationship
between vapor and liquid phase change in moisture flow. Specifically, in the fully coupled
hydro-thermal model, a system with a thermodynamic equilibrium between the liquid and
vapor phases is applied to represent the vapor density. The relationship between vapor and
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liquid fluxes is integrated in the water mass conservation equation.
3) In the simple coupled hydro-thermal model, merely the variable of soil moisture content 
(suction ) is shown on the left of governing equation of moisture flow, the soil temperature
T being on the left of governing equation of heat flow. However, in the fully coupled hydrothermal model, the variables of soil suction and soil temperature T are both shown on the
left of the governing equations of moisture flow and heat flow. Thus, these two variables
are influenced by each other continuously.

2.6 Weak forms of fully coupled hydro-thermal model
Two governing equations of water flow (equation 2.66) and heat flow (equation 2.76) have been
proposed. In order to implement them in FreeFem++ code, their weak forms are required to be
developed.

2.6.1 Weak form of water flow
C


T
 CT
   q
t
t

(2.82)

With the shape function Nr, the left side of equation (2.82) can be written as:

N



r

T  T0 
T 
   0
 
 C T
 C T
 C
 d    N r  C
 d
t
t 
t
t 




(2.83)

Meantime, the right side of equation (2.82) is:
  q     ql  q v 
    K l (  y )      l  D v  DT vT 

(2.84)

With the shape function Nr, the first term of equation (2.84) can be extended with Green’s theory
by:
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 N    K  (  y )
r

l



     N r K l  (  y ) d    K  l  (  y )N r d 




(2.85)

   N r ql d   K l  (  y )N r d 




   N r ql d   K l N r d    K l






dN r
d
dy

Similarly, the second term of equation (2.84) is extended as:

 N      D   D
r

l

v

Tv



T 

  N r l D v  d   l D v N r    N r  l DTv Td    l DTvN r T








(2.86)

   N r q v d   l D v N r    l DTvN r T






Combing equation (2.83), (2.85), and (2.86) into (2.82), we have:
T  T0 
   0
 C T
 C
 d
t
t 


dN r
  K l N r d    K l
d    l D v N r  d    l DTvN r Td 
dy





N

r

(2.87)

  N r ql d   N r q v d  0




Finally, the weak form equation for water flow becomes:

T  T0 
   0
 C T
 C
 d    K N r  d    KT N r Td 
t
t 




dN r
  K l
d    N r Lvn d   N rVvn d  0


dy


N

r

(2.88)

where Lvn and Vvn represent the water flux and vapor flux respectively on the corresponding
boundary.
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2.6.2 Weak form of heat flow
T

 CT 
   Q
t
t

CT

(2.89)

With the shape function Ns, the left side of equation (2.89) can be written as:

N

s



  0 
 
 T  T0
 T
 CT
 CT
 CT
 d    N s  CT
 d
t
t 
t
t 




(2.90)

With the shape function Ns, the right side of equation (2.89) can be developed with Green’s
theory:

 N   Qd 
s



  N s        Lv l DT v  T  Lv l DV  d 


  N s      Lv l DT v  T  Lv l DV   d

       Lv l DT v  Td   Lv l DV   N s d 


(2.91)

  N s      T   Lv l DT v T  Lv l DV    d

     Lv l DT v  T N s d    Lv l DV N s d 




  N s      T  Lv qv  d      Lv l DT v  T N s d    Lv l DV N s d 





  N s Q  d      Lv l DT v  T N s d    Lv l DV N s d 






Thereby, the final weak form for heat flow becomes:

N



s

  0 
 T  T0
 CT 
 CT
 d    KT T N s d 
t
t 



  KT N s d    N sTvn d  0




where Tvn represents the heat flux on the corresponding boundary.
72

(2.92)

Chapter 2: Development of a coupled hydro-thermal numerical model for unsaturated soils
The weak forms for water (equation 2.89) and heat (2.92) governing equations will be applied
in the numerical investigation of fully coupled hydro-thermal model in different cases, enabling
the estimation of soil volumetric water content and temperature variations in time and in space.

2.7 Conclusions
This chapter introduces the numerical tool FreeFem++ code. In order to ensure the accuracy of
the numerical solution using this code, it is necessary to compare the calculation results with
the known theoretical solutions. Thereby, heat flow, and water flow in soil are adopted
respectively to verify the accuracy of FreeFem++ code. With the simple coupled hydro-thermal
model, the simulation results by FreeFem++ code present a high consistency with the known
results in three assumed cases, in terms of soil volumetric water content and temperature
variations. Afterwards, a fully coupled hydro-thermal model is developed and the weak forms
of equations for water and heat flows are established. The main conclusions are summarized
below:
1) Different cases involving heat flow and water flow in soil are considered to verify the
accuracy of FreeFem++ code. The computation results by analytical methods are used for
the purpose of comparison. An overall satisfactory agreement is obtained between the
numerical calculation and analytical solution, indicating the accuracy of the numerical tool
applying FreeFem++ code, despite some discrepancies caused by the limitation of the
analytical solution;
2) The three cases investigated with the simple coupled hydro-thermal model allow further
verification of the feasibility of FreeFem++ code in coupled conditions. The comparisons
between the numerical results and the known solutions show a high consistency, indicating
that the adopted numerical method is capable of determining the soil volumetric water
content and temperature variations accurately;
3) A fully coupled hydro-thermal soil model is also developed. Meanwhile, the differences
between the simple and the fully coupled hydro-thermal models are investigated, showing
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the theoretical superiority of the latter. In order to make it usable directly in further study,
the weak forms for water and heat governing equations are developed, respectively.
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Chapter 3: Development and validation of the numerical approach
adopted
A numerical approach is developed by combing the fully coupled hydro-thermal model and the
soil-atmosphere interaction model. As the fully coupled hydro-thermal model has been
presented in Chapter 2, only the details of soil-atmosphere interaction model are discussed in
this chapter. Afterwards, this numerical approach is validated based on the column drying test
by Wilson (1990).

3.1 Soil-atmosphere interaction
3.1.1 Balance equations used for the description of soil-atmosphere
interaction
Soil-atmosphere interaction occurs at soil surface through water transfer and heat transfer
(Blight 1997). Rainfall can be partitioned into infiltration and runoff. Meanwhile, evaporation
happens at soil-atmosphere interface because of energy transfer and vapor pressure gradient
exiting at the soil-atmosphere interface. Concerning the heat transfer, solar radiation is normally
the only exterior heat resource. The net solar radiation can be partitioned into latent heat, soil
heat and sensible heat. All these terms concerning the water transfer and heat transfer can be
presented in mass balance and energy balance.

3.1.1.1 Mass balance
The mass balance at the soil surface is expressed as:

P  I nt  Roff  Ea  I nf

(3.1)

where P (m/s) is the rate of rainfall; Int (m/s) is the rate of water intercepted by canopy during
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rainfall; Roff (m/s) represents the runoff rate on soil surface; Ea (m/s) is the actual evaporation
rate; Inf (m/s) is the infiltration rate. These components are illustrated in Figure 3. 1.

Figure 3. 1. Components in the mass balance of soil-atmosphere interaction (Blight 1997)
Rainfall and interception
The value of rainfall is easy to be measured using a standard rain gauge. Generally, field
rainfalls are monitored half hourly or hourly in meteorological stations. For a vegetated surface,
interception is the part of rainfall intercepted by the canopy and then evaporates without
reaching the soil surface. Specifically, Int is zero for bare soil without canopy.
Runoff
Any rainfall exceeding soil infiltration capacity would have resulted in runoff. In fact, the
estimation of runoff is not an easy task, because runoff depends not only on soil characteristics
(type, initial water content, slope catchment size and surface vegetation), but also on rainfall
rate and duration (Critchley and Siegert 1991; Chiew et al. 1993; Chiew and McMahon 1994;
Rahardjo et al. 2004; USDA-SCS 2004; Bhadra et al. 2010; Gökbulak et al. 2015; Mu et al.
2015). According to literature, runoff can be either measured directly or predicted numerically.
It can be estimated using either volumetric system (Pinson et al. 2004; Wei et al. 2014) or a
continuous system (Rahardjo et al. 2004, 2008; Sajjan et al. 2013; Stewart et al. 2015). In the
volumetric system, simple or complex tanks are used depending on the quantity of runoff. This
tank system only collects "lump sum" runoff volume and provides no further hydrological
information, which limits its applications (Miller 1994). In a continuous system, the evolution
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of volume of water can be monitored using floating, counterweight recorders (Miller 1994), a
capacitance water depth probe (Rahardjo et al. 2004) or a pressure transducer (Stewart et al.
2015). Information about flow durations, peak flows and the runoff starting time with respect
to the start of rainfall can also be obtained.
Runoff can be also predicted by different models for different catchments and different rainfall
conditions. According to Knapp et al. (1991) and Tedela (2009), there are two main models for
rainfall runoff prediction: (i) the lumped-parameter model, and (ii) the spatially distributed
model. The first model averages the total rainfall and ignores the spatial heterogeneity of the
catchment response (Ponce and Hawkins 1996), while the second distributed model attempts to
simulate most of the heterogeneous responses at a local scale (Beven 1989; O’Connell 1991;
Garbrecht et al. 2001). One of the most widely used lumped-parameter models is the NRCS
runoff model (USDA-SCS 2004). It allows estimating total runoff from total rainfall, without
considering the evolution of runoff and rainfall rate. The soil antecedent water content was not
considered clearly because this method is only designed for single rainfall event (Ponce and
Hawkins 1996). Therefore, the estimation of runoff need be conducted by choosing the most
suitable method based on the known conditions.
Evaporation
The amount of water that would be lost by evaporation and transpiration in case of abundant
water is defined as potential evaporation. Actual evaporation is the quantity of water that is
actually evaporated and transpired from a surface (Thornthwaite 1948; Gray 1970; Morton 1975;
Brutsaert 1982; Wilson 1990; Wilson et al. 1994). Therefore, it is necessary to consider the
condition of soil surface in the estimation of soil evaporation values. Obviously, the value of
actual evaporation is smaller than that of potential evaporation. Various methods of estimating
evaporation can be found in literature and they can be classified as direct measurement
approaches and indirect prediction ones.
Actual evaporation of soil sample can be measured directly by sensitive weighing scales
(Kondo et al. 1990, 1992; Wilson 1990; Qiu et al. 1998; Benson et al. 2001; Liu et al. 2002;
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Benli et al. 2006) or weighing lysimeters (Bronswijk 1991; Qiu et al. 1998; Benson et al. 2001;
Liu et al. 2002; Benli et al. 2006). By analyzing the recorded data of soil mass at regular
intervals in these two approaches, the evaporation can be estimated with a high accuracy.
Specifically, sensitive weighing scales are applied for soil sample in small size in the laboratory.
The weighing lysimeters are used for measuring soil water evaporation of soil sample in a large
scale in the field or in the laboratory. However, in these two approaches, the bottom of soil
sample is isolated with the surrounding environment, limiting the accuracy of measurement
results (Benson et al. 2001). Moreover, the estimation of evaporation can also be conducted by
measuring the supplication of underground water under the control of water table through nonweighing lysimeter (Jensen et al. 1990).
In addition, different kinds of prediction models were also reported in literature allowing the
estimation of potential evaporation and actual evaporation. For the potential evaporation, the
mass transfer models are frequently applied because of their simplicity and reasonable accuracy
(Dalton 1802; Meyer 1915; Penman 1948). In the mass transfer models, there are three
governing factors: vapor pressure gradient, temperature and wind speed. A generalized equation
of the mass transfer models was proposed as (Singh and Xu 1997):

E  f u  g  e  h T 

(3.2)

where f(u), g(e) and h(T) are wind speed, vapor pressure and temperature functions, respectively.
There are thirteen relatively simple and commonly used evaporation equations of this format.
They are presented in Table 3. 1.
It is obvious that most of these equations are applicable for the estimation of monthly or daily
evaporation. The equations proposed by Sverdrup (1946) and Thornthwaite and Holzman (1939)
can be applied for calculating evaporation expressed in cm/s. However, the wind speed and
vapor pressure at two different heights above soil surface need to be measured. Furthermore,
these different equations can be classified in seven generalized categories (Table 3. 2).
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Table 3. 1. Thirteen different equations of mass transfer model format (after Singh and
Xu 1997)
Author

Equation

Unit

Dalton (1802)

E  a  es  ea 

In.

Fitzgerald
(1886)

/month

E  111  0.1u es  ea 

Horton (1919)

E  0.4 2  exp  2u   es  ea 

Rohwer

ea is measured at 30 ft

/month

above the surface

In.
/month

E  0.77 1.465  0.0186 pb  0.44  0.118u es  ea 

Penman
(1948)

E  0.35 1  0.24u2 es  ea 

In. /day

(1954)

E  0.0728u4  es  ea 

Kuzmin
(1957)

deep water

In.

(1931)

E  0.0578u8  es  ea 

water; a = 11 for large,

/month

In. /day

Harbeck et al.

a = 15 for small, shallow

In.

E   0.4  0.199u es  ea 

Meyer (1915)

Remark

pb = barometric pressure
in in. of Hg

In. /day
In.
/month

E  6.0 1  0.21u8  es  ea 

Ta = average air
Harbeck et al.
(1958)

temperature,

E  0.001813u  es  ea  1  0.03 Ta  Tw 

In. /day

°C+1.9°C;
Tw = average water
surface temperature, °C

Konstantinov
(1968)
Romanenko
(1961)

E  0.024 tw  t2  u1  0.166u1  es  ea 

In. /day
cm/mo

E  0.0018 Ta  25 100  hn 
2

nth

hn = relative humidity
K0 = von Karman’s

Sverdrup
(1946)

E  0.623 K0 2 u8  e0  e8 

 p  In 800 z  
2

cm/s

constant;

= air density;
p = atmospheric pressure

Thornthwaite
2
E  0.623 K0 2 u8  u2  e2  e8  p  In 800 200
and Holzman
cm/s
(1939)
The wind speed (monthly mean) u is measured in miles per hour and vapor pressure e in inches of Hg. The





subscripts attached to u and e refer to height in meters at which the measurements are taken; no subscript refers
to wind speed measurements near the ground or water surface.
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Table 3. 2. Generalized equations with easily measured parameters (after Singh and Xu
1997)
Number

Generalized equations

1

E = a(e0-ea)

2

E = a×u(e0-ea)

3

E = a(1-exp(-u))(e0-ea)

4

E = a(1+b×u)(e0-ea)

5

E = a×u(e0-ea)(1-b(Ta-Td))

6

E =a(Ta+25)2(100-hn)

7

E = a(1+b×u)(e0 - ea)(1-c(Ta-Td))

where Ta is the air temperature, and Td is the dew point temperature.

Overall, the mass transfer model is in a simple form with several measurable variables, allowing
the estimation of potential evaporation. Besides, different models for the estimation of soil
evaporation (actual evaporation) can be classified into three types: the resistance models, the
vapor pressure models and the models considering energy exchanges.
1) The resistance models
As evaporation happens on the soil surface, soil water content in the region near soil surface
decreases gradually and in some cases a dry soil layer could appear. With the presence of a dry
layer, the evaporation begins to occur at the evaporation front, which is the bottom of the dry
soil layer (van de Griend and Owe 1994; Yamanaka et al. 1997; Aluwihare and Watanabe 2003).
Therefore, the process of water vapor moving from the evaporating surface to atmosphere will
be restricted by three different resistances. The details are presented in Figure 3. 2:


Water vapor is carried out from the water surface to the bottom of dry layer, and the
corresponding resistance is noted as rsw;



Water vapor is transported from the bottom of dry soil layer to the soil surface by vapor
diffusion, and the corresponding resistance is termed as soil resistance rd;



Water vapor travels from the soil surface to the atmosphere under the restriction of
aerodynamic resistance ra.
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Figure 3. 2. The three stages of water vapor transportation from soil to atmosphere
(Aluwihare and Watanabe 2003)
Correspondingly, a basic resistance model was proposed by Aluwihare and Watanabe (2003)
as:

E  a

rd  zd

qsat Te   ha qsat Ta 

(3.3)

rsw  rd  ra

 Datm0a 

(3.4)

where qsat (Te) is the saturated specific humidity at the evaporating surface temperature Te (ºC);
ha is the air relative humidity at the reference height; qsat (Ta) is the saturated specific humidity
at the air temperature of reference height Ta (ºC); rsw (s/m) is the resistance imposed on the
vapor flux when it travels from the pores of wet soil layer to the pores of dry soil layer; rd
(s/m)is the resistance imposed on vapor flux in the dry soil layer; ra (s/m) is the aerodynamic
resistance; Datm (m2/s) is the molecular diffusivity of water vapor in air; zd (m) is the thickness
of dry soil layer; v is the mass flow factor; 0 is the tortuosity factor accounting for the extra
path length and a is the volumetric air content.
Through the assessment of field experiments, it is concluded that the resistance rsw is much
smaller compared with the resistance rd, but cannot be neglected, especially at very dry
conditions (Aluwihare and Watanabe 2003). The sum of rsw and rd can be considered as soil
resistance rs, which is intimately related to soil water content. Therefore, the determinations of
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aerodynamic resistance ra and soil resistance rs are essential for this resistance model.
In literature, many studies have been conducted, attempting to estimate these resistances.
Generally, the aerodynamic resistance is evaluated according to the aerodynamic principle and
considering the atmospheric stability (Camillo and Gurney 1986; Choudhury and Monteith
1988; Daamen and Simmonds 1996; Xu and Qiu 1997; Xu et al. 1999; Aluwihare and Watanabe
2003). Several formulas used to estimate aerodynamic resistance are listed in Table 3. 3.
Table 3. 3. Several formulas used to estimate aerodynamic resistance (after Liu et al.
2007)
Author
Thom (1975)

Equation

rah 

  Z d 

1  Z d 
ln



ln















m
h
k 2 u   z0 m 
   z0 h 

2

Verma et al. (1975)

1   Z  d 
1 4
rah  2 ln 
 1  16 RiB 
k u   z0 m  

Hatfield et al. (1983)

1   Z  d 
rah  2 ln 
 1   RiB 
k u   z0 m  

2

Mahrt and Ek (1984)

Choudhury et al. (1986)

Xie (1988)

Viney (1991)

Yang et al. (2001)

1   Z  d 
rah  2 ln 

k u   z0 m  

rah 

2

12


1  c   RiB 


12
1  c   RiB   15RiB 

1   Z  d    Z  d 
3 4
ln 
 ln 
 1   RiB 
2 
k u   z0 m     z 0 h  

1 2
 
 Z  d  
2 
1  16 RiB ln 
 
1   Z  d   
 z0 m   
rah  2 ln 
  1 

k u   z0 m   
Z d 

ln 



z
 0m 



rah 

rah 

1   Z  d    Z  d  
c 1
ln 
 ln 
 a  b   RiB  
2 
k u   z0 m     z0 m  

  z 

1   z 
ln 
   m  ,  0 m  ln 
   h  ,  0 h 
2 
k u   z0 m 
   z0 h 
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Concerning the soil resistance, it is related to the water content of top soil layer and soil type.
Many empirical equations have been proposed, allowing proper determination of soil resistance.
A summary of these methods is presented in Table 3. 4.
The resistance model gives a clear description of physical process of water vapor traveling from
soil to atmosphere. Theoretically, this method is able to estimate the value of actual evaporation
with high precision. However, due to different experimental conditions (soil type, soil thickness,
etc.), the value of soil resistance is difficult to be verified and hence restricts the use of this
method.
Table 3. 4. Several formulas used to estimate soil resistance summarized after Mahfouf
and Noilhan (1991) and Bittelli et al. (2008)
Author
Sun (1982)

Equation

rs  3.5   sat 

Remark

 and sat are volumetric water content
2.3

 33.5

in 0~5 mm layer and saturated
volumetric water content, respectively

Camillo and Gurney
(1986)
Passerat de Silans
(1986)

 and sat are volumetric water content

rs  4140  sat     805

in 0~1 cm layer and saturated
volumetric water content, respectively

rs  38113exp  13.515  fc 

 andfc are volumetric water content of
the near surface region and of the
specific field capacity

 and sat are volumetric water
content in 2 cm layer and

rs  a  sat    Datm
b

Kondo et al. (1990)

Datm  0.229  10

4

Ts

saturated volumetric water content,

273.16 

1.75

respectively; a and b are parameters
depending on soil type; Ts is the soil
surface temperature (K)

van de Griend and
Owe (1994)

rs  10exp 0.3563 15   

 is volumetric water content in 1 cm
layer

2) The vapor pressure models
The vapor pressure models indicate another direction to predict soil evaporation. Relying on
the mass transfer model, the potential and actual evaporation can be presented as:
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Ea  f u  es  ea 

(3.5)

E p  f u  e0  ea 

(3.6)

where the function f(u) is assumed to be the same for both soil surface and water surface; es (Pa)
is the actual vapor pressure at the soil surface; e0 (Pa) is the saturated vapor pressure at the water
surface; and ea (Pa) is the vapor pressure of air at the reference height.
Campbell (1985) proposed the basic model relating actual and potential evaporation, as follows:
Ea es  ea

E p e0  ea

(3.7)

where,

es 

 17.27Ts 
hs
 610.8exp 

100
 Ts  237.3 

(3.8)

 17.27T0 
e0  610.8exp 

 T0  237.3 

ea 

(3.9)

 17.27Ta 
ha
 610.8exp 

100
 Ta  237.3 

(3.10)



 gM W
hs  exp 
 R T  273.15 
s



(3.11)

where hs (%) is the relative humidity at soil surface; ha (%) is the relative humidity of air; Ts,
T0 and Ta (ºC) represent the soil surface temperature, the water surface temperature and the air
temperature, respectively.
Furthermore, with the assumption that the temperatures at soil surface, water surface and in air
are the same, e0 can be considered as the saturated vapor pressure in these three cases. Thereby,
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the ratio of Ea to Ep can be rewritten as (Wilson et al. 1997):
Ea es / e0  ea / e0 hs  ha


E p e0 / e0  ea / e0 1  ha

(3.12)

Using Kelvin equation, equation (3.12) can also be presented as:


 gM W
exp 
Ea
 R Ts  273.15

Ep
1  ha


h
  a

(3.13)

In this model, the influences of both soil and atmosphere parameters on evaporation are
described clearly. Moreover, the used parameters to estimate soil evaporation (in equations
3.5~3.13) are very simple. The introduction of the surface suction in equation (3.13) makes it
independent of soil properties such as soil texture and mineralogy, as well as the drying time.
Nevertheless, the measurement of surface suction presents a big challenge for the application
of this model.
3) The models considering energy exchange
Additionally, there are some approaches for evaluating potential evaporation and soil
evaporation with consideration of energy exchange during soil-atmosphere interaction. They
are listed in Table 3. 5.
In the coupled model proposed by Penman (1948), measurement of the surface temperature is
not necessary because the potential evaporation is calculated without considering the surface
temperature effect. Net radiation, air temperature, relative humidity and wind speed are required
and can be measured easily. Generally, it is suitable for predicting the potential evaporation,
rather than the actual evaporation of unsaturated soils (Wilson 1990; Wilson et al. 1994). The
model proposed by Wilson et al. (1994) can be applied to estimate the actual evaporation of
unsaturated soils, provided that the soil surface parameter is determined accurately (e.g., the
value of B depending on the relative humidity at the soil surface). As far as the PenmanMonteith model (Monteith 1981) is concerned, it asks for the estimation of soil heat, which can
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be measured directly using heat flux plates buried in the soil at a fixed depth (Gao 2005) or the
calculation based on the energy balance (Blight 1997). Besides, the application of PenmanMonteith model also needs the determination of soil resistance, which is complex as discussed
previously for the resistance models. Moreover, the three-temperature model gives a new
direction of evaluating soil evaporation with considering temperatures at three different
positions. In this method, the definition of the reference dry soil is essential and soil heat
determination is also required.
Table 3. 5. The models for estimating soil evaporation considering energy exchange
Model

Equation

Remark

Penman model:
Coupled energy
balance and mass
transfer model
(Penman 1948;
Wilson et al. 1994)

E penman  Rn   E p      

E p  0.35 1  9.8  10 u   e0  ea 
3

Wilson model:

γ is the pyschrometric
constant;Δ is the slope of the
saturation vapor pressure versus
temperature curve at the mean
temperature of the air; A is the
inverse of the relative humidity
at the soil surface; B is the

Ew  Rn   Eaw      A

inverse of the relative humidity

Eaw  0.35 1  0.146u  eaw  B  A

in the air; eaw is the water vapor
pressure in air above the soil
surface; u is the wind speed.

Coupled energy
balance and
resistance model
(Monteith 1981)

Penman-Monteith model:

Es 

  Rn  G    a c p  e0  ea  ra
   1  rsl ra   w Le

rsl is the bulk surface resistance
that describes the resistance to
flow of water vapor from inside
the leaf, vegetation canopy or
soil to outside the surface.
Rnd is the net radiation of dry
soil surface; Gd is the heat flux

Three-temperature
model (Qiu et al.
1998)


T  Ta 
E   Rn  G   Rnd  Gd  s
Lv
Tsd  Ta 


in dry soil; Ts is the drying soil
surface temperature; Ta is the air
temperature at the reference
height; Tsd is the dry soil surface
temperature.

Therefore, each prediction method of soil evaporation has its specific merits and drawbacks.
The choice of method depends on the applicable conditions of these models and the known
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parameters in the studied cases.
With the estimation of rainfall, runoff and actual evaporation in the mass balance during soilatmosphere, the value of infiltration can be obtained and then applied as the water flux boundary
condition at the soil-atmosphere interfaces. In the numerical calculation, the negative values of
infiltration represent the water flux going out from soil. Conversely, the positive values mean
the water flux going into soil.

3.1.1.2 Energy balance
The energy balance at the soil surface is expressed as:

Rn  G  LE  H

(3.14)

where Rn (W/m2) is the net radiation flux; G (W/m2) means the soil heat flux; LE (W/m2)
represents the latent heat flux which is the product of the evaporative flux E (m/s) and the latent
heat of vaporization Lv (J/m3); H (W/m2) is the sensible heat flux.
Solar radiation consists of direct and diffuse radiations. Direct radiation is the part of solar
radiation which spreads out without striking any obstacle and which reaches the earth’s surface
directly. The solar radiation which is diffused on its way through the atmosphere by clouds,
water and dust particles, and reaches earth’s surface, is termed as diffuse radiation. Both direct
and diffuse radiations are short-wave radiation. Besides, the earth surface and atmosphere emit
long-wave radiation. Net radiation includes the absorption and reflection of short-wave
radiation, as well as the outgoing and incoming long-wave radiations, and can be expressed as
follows
Rn  1  s  Rsi  L   L 

(3.15)

where Rsi (W/m2) is the solar radiation monitored normally by field meteorological station; L↑
(W/m2) is the long-wave radiation from the earth’s surface; L↓ (W/m2) is the long-wave
87

Chapter 3: Development and validation of the numerical approach adopted
radiation from the sky; αs is soil surface albedo, depending on the soil water content, color and
texture as well as the organic matter content and surface roughness. The suggested values for α
for different soil surfaces are listed in Table 3. 6.
Table 3. 6. The values of soil albedo and surface emissivity at different soil surface (after
Evett et al. (2011)
Soil surface

Albedo

Emissivity

Source

Soils, dark, wet to light, dry

0.05-0.50

0.90-0.98

Oke (1987)

Dry sandy soil

0.25-0.45

Sand, wet

0.09

0.98

Van Wijk (1963)

Sand, dry

0.18

0.95

Van Wijk (1963)

Dark clay, wet

0.02-0.08

0.97

Van Wijk (1963)

Dark clay, dry

0.16

0.95

Van Wijk (1963)

Fields, bare

0.12-0.25

Grass, green

0.16-0.27

Rosenberg et al. (1983)

Van Wijk (1963)
0.96-0.98

Van Wijk (1963)

In literature, depending on the consideration of soil temperature or not, two methods to estimate
net solar radiation have been applied in different fields. They are summarized as follows:
1) The method without consideration of soil temperature (Method 1)
A. In hourly or half hourly
The method for calculating net solar radiation is expressed by:

 R 

Rn  1   s  Rsi  ac  si   bc   a1  b1ed 0.5   Ta 4 
  Rso 


(3.16)

where Ta (ºC) is the half-hourly mean air temperature; 5.67×10-8 W/(m2K4))is StefanBoltzmann constant; ac and bc are could factors, taken equal to 1.35 and -0.35, respectively; a1
and b1 are emissivity factors, taken equal to 0.35 and -0.14, respectively, as suggested by Evett
et al. (2011); Rsi/Rso is the relative shortwave radiation, which is used to express the cloudiness
of the atmosphere. When the sky is cloudier, its value is smaller. It varies in the range from 0.33
(dense cloud cover) to 1 (clear sky) (Allen et al. 1998). Specifically, its value is 0.7 for night
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time (Evett et al. 2011).
Besides, ed is calculated from mean daily dew point temperature Td (ºC):
 17.27Td 
ed  0.611exp 

 Td  237.3 

(3.17)

Solar radiation in case of clear sky, Rso, is expressed as:

Rso   0.75  0.00002 ELmsl  Rsa

(3.18)

where ELmsl (m) is the site elevation above the mean sea level; the extraterrestrial solar radiation
Rsa (W/m2) is calculated by Evett et al. (2011) and Duffie and Beckman (1991):

 24(60) 
Rsa  
Gsc d r cos   cos   sin 2   sin 1   2  1  sin   sin  
 2 

(3.19)

where Gsc (-0.08202 MJ/(m2min)) is the solar constant; J is the day of year;  is latitude;  is
solar declination; the relative earth-sun distance dr (m) is presented as:

 2 J 
d r  1  0.033cos 

 365 

(3.20)

Additionally, w1 and w2 are the solar time angles at the beginning and ending of the considered
period, respectively (all angles in radians), which need to be calculated as follows:
w1  w 

w2  w 



(3.21)

 24 /  


(3.22)

 24 /  

where w is the solar time angle at the center of the period in radians;  is the length of the
considered period in hours.
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B. In daily
For the daily time scale studies, the method used for the half-hourly or hourly time scale needs
to be modified. The equation (3.16) used to calculate net solar radiation is rewritten as:

 R 

 T 4  Tn 4 
Rn  1   s  Rsi  ac  si   bc   a1  b1ed 0.5    m

2


  Rso 


(3.23)

where Tm (ºC) and Tn (ºC) represent the maximum and the minimum air temperatures in one
day; other parameters are the same as indicated for equation (3.16). Meantime, it is noted that
the calculation of the extraterrestrial solar radiation Rsa for an entire day requires the knowledge
of sunrise and sunset time. Therefore, the equation (3.19) needs to be transformed to:

 24(60) 
Rsa  
Gsc d r cos   cos   sin s   s sin   sin  
  

(3.24)

where ws is the sunset time angle, the angel from solar noon to sunset (in radians). It is estimated
as:

ws  cos1  tan   tan  

(3.25)

Other parameters have the same definitions as indicated above. Further details were presented
by Evett et al. (2011), Jensen et al. (1990) and Duffie and Beckman (1991).
2) The method with consideration of soil temperature (Method 2)
Based on the Stefan-Boltzmann law, the outgoing and incoming long-wave radiations can be
calculated respectively by:
L   Ts 

4

L   Ta 

(3.26)

4

(3.27)

Therefore, the net radiation becomes:
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Rn  1  s  Rsi   s Ts    a Ta 
4

4

(3.28)

where εs is soil surface emissivity; εa is air emissivity.
Soil surface emissivity is mainly controlled by soil type and soil surface properties. It is not an
easy task to determine this parameter with accuracy directly in the field (Humes et al. 1994;
Rubio et al. 1997; ASTM 2006; Mira et al. 2010; López et al. 2012). Generally, it is determined
based on the reference table (Table 3. 6) provided by Evett et al. (2011).
Besides, the methods for calculating air emissivity have also been studied widely. Several
commonly used formulas are presented in Table 3. 7.
Table 3. 7. Different methods to estimate air emissivity
Author

Equation

Remark



1500 

 Ta  273.1 

 a  0.70  5.95  104 ea exp 
Idso (1981)

ea 

ea (kPa) is the vapor pressure of

ha
e0
100

air;

 17.269Ta 
e0  0.6107 exp 

 Ta  273.1 

ha (%) is the relative humidity of
air;
e0 (kPa) is the saturated vapor
pressure at air temperature Ta

Brunt (1932)
Brutsaert (1982)

 a  0.52  0.206ea

0.5

(ºC).

 a  0.767ea1 7

Howell et al. (1993) showed that all the three methods in Table 3.7 can give good predictions
of air emissivity for clear sky condition. However, they may underestimate the values in cloudy
and night time conditions. After the comparisons between several related methods, Hatfield et
al. (1983) concluded that the method using only air temperature has a better performance than
others considering vapor pressure or both vapor pressure and air temperature. With the superior
performance, the method proposed by Idso (1981) is adopted in this study.
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The selection of two methods (Method 1 and Method 2) to calculate net radiation depends on
the adequacy of soil surface temperature. If the soil surface temperature is recorded
continuously during the studied time period, the second method is preferred to be adopted
because the effect of soil surface on net radiation is considered. Otherwise, the first method
appears to be relatively more economical and more feasible than the second one.
Additionally, various methods to estimate sensible heat (Blight 1997, Voogt and Grimmond
2000, Cui et al. 2005) and latent heat (Bowen 1926; Choudhury et al. 1986; Jensen et al. 1990;
Allen et al. 1994, 1998; Blight 1997) were proposed in literature. The common method used to
determine sensible heat is given by Blight (1997):

 T 
H    a C pa K H 

 y air

(3.29)

where a (kg/m3) is the air density; Cpa (J/(kgK)) is the specific heat capacity of air; KH (m2/s)

 T 
is the eddy diffusivity for heat through air; 
 is the vertical temperature gradient in the
 y air
air.
Because sensible heat is related to the gradient of air temperature, Cui et al. (2005) proposed a
new equation for its determination:

 T 
H  a 

 y air

(3.30)

where a (W/(mK)) is the air thermal conductivity. It is noted that at the soil and atmosphere
interface, the gradients of air temperature and soil temperature are not continuous.
The latent heat represents the heat consumed for evaporation. It is related directly with the vapor
gradient near soil surface. It can be calculated by (Blight 1997):
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LE 

Lv  a K v Pva
P
y

(3.31)

where Lv (J/kg) is the latent heat of vaporization of water; is the ratio of the molecular mass
of water to the molecular mass of dry air; P (Pa) is the atmospheric pressure; Kv (m2/s) is the
diffusivity for water vapor through air; and

Pva
(Pa/m) is the vertical vapor pressure gradient
y

in the air.
Furthermore, Bowen (1926) suggested a Bowen ratio between sensible heat and latent heat.
It was expressed by Blight (1997) as:



PC pa T1  T2 
H

LE LV   Pva1  Pva 2 

(3.32)

where T1 and T2, Pva1 and Pva2 are the air temperature and vapor pressure, respectively at two
different heights. Hence, latent heat can be expressed as:

LE 

Rn  G
1 

(3.33)

H   LE

(3.34)

The Bowen method asks for accurate estimation of the value of Bowen ratio , which can be
measured directly by Bowen ratio equipment (Blight 1997; Cui and Zornberg 2008). However,
based on the comparison of four Bowen ratio systems, Dugas et al. (1991) concluded that the
Bowen ratio equipment tends to underestimate the value of latent heat (Blad and Rosenberg
1974; Todd et al. 2000).
Relying on the definition of latent heat, it can be determined directly with the known value of
actual evaporation:
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LE  Lv Ea

(3.35)

where Ea (m/s) is the value of actual evaporation. It is the simplest method for estimating the
latent heat when the value of actual evaporation is provided.
Acquiring the values of net solar radiation, sensible heat and latent heat in the energy balance
during soil-atmosphere interaction, the value of soil heat flux can be calculated and adopted as
the heat flux boundary condition at the soil-atmosphere interfaces.

3.1.2 Initial and boundary conditions
In numerical modelling with fully coupled hydro-thermal model, the definitions of initial
conditions of soil temperature and volumetric water content are essential. Generally, the initial
conditions are defined based on the direct measurements at the starting moment.
With the fully coupled hydro-thermal model proposed in Chapter 2, it is necessary to define the
corresponding hydraulic and thermal boundary conditions. For the studied cases, the bottom
boundary conditions are normally defined based on the measured values of soil temperature
and volumetric water content. The lateral boundary conditions can be estimated depending on
the corresponding situations of hydraulic and thermal transfers.
For the hydraulic and thermal conditions at the soil-atmosphere interfaces, they are estimated
respectively relying on the mass and energy balance presented in section 3.1. For bare soil, with
the rainfall, runoff and actual evaporation estimated in equation (3.1), Inf can be estimated and
set as water flux boundary condition at soil-atmosphere interfaces. The negative value of water
flux boundary condition refers to evaporation happening at the soil-atmosphere interfaces.
Conversely, the positive value of water flux boundary condition represents the infiltration
situation. Correspondingly, the evaporation/infiltration boundary conditions will lead to the
decreasing/increasing of soil volumetric water content.
With the estimations of net solar radiation Rn, sensible heat H and latent heat LE, the energy
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balance (equation 3.14) can be used to determine the value of soil heat flux G and then set as
the heat flux boundary condition at the interfaces of soil and atmosphere. When the soil heat
flux is in negative value, the soil is sending out energy to the surrounding environment.
Conversely, the positive value of soil heat flux represents the heating soil phenomenon.
Due to the factors involved in mass and energy balance equations, the calculations of water flux
Inf and heat flux G boundary conditions need to be performed by iteration considering both the
atmosphere condition (net solar radiation, wind speed, air relative humidity, air temperature,
etc.) and soil surface situation (soil suction and temperature) during the studied period.
Consequently, the climate effect on soil hydro-thermal performance is considered in the
determination of soil boundary conditions through soil-atmosphere interaction model.
Therefore, a numerical approach is proposed by combing the fully coupled hydro-thermal
model and the soil-atmosphere interaction model. It can be adopted to study soil hydro-thermal
behavior under climate effect.

3.2 Validation of the proposed numerical approach based on a column
drying test
3.2.1 Introduction of column drying test (Wilson, 1990)
A simulation work of the column drying test carried out by Wilson (1990) is conducted to study
the soil hydro-thermal behavior during evaporation, allowing the validation of the proposed
numerical approach. As shown in Figure 3. 3 and Figure 3. 4, two columns of soil with diameter
of 153.7 mm and height of 300 mm were designed to have a continuous evaporation for 42 days
in a hot arid chamber. A water filled evaporation pan of 100 mm diameter using the same PVC
casing as for the soil column was also prepared for the measurement of potential evaporation.
Beaver Creek sand was selected as the studied soil in the column drying test due to its great
potential for rapid desaturation, limited volume change and distinct liquid/vapor water flow.
The whole test was conducted in an environmental chamber with temperature 38.0±1.0 °C.
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Meanwhile, the relative humidity of the chamber was maintained between 11% and 23% with
a mean value of 15%. As stated by Wilson (1990), this combination of temperature and relative
humidity resulted in a potential evaporative flux from 7.2 mm/day to 8.3 mm/day from the
water filled evaporation pan. In order to collect water content of soil samples, several series of
vertical sampling ports in diameter of 10 mm were drilled in a vertical distance of 20 mm.
Besides, six thermocouples were installed along the center axis of Column A and Column B for
the measurements of soil temperature profile. They were positioned at the soil surface and
different depths 10 mm, 25 mm, 50 mm, 100 mm and 250 mm. Electronic scales were used for
two soil filled columns and a mechanical balance was used for the water filled pan, allowing
the recording of variations of samples’ weight (±0.01 g). Hence, the value of evaporation can
be obtained directly. The column was filled with saturated Beaver Creek sand initially. After
draining to get a hydrostatic situation, it was sealed at the base and the circumference. The
surface of column was allowed to evaporate freely. The details about column drying test A are
shown in Figure 3. 4.

Figure 3. 3. Column drying test by Wilson (1990)

Figure 3. 4. Details about drying test of column A (Wilson 1990)
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3.2.2 Model dimensions, initial and boundary conditions
Aiming at the numerical analysis of the soil column drying test, the model dimensions are set
as shown in Figure 3. 5.
BC3

0.25 m

Beaver Creek sand
BC2

BC4

BC1
0.01 m

Figure 3. 5. Model dimensions of column drying test
The definitions of the initial conditions of soil temperature and suction are based on the direct
measurements of soil temperature and volumetric water content. At the initial moment, the soil
temperature is in a constant temperature distribution at 38 °C (Figure 3. 6a). Figure 3. 6b
presents the initial distribution of soil volumetric water content. It shows that in the region
deeper than 0.2 m, the soil is in the saturated state. The value of soil volumetric water content
is becoming less as it approaches the soil surface. In the numerical modelling, the initial soil
volumetric water content values are transferred to soil suction values.
(a)

(b)
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Figure 3. 6. The initial conditions of (a) soil temperature and (b) volumetric water
content
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As the column drying test was studied under a continuous evaporation process, evaporation is
the only factor existing in mass balance (equation 3.1). Thereby, evaporation is the water flux
boundary condition applied at the top surface in the numerical modelling. The evaporation of
two parallel columns A and B was measured by Wilson (1990) (Figure 3. 7). On the other hand,
in the energy balance (equation 3.10), net solar radiation is zero in the environmental chamber.
With the calculation of sensible heat (equation 3.29) and latent heat (equation 3.35), soil heat
can be determined easily, allowing the estimation of heat flux boundary condition.

Figure 3. 7. The evaporation measured by Wilson (1990)
Besides, it is assumed that no water and heat transfers happened at the lateral boundaries of soil
column during the test. The measured soil temperature and volumetric water content values are
used directly as the bottom boundary conditions in the numerical modelling.

3.2.3 Soil parameters
In the numerical analysis of evaporation in the column drying tests, the parameters of the
studied soil are required. For Beaver Creek sand used in the column drying test, the soil thermal
conductivity, soil water retention, and hydraulic conductivity curves are determined based on
the studies by Wilson (1990) and Cui et al. (2005), and presented in Figure 3. 8, Figure 3. 9 and
Figure 3. 10, respectively.
A liner relationship between soil thermal conductivity and volumetric water content is adopted.
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When soil temperature varies in the range of 30~38 ºC, soil thermal conductivity is estimated
by (Figure 3. 8):

  4.44  1

(3.36)

where  (W/(mK)) is the soil thermal conductivity; is the soil volumetric water content.

Thermal conductivtiy (W/(mK))

3.2
2.8
2.4
2.0
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1.2
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Volumetric water content

Figure 3. 8. Thermal conductivity curve versus volumetric water content for Beaver
Creek sand
The soil water retention curve is expressed as (Figure 3. 9):



s  r
 r

1  1   s   r  1   r   1 s s1 
1

(3.37)

where θ, θs, and θl are the volumetric water content at suction s, null suction and suction s1,
respectively; the values of θs and θl equal 0.45 and 0.2, respectively; the value of s1 equals 6
kPa; the coefficient of proportionality ξ1 equals 1.98; the residual volumetric water content θr
is taken as equal to 0.008.
In addition, the relationship between hydraulic conductivity and suction is shown as follows
(Figure 3. 10):
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K

Ks

(3.38)

1   K s K1   1  s s1 

2

where the saturated soil hydraulic conductivity Ks equals 3.9×10-6 m/s; the suction value s1
equals 2 kPa; the value of soil hydraulic conductivity Kl at suction s1 equals 9.63×10-8 m/s; the
coefficient of proportionality ξ2 equals 3.
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Figure 3. 9. Water retention curve for Beaver Creek sand
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Figure 3. 10. Hydraulic conductivity curve versus suction for Beaver Creek sand
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3.2.4 Results and analysis
With the initial and boundary conditions and soil parameters, the numerical analysis of column
drying test is conducted by FreeFem++ code. The tests of column A and column B were
conducted in parallel, giving the similar results (Wilson 1990). Therefore, only the results of
column A are selected for the further comparison with the numerical results. The comparisons
of simulation results with the measured data in terms of soil temperature and volumetric water
content in the first day are presented in Figure 3. 11 and Figure 3. 12, respectively.
Figure 3. 11 presents a good agreement between the calculated data and the measured data of
soil temperature in the first day. The soil temperature shows a decreasing tendency over time.
Initially, the whole soil column holds a nearly constant temperature value of 38 °C. Afterwards,
under the effect of the soil heat flux boundary condition at the top surface, soil temperature
decreases more rapidly in the region near soil surface than that of the deeper zone. In this case,
the soil heat flux keeps positive values at the soil surface due to the evaporation taking the soil
heat out from soil. The consumption of soil heat leads the decreasing of soil temperature. Hence,
the soil surface temperature decreases down to 34.31 °C (1 h), 33.33 °C (2 h), 32.20 °C (4 h),
31.13 °C (8 h), 30.51 °C (16 h) and 30.35 °C (1 day). For the points at the middle region of soil
column, the soil temperature decreases but still owing higher values than the surface points.
The temperature at the bottom of soil column has a slight decreasing, from 38 °C at the initial
moment to 36.85 °C at the first day. Overall, it is proved that the simulation results of soil
temperature variation are in good agreement with the measured data.
Figure 3. 12 shows the same overall variation tendency between the calculated data and the
measured data of soil volumetric water content. In the first day, the soil volumetric water content
of the whole column decreases gradually. The water content in the region near soil surface
decreases more rapidly than that of the deeper region because of the top water flux boundary
condition (evaporation). The variations of soil volumetric water content at t = 0 h, 1 h, 2 h, 4 h,
8 h, 16 h and 24 h are calculated. Even though the comparison cannot be conducted for these
moments because the soil volumetric water content was only measured at moment t = 0 h and t
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= 24 h, the simulation results show the consistent variation tendency as the measurements.
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Figure 3. 11. Comparisons of soil temperature between the calculated and measured
results at different moments: t = 0 h, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h
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Figure 3. 12. Comparisons of soil volumetric water content between the calculated and
measured results at different moments: t = 0 h, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h for
computed results; t = 0 h and 24 h for measured results
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3.3 Conclusions
This chapter describes the mass and energy balances in soil-atmosphere interaction. By
combining the coupled hydro-thermal model and the soil-atmosphere interaction model, a
numerical approach for studying soil hydro-thermal behavior under climate effect is developed.
This approach is further validated through a column drying test carried out by Wilson (1990).
The main conclusions are summarized below:
1) The interaction between soil and atmosphere is discussed in this chapter, by considering
water and heat transfers through the mass and energy balances, respectively. In the mass
balance equation, the value of rainfall can be partitioned into infiltration, runoff and actual
evaporation. Rainfall value is normally recorded in meteorological stations, and runoff
value can be determined by either direct measurement using suitable devices or prediction
using appropriate methods. The value of actual evaporation can be estimated by direct
measurements or empirical formulas, depending on the conditions of the studied cases. On
the other hand, in the energy balance equation, the value of net solar radiation is the sum of
sensible heat, latent heat and soil heat. Various methods for estimating net solar radiation,
sensible heat and latent heat are presented with their application conditions. It is suggested
to select the method to calculate these heat fluxes according to the known parameters and
the conditions of the studied cases;
2) Based on the mass and energy balance equations, the estimation of infiltration Inf and soil
heat G can be conducted. They will be set as water and heat flux boundary conditions at
soil-atmosphere interfaces in the fully coupled hydro-thermal model. The values of these
two boundary conditions are influenced continuously by the atmosphere condition (net solar
radiation, wind speed, air relative humidity, air temperature, etc.) and the soil surface
situation (the value of soil temperature and suction). They must be determined by iteration
calculations;
3) To verify the proposed approach combining the fully coupled hydro-thermal model and the
soil-atmosphere interaction model, the experimental results from a column drying test
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carried out by Wilson (1990) are adopted to do the comparison with the numerical results.
A high consistency is obtained between the numerical and experimental results, indicating
that the adopted numerical method is capable of determining the soil temperature and
volumetric water content variations accurately provided that soil parameters and the initial
and boundary conditions are well determined.
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Chapter 4: Modelling of evaporation tests in environmental
chamber
4.1 Environmental chamber
An environmental chamber has been developed (Cui et al. 2013; Song 2014; Song et al. 2014;
Ta 2009) in the laboratory, as shown in Figure 4. 1a. The whole experimental setup includes an
environmental chamber, a wind supply unit, an air collection unit, a photograph collection unit,
a water supply unit and a data logging system. The chamber has a top cover of 8 mm thick, wall
of 20 mm thick, an internal width of 800 mm and an internal length of 1000 mm. Figure 4. 1b
presents the outlook of the environmental chamber system. Figure 4. 2 shows a simplified three
dimensional view.
In order to estimate the soil temperature and volumetric water content variations during a test,
different sensors were installed at various depths during the sample preparation by compaction
(Figure 4. 3). In this study, the temperature of the soil grains, water and air are assumed to be
in an equilibrium sate, having the same values. The drainage layer is a compacted gravel layer
15 mm thick (grain diameter: 2~4 mm) and sandwiched between two layers of geotextile 1 mm
thick (Figure 4. 3). In addition, two outlets were set up at the bottom of the drainage layer for
soil saturation, drainage and water supply.
Further details of the used sensors are presented in Table 4. 1. Theta Probes were used to
measure the soil volumetric water content, and they were buried at different depths (25 mm, 40
mm, 55 mm, 125 mm and 225 mm below the soil surface. Six PT1000 soil temperature sensors
were installed every 50 mm along the soil column (0 mm, 25 mm, 75 mm, 125 mm, 175 mm,
225 mm and 275 mm) under the soil surface. Besides, an infrared thermometer was fixed at the
top of environmental chamber to measure soil surface temperature. Additionally, thermistors
were fixed at different elevations along one side of the wall in the ventilation part, allowing the
data recording of air temperature (80 mm, 185 mm, 275 mm, 380 mm and 465 mm above the
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soil surface).
(a)

(b)

Figure 4. 1. (a) Sketch of the environmental chamber test system; (b) Outlook of the
environmental chamber system (Song at al. 2014)
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Figure 4. 2. Three-dimensional view of the environmental chamber (Song at al. 2014)

Figure 4. 3. Environmental chamber sensors and details of the schematic cross section
(A-A) (Song at al. 2014)
The air flow rate was controlled by a regulator and was monitored by a flowmeter. One
anemometer was fixed on one edge of the chamber for measuring wind speed at 50 mm above
the center of soil surface. Note that the wind speed at this position was considered as
representative of its values in the chamber.
Four soil water evaporation tests were conducted with various air flow rates and heating tube
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temperatures. The details of conditions in four tests are presented in Table 4. 2. Note that the
heating tube temperature is much higher than the air temperature in the environmental chamber.
Table 4. 1. Details of the used sensors
Sensor
Theta Probe

Model

Parameter

/ Manufacturer

measured

ML2x

Volumetric Water

/ Delta-T

Content

PT1000

PT1000

/ Correge

Soil Temperature

Infrared

Pyropen-D

Soil Surface

Thermometer

/ Calex

Temperature

DO-35

Thermistors

/ Radiospare

Anemometer

435-2

Wind velocity

/ Testo

Number

0~100%

±1.0%

5

0~100 °C

±0.3 °C

6

-20~250 °C

±1.0%

1

-40~250 °C

±1.0%°

5

±(0.03 m/s +
0~20 m/s

5% measured

1

±1.5 % full

Air flow rate

0~500 L/min

T3111

Relative humidity

0~100 %

±2.5 %

/ Elcowa

Temperature

-30~-150 °C

±0.4 °C

Kobold

Transmitter

Accuracy

value)

MAS-2130/

Flowmeter

Air Temperature

Range

1

scale

6

Table 4. 2. Four tests under different conditions of evaporation
Test number

Air flow rate (L/min)

Temperature in heating tube (°C)

Test duration (days)

Test 1

185

50

11.5

Test 2

172

200

11.5

Test 3

130

50

17.5

Test 4

130

200

30

Fontainebleau sand was selected for the evaporation experiment. It is a natural, fine, white
siliceous sand (Figure 4. 4a). Its specific gravity, maximum density and minimum density are 2.64
Mg/m3, 1.75 Mg/m3, and 1.39 Mg/m3, respectively. Its effective grain size D10 is 0.14 mm and the
coefficient of uniformity, Cu = D60/D10, equals 1.6 (Delfosse Ribay et al. 2004). The grain size
distribution curve determined by sieving is shown in Figure 4. 4b.
108

Chapter 4: Modelling of evaporation tests in environmental chamber
(a)

100

Percentage passing (%)

(b)
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1

Figure 4. 4. Fontainebleau sand: (a) picture of Fontainebleau sand; (b) grain size
distribution curve

4.2 Definition of numerical model
4.2.1 Model dimensions, initial and boundary conditions
Based on the three-dimensional view of the environmental chamber presented in Figure 4. 2,
the numerical model is assumed to be two-dimensional with 1 m width, and 0.3 m height (Figure
4. 5). The different boundaries are also named in the numerical modelling: BC1 is the bottom
boundary; BC2 and BC4 are the lateral boundaries; BC3 is the top boundary which is the soilatmosphere interface.
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Air
BC3

0.3 m

Fontainebleau sand
BC4

BC2

BC1
1m

Figure 4. 5. Model dimensions in the numerical modelling of environmental chamber
In addition, the measured values of soil temperature and volumetric water content at the
beginning of each test are defined as the initial conditions. Considering water and heat transfers
between soil and atmosphere, the water and heat flux conditions at the top boundary are
estimated as follows.
Mass balance
The mass balance at the soil surface is expressed by equation (3.1). In the environmental
chamber tests, the value of rainfall (P), runoff (Roff), interception (Int) and infiltration (Inf) are
equal to zero. As a result, the evaporation represents the water flux boundary condition on the
soil top surface in the drying tests.
Four drying tests were implemented in environmental chamber through air flows at different
rates and different temperatures. The values of the corresponding evaporation were determined
by Song et al. (2014):

Ea  86400Q  ha outlet  ha inlet   l A

(4.1)

where Ea (mm/day) is the actual evaporation rate; Q (L/s) is the air flow rate through the
chamber; ha-outlet and ha-inlet (Mg/m3) are the absolute humidity values at the outlet and inlet,
respectively; l (Mg/m3) is the water liquid density; A (m2) is the area of the exposed
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evaporative surface in the chamber.
The evaporation process in the four tests continued for 11.5 days, 11.5 days, 17.5 days, and 30
days, as presented in Figure 4. 6a, Figure 4. 6b, Figure 4. 6c, Figure 4. 6d, respectively:
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Figure 4. 6. Evolutions of actual evaporation rate: (a) Test 1; (b) Test 2; (c) Test 3; (d)
Test 4
In terms of heat transfer at the soil surface, the energy balance is presented by equation (3.14).
In this environmental chamber, the value of net radiation is zero because of the absence of solar
radiation. As a result, equation (3.14) can be rewritten as:

H  G  LE

(4.2)

Due to the convection of air flow during soil-atmosphere interaction, the sensible heat can be
estimated based on equation (3.29).
With the known actual evaporation, the latent heat can be calculated by:
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LE  Lv Ea

(3.35)

where Lv is the latent heat of water vaporization; the actual evaporation Ea in the four tests are
presented in Figure 4. 6. Based on the energy balance, the value of soil heat flux G is calculated
and applied as the heat flux boundary condition at the interfaces of atmosphere and soil.
All the details of initial conditions and boundary conditions in the numerical modeling are listed
in Table 4. 3.
Table 4. 3. Initial and boundary conditions used
Initial conditions

Boundary

Measurement data at the starting moment

Boundary number

Thermal boundary conditions

Hydraulic boundary conditions

BC1

Measured soil temperature

 0

BC2, BC4

G0

Lvn  0

conditions
BC3

G  H  LE
H  f T3 

Lvn  Ea

where T3 is the soil surface temperature at “BC3” boundary as shown in Figure 4. 5. Other terms are explained
in Chapter 3.

4.2.2 Soil parameters
Fontainebleau sand is assumed to be homogeneous and isotropic. The hydro-thermal properties
of Fontainebleau sand are required in the numerical modeling. Its thermal conductivity, water
retention curve, and hydraulic conductivity are determined and presented respectively as
follows.
KD2 analyzer (see Figure 4. 7) is used to measure the soil thermal conductivity (Tang et al.
2008; Buongiorno et al. 2009; Teng et al. 2010). According to the methods proposed by Côté
and Konrad (2005) (Figure 4. 8), an analytical relationship between soil thermal conductivity
and volumetric water content for medium and fine sand is chosen to express the thermal
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conductivity of Fontainebleau sand:

  (sat  dry )  r  dry

(4.3)

3.55  Sr
1   3.55  1  Sr

(4.4)

r 

where  (W/(mK)) is the soil thermal conductivity;sat and dry are the soil volumetric water
content in saturated state and dry state, equal 2.903 (W/(mK)) and 0.276 (W/(mK)), respectively;

ris the Kersten number; Sr is the degree of saturation. The analytical curve of soil thermal
conductivity versus volumetric water content is drawn in Figure 4. 9. Specifically, the thermal
conductivity of the surface region (0~-0.025 m) is assumed to be 0.05 (W/(mK)).

Figure 4. 7. KD2 Analyzer used to measure thermal conductivity for Fontainebleau sand
The volumetric water content variations with suction have been measured by Doussan and Ruy
(2009), Mbonimpa et al. (2004) and Song (2014) (Figure 4. 10). Based on van Genuchten model
(van Genuchten 1980), the fitting curve of soil water retention is drawn (Figure 4. 10) with the
following expression:


  r 
1
Se 


 s   r 1   s n 

m

(4.5)
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where Se is the effective saturation; θs is the saturated volumetric water content, equals 0.356;
θr is the residual volumetric water content, equals 0.04; αs, m and n are the soil constants, equal
0.2 kPa-1, 0.8, 3.0, respectively.
Additionally, the saturated hydraulic conductivity of Fontainebleau sand was measured through
constant water head test. Based on the soil water retention curve determined previously, the
hydraulic conductivity at unsaturated state is estimated using van Genuchten model (van
Genuchten 1980) considering residual hydraulic conductivity (Figure 4. 11),
m1
K   K s -Kr  Se 0.5 1  1  Se1/ m1    Kr


2

(4.6)

where m1 = 0.5; saturated hydraulic conductivity Ks = 1.36×10-5 m/s; residual hydraulic
conductivity Kr = 3.75×10-9 m/s; other parameters have the same values as in equation (4.5).
Note that the hysteresis in terms of soil water retention and hydraulic conductivity behavior
was neglected in this study.

Figure 4. 8. Analytical relationship between soil thermal conductivity and volumetric
water content summarized by Côté and Konrad (2005)
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Figure 4. 9. Thermal conductivity curve versus volumetric water content for
Fontainebleau sand
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Figure 4. 10. Water retention curve for Fontainebleau sand
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Figure 4. 11. Hydraulic conductivity curve versus suction for Fontainebleau sand
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4.3 Results and analysis
The numerical investigation of soil-atmosphere interaction in the four tests is conducted by
finite element method through FreeFem++ code (Hecht 2010). The comparisons between
calculated and measured results of soil hydro-thermal behavior are analyzed as follows.

4.3.1 Test 1
Figure 4. 12 presents the calculated and measured variations of soil temperature over depth in
Test 1. Overall, soil temperature in deep region (-0.025~-0.300 m) shows a liner relationship
with depth, varying in a small range. In the region near the soil surface (0~-0.025 m), soil
temperature increases sharply as depth increases, presenting a much larger gradient compared
with that of deep region. Thereby, the variations of soil temperature profile are discussed in two
parts: near surface region (0~-0.025 m) and deep region (-0.025~-0.300 m). On the other hand,
it is observed that soil temperature goes down from the initial moment to reach the minimum
value at the second day. Afterwards, it begins to go up gradually, showing a temperature
rebounding phenomenon. Hence, the variations of soil temperature are divided into two phases:
declining phase: t = 0~2 days (Figure 4. 12a) and rebounding phase: t = 2~11.5 days (Figure 4.
12b).
The measurements of soil temperature at the moment t = 0 day corresponds to the initial
condition. At this moment, soil temperature goes down quickly from 18.00 °C to 13.80 °C as
depth decreases in the near surface region, while it keeps nearly stable at 18 °C in the region
deeper than -0.025 m.
In the first declining phase (Figure 4. 12a), the calculated soil surface temperature declines
quickly from the initial value 13.52 °C to 11.76 °C at t = 0.2 day, followed by a slight decrease
up to 11.45 °C at the second day. In the deep region, the average calculated soil temperature
goes down from the initial value 17.93 °C to 17.47 °C at t = 0.2 day and then reduces to 15.43 °C
at t = 2 days.
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Concerning the rebounding phase, the calculated value of soil surface temperature shows an
increasing tendency, varying from 11.45 °C at t = 2 days to 11.70 °C at t = 4 days, 12.21 °C at
t = 6 days, 12.82 °C at t = 8 days and 13.82 °C at t = 11.5 days. The increasing tendency is also
observed in the variations of the average soil temperature of the deep region, increasing from
15.43 °C at t = 2 days to 16.11 °C at t = 4 days, 15.99 °C at t = 6 days, 16.52 °C at t = 8 days,
and 16.70 °C at t = 11.5 days.
Figure 4. 12b shows that the calculated soil temperatures at the surface point are a little larger
than the measured data in the second phase. It is caused by the assumed value of soil thermal
conductivity. As a dry layer may appear and become deeper as the evaporation continues
(Aluwihare and Watanabe 2003), it is not easy to define the accurate values of soil thermal
conductivity in this zone. Nevertheless, as the identified value differences are less than 2.00 °C,
the comparisons of soil temperature between simulated and measured results still provide
satisfactory agreement.
Figure 4. 13 illustrates the evolution of soil volumetric water content, revealing an overall
consistency between the calculation and measurement results. Both of them show a continuous
decrease as a result of evaporation. Moreover, it can be identified that the soil volumetric water
content in the region near the soil surface decreases more quickly than that in the deep region.
There is no comparison of soil volumetric water content at the surface point due to the absence
of measurements. The numerical results of soil volumetric water content at surface point
decrease gradually from the initial value 21.00% to 9.75% at t = 11.5 days. Note that a water
tank was connected to the bottom of soil sample during the whole test, keeping the soil bottom
in a saturated situation.
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Figure 4. 12. Comparisons between the calculated and measured soil temperature
profiles at different moments in Test 1: (a) t = 0 day, 0.2 day, 0.5 day, 1 day, 2 days, 4
days; (b) t = 2 days, 4 days, 6 days, 8 days, 11.5 days
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Figure 4. 13. Comparisons between the calculated and measured soil volumetric water
content profiles at different moments in Test 1: t = 0 day, 0.2 day, 0.5 day, 1 day, 2 days, 4
days, 6 days, 8 days and 11.5 days

4.3.2 Test 2
The evolutions of soil temperature at different moments t = 0 day, 0.2 day, 0.5 day, 1 day, 2
days, 4 days, 8 days, and 11.5 days, are presented in Figure 4. 14. The initial condition of the
numerical modelling is set based on the measurements at t = 0 day, presenting a steady
temperature distribution around 18.00 °C. The soil temperature shows a continuous increase in
Test 2. Specifically, it is noticed that the surface soil temperature rises up more quickly than
those at deeper points, showing a larger gradient of soil temperature distribution in the near
surface region (0~-0.025 m) than that in deep region (-0.025~-0.300 m).
At the surface point, the measured soil temperature increases from 18.80 °C at t = 0 day to
20.10 °C at t = 0.2 day, 20.30 °C at t = 0.5 day, 20.50 °C at t = 1 day, 22.10 °C at t = 4 days,
22.30 °C at t = 6 days, 24.20 °C at t = 8 days, 29.60 °C at t = 11.5 days, respectively. For the
deep region (-0.025~-0.300 m), consistent temperature variations are observed at different
moments, varying from 18.21 °C at t = 0 day to 18.44 °C at t = 0.2 day, 18.77 °C at t = 0.5 day,
19.20 °C at t = 1 day, 19.67 °C at t = 2 days, 20.46 °C at t = 4 days, 20.47 °C at t = 6 days,
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21.27 °C at t = 8 days, 23.87 °C at t = 11.5 days.
The calculated results keep an overall consistency with the measured values, giving the value
of soil surface temperature as 18.72 °C at t = 0 day, 19.66 °C at t = 0.2 day, 19.76 °C at t = 0.5
day, 20.02 °C at t = 1 day, 20.69 °C at t = 2 days, 21.28 °C at t = 4 days, 21.52 °C at t = 6 days,
23.51 °C at t = 8 days and 25.86 °C at t = 11.5 days. Besides, the average values of calculated
soil temperature at the deep region (-0.025~-0.300 m) are 18.29 °C at t = 0 day to 18.55 °C at t
= 0.2 day, 18.88 °C at t = 0.5 day, 19.43 °C at t = 1 day, 20.02 °C at t = 2 days, 20.94 °C at t =
4 days, 20.92 °C at t = 6 days, 21.70 °C at t = 8 days and 24.23 °C at t = 11.5 days.
It is identified that the values of calculated soil temperature at soil surface become lower than
those of measurements since day 4 until the end of the test. The comparison of soil temperature
at deep region also shows several minor differences, less than 0.5 °C. Similar to the case of Test
1, the value differences exist mainly at the surface point. It is attributed to the assumed value of
soil thermal conductivity in the near surface region.
Figure 4. 15 shows the consistent tendency of soil volumetric water content variation between
calculated and measured data in Test 2. However, the comparison is not conducted for the
surface point due to the absence of measured data. Along with the saturated condition at the
bottom of soil sample, the soil volumetric water distribution in the soil sample is mainly affected
by the surface evaporation. Thereby, the soil volumetric water content at the near surface region
decreases more quickly than in the deep region.
Some differences are identified since day 6: the measured data shows a continuous decrease,
while the calculated results decline at one moment and then start to go up. This phenomenon
suggests that more water is supplied by deep region after day 6. For instance, the calculated soil
surface volumetric water content at t = 11.5 days is 11.07%, larger than 9.83% at t = 8 days. It
is attributed to the adopted values of soil hydraulic conductivity, leading to different water flow
and water content distribution in soil.
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Figure 4. 14. Comparisons between the calculated and measured soil temperature
profiles at different moments in Test 2: t = 0 day, 0.2 day, 0.5 day, 1 day, 2 days, 4 days,
6 days, 8 days, and 11.5 days
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Figure 4. 15. Comparisons between the calculated and measured soil volumetric water
content profiles at different moments in Test 2: t = 0 day, 0.2 day, 0.5 day, 1 day, 2 days, 4
days, 6 days, 8 days, and 11.5 days
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4.3.3 Test 3
Similar to the case of Test 1, the variation of soil temperature profile in Test 3 is discussed in
two separate parts: near surface region (0~-0.025 m) and deep region (-0.025~-0.300 m). The
process of soil temperature variations in Test 3 can also be divided into two phases: declining
phase (Figure 4. 16a) and rebounding phase (Figure 4. 16b).
At the initial moment, the calculated soil temperature in the near surface region increases
sharply from 16.01°C (0 m) to 20.22 °C (-0.025 m). In the deep region, the soil temperature
keeps a constant value of 20.00 °C.
In the first declining phase, the calculated soil surface temperature decreases quickly from
16.01 °C at t = 0 day to 14.54 °C at t = 0.2 day, then decreases slightly from 14.54 °C (0.2 day)
to 13.95 °C at t = 6 days. The average soil temperature of deep region goes down from the
initial value 20.18 °C to 20.05 °C at t = 0.2 day, 17.43 °C at t = 6 days, respectively. After day
6, the soil temperature begins to go up gradually: the value of soil surface temperature is
13.95 °C, 14.69 °C, 15.52 °C, 16.62 °C, and 17.57 °C at t = 6 days, 8 days, 11.5 days, 15 days,
and 17.5 days, respectively; the average value in the deep region is 17.29 °C, 17.63 °C, 17.59 °C,
17.31 °C, and 18.62 °C at t = 6 days, 8 days, 11.5 days, 15 days, and 17.5 days, respectively.
An overall satisfactory agreement can be observed in the comparisons between the calculated
and measured data in terms of soil temperature, albeit some minor differences. At the surface
point, the calculated soil temperatures are slightly larger than the measured ones since day 6
until the end of test. It is attributed to the differences of soil thermal conductivity between the
assumed value and the real one. On the other hand, the differences of soil temperature at deep
region are negligible as they are identified to be less than 0.50 °C.
Additionally, Figure 4. 17 presents the same variation tendency between the calculated and
measured results of soil volumetric water content in Test 3. Along with the saturated condition
at the bottom of soil sample, evaporation serves as the top water flux boundary condition for
17.5 days. Consequently, the whole soil volumetric water of soil sample decreases continuously.
122

Chapter 4: Modelling of evaporation tests in environmental chamber
The calculated temperatures fit well with the measured data in the first six days, followed by
some differences between them. The values of calculated results are larger than those of
measured data, indicating that more water is allowed to be transported to the surface region
since day 6 to day 17.5. Thus, it is inferred that the assumed soil hydraulic conductivity in the
near surface region is larger than the real value, which requires further investigation.
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Figure 4. 16. Comparisons between the calculated and measured soil temperature
profiles at different moments in Test 3: (a) t = 0 day, 0.2 day, 0.5 day, 1 day, 4 days, and 6
days; (b) t = 4 days, 6 days, 8 days, 11.5 days, 15 days, and 17.5 days
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Figure 4. 17. Comparisons between the calculated and measured soil volumetric water
content profiles at different moments in Test 3: t = 0, 0.2 day, 0.5 day, 1 day, 4 days, 6
days, 8 days, 11.5 days, 15 days, and 17.5 days

4.3.4 Test 4
The evolutions of soil temperature at different moments t = 0 day, 0.2 day, 0.5 day, 1 day, 2
days, 4 days, 6 days, 8 days, 12 days, 18 days, 20 days and 30 days in Test 4 are presented in
Figure 4. 18. The initial conditions in the numerical modelling are set based on the
measurements at t = 0 day, presenting a steady temperature distribution around 21 °C with the
surface point at a specific value of 18.80 °C. In the whole period, the soil temperature shows a
continuous increase as in the case of Test 2. Moreover, it is observed that the calculated surface
soil temperature rises up more quickly in the near surface region (0~-0.025 m), leading to a
larger gradient of temperature than that in the deep region (-0.025~-0.300 m).
At the surface point, the measured soil temperature increases from 18.80 °C at t = 0 day to
21.50 °C at t = 0.25 day, 21.70 °C at t = 0.5 day, 22.30 °C at t = 1 day, 22.80 °C at t = 2 days,
23.00 °C at t = 4 days, 23.00 °C at t = 6 days, 23.10 °C at t = 8 days, 24.90 °C at t = 12 days,
30 °C at t = 18 days, 30.4 °C at t = 20 days, and 33.3 °C at t = 30 days, respectively. For the
deep region (-0.025~-0.300 m), consistent temperatures are observed at different moments:
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20.29 °C at t = 0 day to 20.57 °C at t = 0.25 day, 20.89 °C at t = 0. 5 day, 21.29 °C at t = 1 day,
21.62 °C at t = 2 days, 22.19 °C at t = 4 days, 21.66 °C at t = 6 days, 21.36 °C at t = 8 days,
22.01 °C at t = 12 days, 23.74 °C at t = 18 days, 23.50 °C at t = 20 days and 27.88 °C at t = 30
days.
The calculated surface soil temperature varies from 18.72 °C at t = 0 day to 22.91 °C at t =
0.25 day, 21.84 °C at t = 0. 5 day, 22.29 °C at t = 1 day, 22.75 °C at t = 2 days, 23.10 °C at t =
4 days, 23.09 °C at t = 6 days, 23.49 °C at t = 8 days, 25.39 °C at t = 12 days, 26.84°C at t =
18 days, 26.96 °C at t = 20 days, and 27.44 °C at t = 30 days. In the deep region, soil keeps the
consistent temperature during the whole period of test, varying from 20.81 °C at t = 0 day to
20.74 °C at t = 0.25 day, 20.98 °C at t = 0. 5 day, 21.42 °C at t = 1 day, 21.87 °C at t = 2 days,
22.68 °C at t = 4 days, 22.05 °C at t = 6 days, 21.85 °C at t = 8 days, 21.22 °C at t = 12 days,
24.30 °C at t = 18 days, 24.09 °C at t = 20 days and 25.22 °C at t = 30 days.
Concerning the comparison of soil temperatures by calculations and measurements, the
calculated value at surface point is smaller than the measured data since day 12 until the end of
test. It is caused by the estimated values of soil thermal conductivity in the surface region, being
different with its real value. Thereby, the importance to study the soil thermal conductivity in
this region is revealed again. Besides, a satisfactory agreement between the calculated and
measured soil temperatures is obtained in the deep region.
The overall consistent tendency between the calculated and measured data of soil volumetric
water content is identified in Figure 4. 19. In the first six days, the calculated data at the selected
moments are nearly consistent with the measured data. As evaporation continues, the calculated
soil volumetric water content begins to show larger values than the measured data, suggesting
that more water is transferred from deep region than in the real situation. This phenomenon is
inferred as the result of the differences between the assumed soil hydraulic conductivity and the
real one.

125

Chapter 4: Modelling of evaporation tests in environmental chamber
0.00
-0.05

Depth (m)

-0.10
0 day (measured)
0.5 day (measured)
2 days (measured)
6 days (measured)
12 days (measured)
20 days (measured)
0 day (computed)
0.5 day (computed)
2 days (computed)
6 days (computed)
12 days (computed)
20 days (computed)

-0.15
-0.20
-0.25
-0.30

0.25 day (measured)
1 day (measured)
4 days (measured)
8 days (measured)
18 days (measured)
30 days (measured)
0.2 day (computed)
1 day (computed)
4 days (computed)
8 days (computed)
18 days (computed)
30 days (computed)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Temperature (ºC)

Figure 4. 18. Comparisons between the calculated and measured soil temperature
profiles at different moments in Test 4: t = 0 day, 0.25 day, 0.5 day, 1 day, 2 days, 4 days,
6 days, 8 days, 12 days, 18 days, 20 days, and 30 days
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Figure 4. 19. Comparisons between the calculated and measured soil volumetric water
content profiles at different moments in Test 4: t = 0 day, 0.25 day, 0.5 day, 1 day, 2 days,
4 days, 6 days, 8 days, 12 days, 18 days, 20 days, and 30 days

126

Chapter 4: Modelling of evaporation tests in environmental chamber

4.4 Discussion
4.4.1 Definition of typical evaporation stages
According to the air temperature in the chamber (Table 4. 2), the four tests carried out can be
summarized as two groups: Group 1 with low air temperature (heating tube temperatures 50 °C)
(Test 1 and Test 3) and Group 2 with high air temperature (heating tube temperatures 200 °C)
(Test 2 and Test 4).
The evaporation process was recorded for 11.5 days, 11.5 days, 17.5 days and 30 days in Test
1, Test 2, Test 3 and Test 4, respectively. Two phases in the evaporation process can be identified
in Test 1 (Figure 4. 20a): first falling stage (0~2 days) and constant-rate stage (2~11.5 days).
Figure 4. 20c reveals three phases of evaporation process in Test 3: first falling stage (0~6 days),
constant-rate stage (6~11.5 days) and slow-rate stage (11.5~17.5 days). On the other hand, the
same three-phases are observed in Test 2 (Figure 4. 20b) and Test 4 (Figure 4. 20d): the
evaporation in Test 2 consists of a constant-rate stage (0~6 days), a falling-rate stage (6~10
days) and a slow-rate stage (10~11.5 days); the evaporation in Test 4 involves a constant-rate
stage (0~6 days), a falling-rate stage (6~14 days) and a slow-rate stage (14~30 day).
In literature, the three-phase evaporation process has been summarized (Wilson et al. 1994;
Yanful and Choo 1997; Hillel 2003; Lal and Shukla 2005; Qiu and Ben-Asher 2010) and
presented as (Figure 4. 21): constant-rate stage; falling-rate stage; slow-rate stage. This general
definition is defined for evaporation along with three conditions:
(1) A continuous supply of evaporative energy;
(2) A vapor pressure gradient existing between the evaporating surface and atmosphere;
(3) A continual supply of water from the interior of soil to the evaporating surface.
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Figure 4. 20. Definition of the evaporation process for the four tests carried out: (a) Test
1; (b) Test 2; (c) Test 3; (d) Test 4

Figure 4. 21. The general three stages of evaporation process (Qiu and Ben-Asher 2010)
However, a sudden down rate stage during the period of 0~2 days and 0~6 days are identified
in Test 1 and Test 3 respectively before the general first stage of evaporation. This specific stage
is most likely caused by the non-sufficient supply of evaporative energy. As the air temperature
is low (heating tube temperatures 50 °C) in Test 1 and Test 3, it is difficult to keep the
evaporation at a high rate as its initial value, leading to the sudden drop of evaporation rate.
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In terms of soil temperature variations, two phases are identified in Test 1 and Test 3: a declining
phase and a rebounding phase. Along with the first falling stage of evaporation, the soil
temperatures decrease firstly, reaching the minimum value at the end of the first phase. At the
second phase, the soil temperature starts to go up, approaching the initial temperature at the end
of test. The turning points of these two phases in Test 1 and Test 3 are day 2 and day 6,
respectively. Correspondingly, the evaporation finishes its first falling stage and begins the
constant-rate stage at day 2 and day 6 in Test 1 and Test 3, respectively.
As the soil temperature variation is mainly governed by soil heat flux boundary condition that
depends on the sensible heat and latent heat, it can be inferred that the evaporation takes energy
from both air and soil in the first falling stage, hence the soil temperature decreases gradually.
In other words, the value of the latent heat is equal to the sum of sensible and soil heat during
the period of 0~2 day in Test 1 and 0~6 days in Test 3. Afterwards, the evaporation with lower
rates obtains energy merely from air, indicating that air is able to provide energy for both
evaporation and soil heating. It means that the sensible heat is partitioned into latent heat and
soil heat in the following days.
Figure 4. 20b and Figure 4. 20d depict the evolutions of evaporation in Test 2 and Test 4,
respectively. They have the general three phases of evaporation: constant-rate stage, falling-rate
stage, slow-rate stage. Meantime, the soil temperature shows continuous increases in Test 2 and
Test 4. Therefore, it is inferred that the process of evaporation is ensured by sufficient energy
from air at high temperature (heating tube temperatures 200 °C), illustrating that air is able to
provide energy for both evaporation and soil heating. In other words, the sensible heat is the
sum of latent heat and soil heat during the whole period considered in Test 2 and Test 4.

4.4.2 Dry soil layer
As evaporation continues, the surface soil is becoming dry, followed by the appearance of a dry
layer in the near surface zone. Consequently, the evaporation front will move from the soil
surface to the bottom of dry layer as presented in Figure 4. 22. On the whole, the soil water
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evaporation presents three stages (Aluwihare and Watanabe 2003): (1) water vapor is carried
out from the water surface to the bottom of dry layer; (2) water vapor is transported from the
bottom of dry soil layer to the soil surface by vapor diffusion; and (3) water vapor travels from
the soil surface to atmosphere.
Reference level
Air
Original evaporation front

Soil surface
Dry soil layer
Drying surface

New evaporation front

Soil particle

Water

Figure 4. 22. The diagram of dry soil layer in the evaporation process modified after
Aluwihare and Watanabe (2003) and Song (2014)
Concerning the variations of soil volumetric water content, an overall consistency is observed
between the calculated and measured data, along with some minor differences at the end of each
test. As explained in section 4.3, these differences of soil volumetric water content are inferred
as the result of the assumed soil hydraulic conductivity in the near surface region. In addition,
evaporation in the environment chamber tests may also lead the appearance of a dry layer, and
result in the movement of evaporation front. This layer will change the location of the actual
top water flux boundary condition. Due to the absence of soil volumetric water content
measurements in this zone, it is not easy to determine the variations of the depth of dry layer.
In the numerical modeling, this phenomenon is not considered; the evaporation front is assumed
to be at the top of soil surface. Thereby, the numerical results of soil volumetric water variations
may also be affected by the neglecting of this layer. The consideration of the movement of
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evaporation front is required in further study.

4.4.3 The application of Gardner model
In the numerical modelling of the four tests in environmental chamber, the soil water retention
and the hydraulic conductivity curves are proposed based on van Genuchten model (van
Genuchten 1980). Teng et al. (2016) applied a new set of soil water retention curve (Figure 4.
23) and hydraulic conductivity curve (Figure 4. 24) based on Gardner model (Gardner 1958)
for the same Fontainebleau sand:

   r   s   r  e 

(4.7)

K  Ks eu

(4.8)

u

where αu is the desaturation coefficient, equals 3.53; θs is the saturated volumetric water content,
equals 0.356; θr is the residual volumetric water content, equals 0.044; the saturated hydraulic
conductivity Ks is taken equal to 7.4×10-9 m/s.
Similar to the numerical modelling presented in section 4.2, new simulations of the four tests
are conducted using the soil parameters deduced from Gardner model. The calculation results
of soil temperature and volumetric water content are thus discussed, respectively.
Figure 4. 25a, Figure 4. 25b, Figure 4. 25c, and Figure 4. 25d present the results of soil
temperature distribution at different moments in Test 1, Test 2, Test 3 and Test 4, respectively.
The conclusion similar to the numerical modelling with van Genuchten model (van Genuchten
1980) can be achieved. The general tendencies of soil temperature variations are consistent
between the calculated and measured results in the four tests. The differences are mainly
observed at the surface points. Therefore, it is concluded that the changes of soil water retention
and the hydraulic conductivity curves do not affect the variations of soil temperature
significantly.
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Figure 4. 23. Soil water retention curve versus suction based on Gardner model
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Figure 4. 25. Comparisons of soil temperature between the measured and calculated
results at different moments: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4.
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Figure 4. 26 shows the calculations and measurements of soil volumetric water content at
different moments in the four tests. In Test 1and Test 2, evaporation was recorded for 11.5 days.
It is observed that the calculated results of soil volumetric water content fit well with the
measured data at the studied moments (Figure 4. 26a and Figure 4. 26b). Besides, evaporation
continued for 17.5 days and 30 days in Test 3 and Test 4 (Figure 4. 26c and Figure 4. 26d),
respectively. Even though the overall variation tendency of the calculated results is consistent
with the measured data, some differences can be identified since day 8 to the end of tests: the
calculated values are becoming lower than the measured values in the deep region; some
calculated data are larger than the measured values in the near surface zone. Specifically, the
soil volumetric water content is becoming linear with depth at the end of Test 4. As the soil
hydraulic conductivity is much smaller compared to the value adopted in van Genuchten model
(van Genuchten, 1980), water transfers at a lower rate in the soil sample with the saturated
bottom boundary, leading to smaller values of soil water content.
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Figure 4. 26. Comparison of soil volumetric water content between the measured and
calculated results at different moments: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4
136

Chapter 4: Modelling of evaporation tests in environmental chamber
It proves that the selection of soil volumetric water content curve and soil hydraulic
conductivity during evaporation greatly affects the estimation of soil volumetric water content
variations. Moreover, it is observed that the numerical modelling based on van Genuchten
model (van Genuchten 1980) and Gardner model (Gardner 1958) both can provide satisfactory
estimation of soil volumetric water content variations. However, the numerical investigation by
van Genuchten model (van Genuchten 1980) with higher saturated hydraulic conductivity can
give better performance in the deep region than that by Gardner model (Gardner 1958) with
lower saturated hydraulic conductivity. By contrast, the performance of Gardner model
(Gardner 1958) is superior in the near surface zone. These results indicate that it is difficult to
obtain an ideal numerical results of soil volumetric water content based on van Genuchten
model (van Genuchten 1980) or Gardner model (Gardner 1958). The model to define the soil
volumetric water content curve and hydraulic conductivity curve during evaporation requires
further study.

4.5 Conclusions
In this chapter, four evaporation tests carried out by Song (2014) in environmental chamber are
introduced. This environmental chamber was richly instrumented, with a wind and water supply
unit, specific sensors for recording air flow rate and relative humidity in various positions, and
buried sensors for the measurements of soil temperature and volumetric water content at
different depths, etc. It enables the study of soil-atmosphere interaction and its effect on soil
temperature and volumetric water content variations. Overall, the numerical modelling of the
four tests shows that the proposed approach combining a fully coupled hydro-thermal soil
model and a soil-atmosphere interaction model is suitable for the estimation of soil temperature
and volumetric water content variations.
In terms of soil temperature variations, a rebounding phenomenon is observed in both Test 1
and Test 3. This result indicates that soil participates in providing energy for the evaporation in
the first falling stage and the heated air (heating tube temperatures 50 °C) provides energy for
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both evaporation and soil heating in the following stages. In Test 2 and Test 4, a steady increase
tendency is identified in the variations of soil temperature. It means that the heated air (heating
tube temperatures 200 °C) is able to support evaporation and soil heating for the whole period.
Note that the heating tube temperatures affect the values of air temperature, rather than impose
the same value for air temperature. Concerning the variations of soil volumetric water content,
they show a continuous decrease as a result of evaporation serving as the water flux boundary
condition at soil surface in the four tests.
The differences in terms of soil temperature and volumetric water content are mainly observed
at the surface points. They can be attributed to the assumed values of soil parameters. In addition,
Gardner model (Gardner 1958) for soil water retention and soil hydraulic conductivity curves
is adopted in the new numerical calculation. It is difficult to obtain better results of soil
volumetric water content variations with this model compared with the van Genuchten model
(van Genuchten 1980). It proves that the variations of soil properties during evaporation need
to be studied further, especially in terms of the effects of soil thermal conductivity, water
retention and hydraulic conductivity curves in the near surface region. On the other hand, along
with evaporation, the surface soil is becoming dry leading to the appearance of a dry layer. This
layer moves from the top soil surface to the bottom of dry layer, modifying the evaporative
surface. In other words, the appearance of dry layer indicates the change of the top boundary in
numerical modelling. However, this is not considered in the numerical investigation conducted.
On the whole, the satisfactory agreement obtained between the calculated and measured data in
terms of soil temperature and volumetric water content in the four tests shows that this
numerical approach is appropriate provided that suitable soil parameters and boundary
conditions are adopted in the numerical investigation.
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5.1 Héricourt embankment
Within the national “ANR-07-PCGU-006-10-TerDOUEST” project, an embankment was
constructed at Héricourt in Franche-Comté region in the north east of France. This region is
characterized by a continental climate influenced by ocean. The embankment is constructed in
two parts, one with lime/cement treated silt and another with lime/cement treated clay, each part
being 53.5 m long. The field site plan and a view of the embankment are presented in Figure 5.
1a and Figure 5. 1b, respectively.
(a)

(b)
Treated silt part
Héricourt
embankment
ay
hw
Hig
sin
Bas

Treated clay part

Figure 5. 1. (a) Héricourt embankment plan with two parts in different kinds of treated
soil: lime/cement treated silt and lime/cement treated clay; (b) Field site view in 06/2011
The construction started in 07/2009 and ended in 09/2010. The main objectives of this
experimental embankment are:
1) Understanding the coupling between chemical and geotechnical behavior of treated soils;
2) Understanding the long term behavior of treated soils;
3) Having a reference embankment to study the construction and monitoring with treated soils;
4) Studying the effects of the environment and various operations during the earthwork.
A weather station was installed on the top of the embankment, recording meteorological data
half-hourly: solar radiation, rainfall, wind speed, air relative humidity and temperature at the
height of 0.5 m, etc. Besides, runoff appears when rainfall rate exceeds the infiltration capacity
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of surface soil. It was recorded hourly by a continuous measurement system on the slope surface
(Figure 5. 2).
(a)

(b)

(c)

(d)

Figure 5. 2. Details of runoff measurement system on the slope surface of Héricourt
embankment: (a) the installation process of tank; (b) the installed tank on the
prefabricated concrete elements; (c) the structure of collector on the slope; (d) the view
of the runoff collector from the embankment top
Soil temperature and volumetric water content at different positions in embankment were
measured by TDR probes each three hours. In terms of soil slope surface temperature,
temperature sensor PT100 was adopted for recording its temperature variation every three hours.
During construction, a soil layer with a thickness of 20 cm was added on the slopes to maintain
the slope surface sensors. Moreover, an individual soil temperature probe ST1 was set for
monitoring the temperature variation at the top surface of embankment every 30 min. These
sensors were installed at different layers during the construction as shown in Figure 5. 3. More
information of this embankment construction and monitoring can be found in the report by
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Froumentin (2012).
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0.25 m
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0.30 m
0.30 m
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0.30 m
0.30 m
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Figure 5. 3. Embankment instrumentation: TDR sensors for recording soil volumetric
water content variations and temperature variations (I1~3, S1~3) in the embankment;
PT100 for recording slope surface temperature variations (A1); ST1 for recording top
surface temperature variations (A2)
In this study, only the lime/cement treated silt part is chosen to investigate the soil-atmosphere
interaction. This part of embankment is 53 m long with a slope of 1:2 (Vertical: Horizontal) for
the two sides. The width of the bottom and top of the selected section are 21.6 m and 5 m
respectively as presented in Figure 5. 4. Different treatments conducted for silt are summarized
as follows:
1) For roadbed fill part (R0~R11): with 2% CaO;
2) For PST part (PST0~PST2): with 3% Cement;
3) For CDF part (CDF0): with 1% CaO+ 5% Cement;
4) For surface layer part (ASS0): with GNT 0/31.5 mm.
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Figure 5. 4. Studied cross section of Héricourt embankment with soil treatment
information
Data recorded from 06/07/2011 to 26/07/2011 is complete including all meteorological data,
runoff and soil variables (volumetric water content/temperature). Thus, this period of 20 days
is chosen in this study. Figure 5. 5 presents the monitoring data of solar radiation (Figure 5. 5a),
rainfall (Figure 5. 5b), wind speed (Figure 5. 5c), air relative humidity (Figure 5. 5d) and
temperature (Figure 5. 5e) at 0.5 m elevation as well as the runoff information (Figure 5. 5f)
during the studied period.
In the numerical modeling of Héricourt embankment, several assumptions are made for
simplification:
1) Soil is assumed to be homogeneous and isotropic in the whole embankment, except the 20
cm surface slope layer;
2) The positions of sensors for recording soil temperature and volumetric water content are
assumed to be at the right place shown in Figure 5. 3; no offset of sensors during the
construction happened;
3) The heat flux and water flux boundary conditions are assumed to be the same for all points
at the same surface boundary;
4) The surface of field embankment is bare; no vegetation effect is considered.
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Figure 5. 5. Field meteorological data from 06/07/2011 to 26/07/2011: (a) solar radiation;
(b) rainfall; (c) wind speed; (d) relative humidity at 0.5 m above the embankment
surface; (e) air temperature at 0.5 m above the embankment surface; (f) runoff
measured on the slope surface

5.2 Definition of numerical model
5.2.1 Soil parameters
The hydro-thermal properties of treated silt are required in the numerical analysis. The thermal
conductivity, soil water retention curve and hydraulic conductivity of the studied treated silt are
determined and presented below.
KD2 Analyzer is used to measure thermal conductivity of treated soil (Tang et al. 2008;
Buongiorno et al. 2009; Teng et al. 2010). For numerical simplicity, a linear relationship
between soil thermal conductivity and volumetric water content proposed by De Vries (1963)
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and Cui et al. (2005) is chosen for the studied treated silt (Figure 5. 6):

  2.1818  0.808

(5.1)

where (W/(mK)) is the thermal conductivity;  is the volumetric water content.
Field soil sample was taken and tested to obtain water retention curve using “WP4 method”
(Scanlon et al. 2002; Thakur et al. 2006). Based on van Genuchten model (van Genuchten 1980),
the expression for the soil water retention curve is built:


  r 
1
Se 


 s   r 1   s n 

m

(5.2)

where the saturated volumetric water content θs = 0.4; the residual volumetric water content θr
= 0.004; parameters αs = 0.003 kPa-1, m = 0.18 and n = 1.8. With the measurement data, a fitting
curve is drawn as shown in Figure 5. 7.
Field soil samples are tested and their saturated hydraulic conductivities are measured using
triaxle cell. The values obtained on two samples are quite close, being equal to 8×10-10 m/s and
1×10-9 m/s respectively. Therefore, the value of 1×10-9 m/s is chosen in the numerical modeling.
Based on the soil water retention curve determined previously, the hydraulic conductivity at
unsaturated state can be estimated using van Genuchten model (van Genuchten 1980):
m1
K  K s Se 0.5 1  1  Se1/ m1  



2

(5.3)

where m1 = 0.5; the saturated hydraulic conductivity Ks = 1×10-9 m/s; other parameters have
the same values as for equation (5. 3). The curve of soil hydraulic conductivity versus suction
is plotted in Figure 5. 8. Note that the hysteresis in terms of soil water retention and hydraulic
conductivity behavior was ignored in this study.
As for the 20 cm soil layer added on the slope of embankment, its thermal conductivity is
assumed to be 0.25 W/(mK) and its hydraulic conductivity is taken equal to 1×10-8 m/s. Its soil
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water retention curve is regarded as the same as that of the treated silt.
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Figure 5. 6. Thermal conductivity curve versus volumetric water content for the treated
silt
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Figure 5. 7. Water retention curve versus suction for the treated silt
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Figure 5. 8. Hydraulic conductivity curve versus suction for the treated silt
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5.2.2 Model dimensions
In numerical modelling, it is essential to set suitable dimensions to simulate the real cases. In
literature (Azizi 1999; Yue 2008; Cui et al. 2010; Kalliainen and Kolisoja 2011;
Rujikiatkamjorn et al. 2012), the effect of model dimensions was specifically analyzed,
showing the importance of model dimensions in the numerical results in terms of variations of
soil water content, strain and stress over time. However, for the coupled hydro-thermal soil
models, no suggestions of model dimensions have been made in the case of two-dimensional
embankment.
In order to adopt the appropriate model dimensions in the numerical modelling of Héricourt
embankment, four different dimensions are analyzed respectively (Table 5. 1 and Figure 5. 9).
Dimensions 1 is the original embankment size considering the basement of 5 m depth.
Dimensions 2, 3 and 4 are extended to different sizes. Besides, six points are selected at depths
0 m (point P1), 0.25 m (point P2), 0.50 m (point P3), 0.75 m (point P4), 1.00 m (point P5) and
1.50 m (point P6) in sections A and B to record soil temperature and volumetric water content
variations over time (Figure 5. 9). The groundwater table is assumed to be at the depth of 5 m
below the ground. The bottom boundary condition is set at 10 ºC temperature. It is assumed
that no water and heat transfers happen at the left and right boundaries.
The top boundaries of this embankment consist of top, slope surfaces of the embankment and
ground surface. Two cases with different top boundary conditions are considered for the
dimensions’ analysis. It is assumed that the embankment has a uniform initial temperature of
10 ºC. The soil above the groundwater table is in unsaturated state and its initial suction profile
is expressed by U0 = -y, where U0 and y are soil initial suction and soil depth from the
embankment top surface, respectively (Figure 5. 9). Using the adopted soil parameters, the
initial and boundary conditions, numerical calculation are conducted in two cases, as follows:
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5.2.1.1 Case 1
In Case 1, it is assumed that evaporation (1×10-7 m/s) and infiltration (5×10-8 m/s) happen
alternately during six days on the top boundaries (Figure 5. 10). Meantime, zero heat flux is
applied on the top boundaries.
Figure 5. 11 shows that the numerical results of volumetric water content variations at each
point in sections A and B are nearly consistent for the four different dimensions (1-P1 represents
point 1 in Dimensions 1, 2-P2 represents point 2 in Dimensions 2, etc.). In Figure 5. 11a, the
volumetric water content at the selected points in section A shows a regular
increasing/decreasing trend with the occurring of infiltration/evaporation. When evaporation
happens in the first day, the volumetric water content at the surface point P1 decreases to 0.323
firstly then goes up to a nearly saturated situation as rainfall continues in the second day.
Afterwards, it drops to 31.2% and 30.1% in the third and fifth day and rebounds to 38.7% and
38.1% in the fourth and last day, respectively. For point P2, the soil volumetric water content
shows the variations similar to that of the surface point P1. As points P3, P4, P5 and P6 are
situated far from the top surface, they have much smaller variation amplitudes compared with
point P1 and P2, indicating that they are not sensitive to the water flux boundary conditions.
Similar variations of soil volumetric water content can be identified at the six points in section
B (Figure 5. 11b). Meanwhile, the soil temperatures at these points are stable, keeping the same
value as their initial value because the heat flux is zero.
Table 5. 1 The details of four model dimensions
Item

Ground width Le

Soil depth He

Dimensions 1

0

5m

Dimensions 2

0.5L

5m

Dimensions 3

1.5L

3H

Dimensions 4

≈ 3L

≈ 5H
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Figure 5. 9. Héricourt embankment dimension
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Figure 5. 10. Water flux conditions on the top boundaries in six days in Case 1
Figure 5. 12 shows that the contour lines of volumetric water content are always parallel to the
surface lines of embankment for the four dimensions. Moreover, it is observed that the
influenced region of the top boundary condition of water flux is limited to the depth of 1 m
below the surface. However, the neglecting of the left ground region in dimension1 leads to
different volumetric water content distribution in the region near the slope toe, compared with
those in three other dimensions. Therefore, it is suggested to consider the left ground region in
the model dimension.
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Figure 5. 11. Volumetric water content variations at six points in the four dimensions: (a)
in section A; (b) in section B
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Figure 5. 12. Volumetric water content distributions in the four dimensions at day 6: (a)
Dimensions 1; (b) Dimensions 2; (c) Dimensions 3; (d) Dimensions 4
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5.2.1.2 Case 2
In Case 2, based on the value of solar radiation, the heat flux top boundary conditions are
assumed as 45 (W/m2) for 6 hours during day time (Figure 5. 13a) and -15 (W/m2) for 18 hours
during night time (Figure 5. 13b). The water fluxes at the top boundaries are assumed as zero.
The variations of soil temperature at six points in sections A and B show high consistency for
the four different dimensions (Figure 5. 14). Figure 5. 14a shows that the temperature at surface
point P1 decreases quickly from 10.00 °C to 8.69 °C in the first 9 hours during night time when
soil heat is -15 (W/m2), then it goes up to 12.65 °C when soil heat is 45 (W/m2) during day time.
The variations of soil temperature at the surface point P1 repeat the same daily
decreasing/increasing cycles during the six days. Similar variation tendency of soil temperature
is observed at point P2, along with a variation amplitude of 9.80~10.20 °C. Moreover, obvious
time delay of 2.4 to 4.8 hours is identified at point P2 because of its deeper position compared
with point P1. Points P3, P4, P5 and P6 keep nearly constant temperature as their initial values,
indicating that they are not situated in the influenced zone of surface heat flux. This influence
depth is intimately related to the thermal conductivity of treated soil. Figure 5. 14b reveals that
the soil temperatures at the six points in section B have nearly the same variations as in section
A. On the other hand, the initial volumetric water content variations in section A and section B
are governed by the gravity effect, then keep stable during the six days due to zero water flux
top boundary conditions.
The contour lines of soil temperature distribution are presented in Figure 5. 15. They are parallel
to the surface lines of embankment for the four dimensions. It is observed that the soil
temperature distributions are nearly consistent for the four dimensions. During the six days, the
influenced region of heat flux top boundary conditions is limited in the depth of 0.5 m below
the surface.
In this study, overall consistent results for the four dimensions in terms of soil volumetric water
content and temperature variations are obtained, except the volumetric water content
151

Chapter 5: Modelling of Héricourt embankment
distribution in the region near the slope toe for Dimensions 1. Therefore, it is concluded that
the effect of model dimensions is not significant for the soil hydro-thermal behavior in twodimensional embankments.
Nevertheless, it is suggested to consider the effect of the left ground surface on soil volumetric
water content distribution. Considering the accuracy, computing time, and computer memory
requirements, Dimensions 3 is adopted in the further study. The adopted model dimensions are
presented in Figure 5. 16.
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Figure 5. 13. In Case 2: (a) heat flux conditions on the top boundaries in six days; (b)
details of the heat flux variations in 24 hours
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Figure 5. 14. Temperature variations at six points in the four dimensions: (a) in section
A; (b) in section B
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Figure 5. 15. Temperature distributions in the four dimensions at day 6: (a) Dimensions
1; (b) Dimensions 2; (c) Dimensions 3; (d) Dimensions 4
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Figure 5. 16. Numerical model dimensions for Héricourt embankment

5.2.3 Initial and boundary conditions
The measurements of soil temperature and volumetric water content at the beginning of the
studied period (06/07/2011, 14:42:52) are defined as initial conditions of the coupled hydrothermal model. For bare soil, as rainfall happens, part of water will infiltrate into soil. The rest
of rainfall becomes runoff on soil surface. Meanwhile, evaporation happens at soil-atmosphere
interface because of energy transfer and vapor pressure gradient exiting near the soil surface
and its value is normally negligible during rainfalls. As far as the heat transfer is concerned,
solar radiation is the only exterior heat resource. The net solar radiation is equal to the sum of
latent heat, soil heat and sensible heat. Thus, mass and energy balances during soil-atmosphere
interaction are used to determine the water and heat boundary conditions (Blight 1997).
Mass balance
The mass balance at the soil surface is expressed by equation (3.1). In Héricourt embankment,
field rainfall was monitored half hourly by the weather station (Figure 5. 5b). Runoff was
collected hourly as shown in Figure 5. 5f. Evaporation is estimated using the method developed
by Song (2014), based on the models proposed by Campbell (1985), Wilson et al. (1994) and
Ta (2009):
154

Chapter 5: Modelling of Héricourt embankment
Ea es  ea

E p e0  ea

(3.7)

E p   a1u  a2 100  ha 

(5.4)

where Ep (m/s) represents potential evaporation; u (m/s) is wind speed; ha (%) is air relative
humidity; a and b are empirical parameters: a = 0.022, b = 0.031 (Song 2014). The soil surface
vapor pressure es, saturated vapor pressure at water surface e0 and air vapor pressure ea can be
calculated as indicated in Chapter 3. As there is no canopy in Héricourt embankment, Int is equal
to zero. With all these parameters estimated, the water flux boundary condition Inf at soil surface
can be determined continuously.
Energy balance
The energy balance at the soil surface is expressed by equation (3.14). The method to determine
net solar radiation in half hourly without soil temperature is adopted here (equations
(3.16~3.22)). The measured solar radiation Rsi (W/m2) is shown in Figure 5. 5a and the recorded
air temperature in Figure 5. 5e. Besides, the sensible heat and latent heat are calculated
respectively based on equations (3.29) and (3.35). Based on the energy balance, the value of
soil heat flux G is calculated and applied as the heat flux boundary condition at the soil and
atmosphere interfaces.
All these details of initial conditions and boundary conditions are listed in Table 5. 2.
In order to explain the boundary conditions determined through considering soil-atmosphere
interaction, heat and water fluxes on the top surface (BC3) are presented in Figure 5. 17 and
Figure 5. 18, respectively. Other boundaries interacted with atmosphere (BC4, BC5) own the
similar boundary conditions. Note that these boundary conditions are calculated iteratively.
As presented in Figure 5. 17, the soil heat is governed by the net solar radiation with positive
values during day time and negative values during night time. Latent heat represents the energy
consumed by evaporation and is in negative values. Sensible heat represents the energy to heat
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air. When it is in negative value, soil temperature is higher than air temperature. By contrast,
air temperature is higher than soil temperature. Relying on the energy balance, soil heat can be
estimated effectively by net solar radiation, latent heat and sensible heat.
The runoff value is measured by the runoff collector system (see Figure 5. 5e). As shown in
Figure 5. 18, the evaporation and runoff are in the same order of magnitude 10-8 m/s, much
smaller than that of rainfall and infiltration (10-6 m/s). Therefore, it is obvious that rainfall is
able to affect the water flux boundary effectively. The infiltration represents the values of water
boundary condition on soil surface. Its positive value means that water flows into soil. By
contrast, evaporation happens at soil surface.
Table 5. 2. Initial and boundary conditions used for numerical modelling of Héricourt
embankment
Initial conditions
Boundary

Measurement data at the starting moment
Thermal boundary conditions

Hydraulic boundary conditions

BC1

Measured soil temperature

 0

BC2, BC6

G0

I nf  0

G  Rn  LE  H

I nf   P - Roff - Ea  ρl

number

BC3

H  f T3 

LE  f T3 , 3 

Boundary

G  Rn  LE  H

conditions
BC4

H  f T4 

LE  f T4 ,  4 
G  Rn  LE  H
BC5

H  f T5 

LE  f T5 , 5 

Ea  f T3 ,3 
I nf   P - Roff - Ea  ρl
Ea  f T4 , 4 

I nf   P - Roff - Ea  ρl
Ea  f T5 ,5 

where Ti and i mean soil temperature (°C) and suction (m) at the surface point chosen at the “BCi” boundary
as shown in Figure 5. 16. Other terms are explained in Chapter 3.
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Figure 5. 17. Heat fluxes at the top surface of Héricourt embankment (BC3): (a) net
solar radiation and soil heat; (b) sensible heat and latent heat
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Figure 5. 18. Water fluxes at the top surface of Héricourt embankment (BC3): (a)
rainfall and infiltration; (b) runoff and evaporation
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5.3 Results and analysis
5.3.1 Soil hydro-thermal behavior
With soil parameters, initial and boundary conditions as introduced above, the modelling of
Héricourt embankment with consideration of soil-atmosphere interaction can be performed by
finite element method using FreeFem++ code (Hecht 2010). Thereby, the variations of
volumetric water content and temperature are analyzed in three groups as follows.

5.3.1.1 Interior points (Points I1, I2 and I3)
The numerical results at three interior points (I1, I2 and I3) are compared with measurements
in Figure 5. 19. It appears that the temperatures change slightly during the period of monitoring
considered: all curves keep nearly stable. This suggests that even though heat transfer and mass
transfer occur at soil surface, these three points are not significantly influenced. Comparison
between the measurement data and the simulation results of soil temperature shows a good
agreement (Figure 5. 19a). Similar variation tendency is observed for soil volumetric water
content at these three points, and the simulation results also fit well with the corresponding
measurement data (Figure 5. 19b). The small variations of temperature and volumetric water
content can be explained by the relatively far positions from the top and slope surfaces of these
points.

5.3.1.2 Near soil surface points (S1, S2 and S3)
Three different points near soil surface, S1, S2 and S3, are chosen for analyzing the effect of
soil-atmosphere interaction. These three points have the vertical distances of 40 cm, 33 cm and
15 cm respectively to the soil surface (Figure 5. 20). In terms of soil temperature variations,
points S1 and S2 show a good agreement between the measurement data and the simulation
results, with slight variations around 17 °C (Figure 5. 20a). For point S3, the measured
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temperature increased at day time and decreased at night time, showing daily cyclic changes.
The same tendency is also observed in simulation result even though there are significant
differences between simulation and measurement. These differences may be due to the soil
heterogeneity at the junction of slope and top boundary of field embankment. The real soil
characteristics may differ from the assumed soil parameters in the numerical calculation.
Examination of the simulation result of volumetric water content at these three points shows an
increase during a rainfall event and a decrease during evaporation. This is consistent with the
measurement results. Indeed, no variation of volumetric water content is identified at points S1
and S2 during the first six days (Figure 5. 20b), which can be explained by the delayed reaction
of the sensors because of the 20 cm layer of soil added on the slope surface. Thereby,
comparison is conducted only from the 6th day. For point S2, its simulation result shows a good
agreement with the measurement data (Figure 5. 20b). By contrast, for point S1, differences
between two results can be observed. The measurement data keeps stable around 0.36 from the
6th day to the 9th day then goes down sharply. In the following days, it only shows a slight
increase when the rainfall arrives again and always keeps stable for more than one day. The
simulation result reaches the same value as the measured one at the 6th day, then decreases
gradually with evaporation and increases with rainfall. As far as the rainfall information
presented in Figure 5. 5b, it is noticed that discontinuous rainfall exists during 12/07/2011 to
14/07/2011 then appears again on 17/07/2011. The simulation results show that the volumetric
water content decreases gradually from the 7th day to the 11th day then has the increasedecrease variation in the following days. Therefore, it can be inferred that the simulation results
of gradual decrease during the 7th day to the 11th day are more rational compared with the
values of sharp decrease at the 9th day in measurements. This suggests that some unexpected
problems may happen during the field measurement, and the simulation results can help identify
and correct the sensor problems during the field measurement. For point S3, it appears that the
response of volumetric water content is consistent with the surface water flux boundary
condition (evaporation/infiltration) from the beginning, proving a good agreement between the
measurement and the simulation results. This evidences the effect of slope surface boundary
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condition on the volumetric water content variations. Furthermore, at points S1 and S2, the soil
temperatures keep stable, but the volumetric water contents show variations over time. These
results indicate that soil-atmosphere interaction is characterized by different depths of influence
for soil temperature and volumetric water content.
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Figure 5. 19. Comparisons between the measured data and calculated data for interior
points I1, I2, and I3: (a) temperature variations; (b) volumetric water content variations
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Figure 5. 20. Comparisons between the measured data and calculated data for the near
soil surface points S1, S2, and S3: (a) temperature variations; (b) volumetric water
content variations

5.3.1.3 Soil surface points (A1 and A2)
In the field measurements, only temperature variations over time were recorded for the top soil
surface at point A1 and for the slope surface at point A2 (10 cm below the soil surface). Thereby,
only the temperature variations are considered for comparison. In Figure 5. 21a, a good
agreement can be identified between measurement and simulation in terms of the temperature
variation at point A1. In Figure 5. 21b, the temperature variation of the slope surface point A2
is compared. A satisfactory agreement is also observed between measurement and simulation:
the differences between both are limited to 2 ºC.
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Figure 5. 21. Temperature comparisons between the measured data and simulation data:
(a) for slope surface point A1; (b) for top surface point A2

5.3.2 Influence depths of soil temperature and volumetric water content by
climate conditions
The overall good agreement between the measurements and the simulations validates the
adopted fully coupled hydro-thermal soil model and the surface boundary conditions deduced
from the soil-atmosphere interaction model. Furthermore, it proves that the soil temperature
and volumetric water content are both greatly influenced by the soil-atmosphere interaction,
but within different limited depths. For the temperature variations, the field data at points S1
and S2 shows a variation lower than 1.0 ºC (Figure 5. 20a). However, the measured volumetric
water content at both points S1 and S2 shows significant variations due to
evaporation/infiltration process (Figure 5. 20b).
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Figure 5. 22. Soil temperature profiles at different times: (a) below point A1; (b) below
point A2
In order to further explore the influence depth of soil-atmosphere interaction, the simulated soil
temperature and volumetric water content profiles below points A1 and A2 are presented in
Figure 5. 22a and Figure 5. 22b, respectively. It can be observed that, the soil temperatures at
the depth of 4 m below point A1 and point A2 keep nearly stable and are not influenced by the
surface boundary conditions. Larger variations can be identified for the temperatures below
point A2 as compared to those below point A1, showing the contribution of the slope surface
boundary conditions. Nevertheless, the influence depths in terms of soil volumetric water
content below point A1 and point A2 are estimated at 2 m and 3 m respectively as shown in
Figure 5. 23a and Figure 5. 23b. The soil volumetric water content at the depth of 4 m below
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point A1 is influenced by the underground water table as shown in Figure 5. 16. The results
indicate that the slope surface boundary conditions have a smaller effect on the volumetric water
content variation than on the temperature variation. On the other hand, heat is transferred
homogeneously in all directions in a homogeneous material while soil volumetric water content
variation is dominantly controlled by the vertical water flow due to the gravity effect. Therefore,
it is recommended to investigate the influence depths of temperature and volumetric water
content separately in different zones of the two-dimensional embankment, because the
temperature changes are related to the thermal boundary conditions while the volumetric water
content changes are governed by the hydraulic boundary conditions.
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Figure 5. 23. Soil volumetric water content profiles at different times: (a) below point
A1; (b) below point A2
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5.4 Sensitivity analysis about initial condition effect
A sensitivity study on initial condition effect is useful to understand how initial setup of the
system impacts the final numerical results. Specifically, it is important to study the effect of
influencing factors in initial condition on the final results and the time required for the error
disappears, which can be defined as calibration time. As stated by Daniel (2013), with an initial
isothermal state defined by a reference depth temperature, his model needs to be run for 4~7
days in order to generate a realistic soil temperature profile. This could also be achieved by
cycling 4~7 times during the first day for producing a relatively realistic initial soil temperature
profile. In contrary, the initial water content profile needs to be measured accurately. In
literature, the study of initial condition effect only involves heat flow in soil, water flow being
not discussed. Furthermore, few studies of initial conditions effect have been conducted in the
numerical analysis of geotechnical constructions. Based on the abundant information collected
in Héricourt embankment, numerical experiments can be designed for this purpose. As a
coupled hydro-thermal soil model is applied, the numerical experiments are conducted in two
parts: initial conditions in terms of soil temperature and in terms of volumetric water content.

5.4.1 Initial condition of soil temperature
In terms of temperature changes, soil in all depths will be influenced by climate conditions
when the studied period is long enough. In a limited studied period, the climate effect on soil
temperature will be restricted in a shallow depth. Generally, due to the fact that the surface
sensors are not easy to be installed and in addition, they are frequently influenced by the
environment near soil surface, error in the estimation of soil initial temperature may appear. It
is essential to well understand the initial soil temperature effect on the final calculation results.

5.4.1.1 Three cases with different soil initial temperatures
In Héricourt embankment, a much larger temperature gradient has been observed in the region
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near soil surface (Figure 5. 24). Three different initial conditions of soil temperature profile are
proposed for numerical investigation. They are defined in a reasonable range based on the
measurements and are presented in Table 5. 3. Below point A2 (Figure 5. 3), five points are
selected at depths of 0.00 m (point P1), 0.15 m (point P2), 0.25 m (point P3), 0.50 m (point P4),
0.75 m (point P5) for monitoring soil temperature variations over time.
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Figure 5. 24. Soil temperature measurement profile and assumed three initial soil
temperature conditions below point A2
Table 5. 3. Soil initial temperature in three different cases
Soil depth

Initial condition of soil temperature (°C)

y >= 15.6m

Case 1: T0 = 13+(y-15.6)×28.85
Case 2: T0 = 13+(y-15.6)×18.85
Case 3: T0 = 13+(y-15.6)×23.85

y < 15.6m

T0 = 10+0.24×y

Other required information is assumed to be the same as that adopted in section 5.2. The soil
temperature variations at the five points in the three cases are presented in Figure 5. 25. In this
study, calibration time is defined as the period from the starting moment to the moment when
the differences in the three cases are smaller than 0.2 ºC. In Figure 5. 25, from point P1 to P5,
the calibration time is 3.35 days, 8.67 days, 10.96 days, 15.29 days, 18.40 days, showing that
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longer calibration time is required for deeper points. Meantime, it is observed that the variation
range of soil temperature is smaller as the depth increases.
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Figure 5. 25. Soil temperature variations in the three cases with different initial
temperature conditions: (a) at point P1; (b) at point P2; (c) at point P3; (d) at point P4;
(e) at point P5
In the three cases with different soil temperature initial conditions, the reasons to lead the final
consistent value after a calibration time might be questioned. As presented in section 5.2.3, heat
flux boundary conditions influence significantly the variations of soil temperature. In Figure 5.
26, heat fluxes at the top boundary (BC3) are presented to explain the dissipation process of
soil temperature differences caused by different soil initial conditions.
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Figure 5. 26. Heat flux variations during the studied time period: (a) sensible heat; (b)
latent heat; (c) soil heat
Based on equation (3.14), net solar radiation is the same input data as the only exterior heat
source in the three cases. Soil heat flux G is applied as heat flux boundary condition and needs
to be estimated using latent heat LE and sensible heat H. The determination of sensible heat H
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(equation 3.29) is intimately related with the soil surface temperature, while the latent heat LE
is related with the soil surface temperature and volumetric water content because of evaporation.
For the surface points, their initial temperatures will be modified iteratively by heat flux
boundary conditions during the interaction with atmosphere. For the three cases, during soilatmosphere interaction, the sensible heat values are different initially but reach the same value
finally as shown in Figure 5. 26a. However, Figure 5. 26b shows that the latent heat results in
the three cases are nearly the same during all the studied period. Finally, as the heat flux
boundary condition on the soil surface, soil heat flux G in the three cases reaches the same value
after the calibration time (Figure 5. 26c). Hence, it is inferred that the sensible heat is the
predominant and direct reason to lead the variation of soil heat flux, further affecting the
dissipation process of soil temperature differences.
Additionally, some influencing factors in initial temperature condition can lead different
calibration time. In the further sensitivity analysis, soil thermal conductivity and time scale of
boundary conditions are tested respectively.

5.4.1.2 Effect of soil thermal conductivity
The effect of soil thermal conductivity on soil temperature variation is naturally significant
because conduction is the most important form of heat transfer in soil. Different values of soil
thermal conductivity are adopted respectively for the three different cases presented above,
aiming at studying the effect of soil thermal conductivity on calibration time. As the common
value of soil thermal conductivity is 0.15~4.00 (W/(mK)), soil thermal conductivity values are
assumed to be λ = λoriginal+0.5 and λ = λoriginal+1 in the two other cases.
Firstly, three cases with different initial temperature conditions are tested with soil thermal
conductivity λ = λoriginal+0.5. As presented in Figure 5. 27, for each point, the differences
between the three cases are decreasing over time. The calibration time is found to be 3.56 days,
7.25 days, 8.98 days, 12.31 days and 14.75 days for points P1, P2, P3, P4, and P5, respectively.
As depth increases, longer calibration time is required because of heat conduction. Meantime,
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soil temperature of deeper points shows much smaller fluctuations than that in the near surface
zone.
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Figure 5. 27. Soil temperature variations with soil thermal conductivity λ = λoriginal+0.5 in
the three cases with different initial temperatures: (a) at point P1; (b) at point P2; (c) at
point P3; (d) at point P4; (e) at point P5
Secondly, the soil thermal conductivity of λ = λoriginal+1 is applied for the three cases. Figure 5.
28 presents the calculation results of the five points, indicating that the differences between the
three cases in terms of each point are decreasing over time. The calibration phase takes 3.52
days, 6.35 days, 7.75 days, 10.50 days and 12.48 days at points P1, P2, P3, P4, and P5,
respectively. It suggests that the calibration time is longer for deeper positions. Meanwhile, as
depth increases, the fluctuation range of soil temperature becomes smaller.
The information of calibration time for soil with different thermal conductivities is summarized
in Table 5. 4. As soil surface temperature is directly influenced by heat flux boundary condition
and is involved in sensible heat and latent heat, the calibration times at the surface points are
nearly the same for soil with different thermal conductivities. For other studied points, as soil
thermal conductivity increases, shorter calibration time is needed. In addition, at deeper position,
the effect of soil thermal conductivity on calibration time is more obvious, suggesting that
longer calibration time is saved with larger thermal conductivity. For instance, at point P2, the
calibration time is 8.67 days for soil with original thermal conductivity λoriginal, and 7.25 days
for soil with thermal conductivity λoriginal+0.5. It indicates that nearly one day of calibration time
is saved for higher soil thermal conductivity. However, at point P5, the calibration time is
reduced from 18.40 days to 14.75 days, nearly 3.75 days being saved when the soil thermal
conductivity increases from λoriginal to λoriginal+0.5. This clearly shows the importance of soil
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thermal conductivity for the calibration time and the determination of soil temperature initial
conditions.
Table 5. 4. Calibration time for five points at different depths with different soil thermal
conductivities
Points

Calibration time (days) (when difference < 0.2°C)
P1

P2

P3

P4

P5

Original value λoriginal

3.35

8.67

10.96

15.29

18.40

λ = λoriginal+0.5

3.56

7.25

8.98

12.31

14.75

λ = λoriginal+1

3.52

6.35

7.75

10.50

12.48
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Figure 5. 28. Soil temperature variations with soil thermal conductivity λ = λoriginal+1 in
the three cases with different initial temperatures: (a) at point P1; (b) at point P2; (c) at
point P3; (d) at point P4; (e) at point P5

5.4.1.3 Effect of time scale of boundary conditions
Through the above analysis, it appears interesting to further explore the effect of time scale of
boundary conditions on the calibration time. With the meteorological information provided at
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the site of Héricourt embankment, the heat flux boundary conditions are integrated and
calculated in different time scales: 30 min, 1 hour, 6 hours, and 1 day. It means that different
time steps are considered in the three cases. The results of numerical analysis in different time
scales of 1 hour, 6 hours and 1 day are respectively presented in Figure 5. 29, Figure 5. 30, and
Figure 5. 31. In all time scales, longer calibration time is required as depth increases. For
instance, in the calculation results with a time step of 1 hour ( Figure 5. 29), the calibration time
is 3.33 days, 8.75 days, 11.00 days, 15.33 days, and 18.50 days for points P1, P2, P3, P4 and
P5, respectively. Whilst the soil temperatures of deeper points always show much smaller
fluctuation than those of near soil surface points.
All information about calibration time in different time scales is summarized in Table 5. 5. The
calibration time can be obtained for all the points when the time scale is 30 min or 1 hour.
However, when the time scale is 6 hours or 1 day, the soil temperature at some deep points (P4
and P5 for 6 hours, P3, P4 and P5 for 1 day) cannot be calibrated during 20 days and longer
calibration time is required.

Table 5. 5. Calibration time for five points at different depths with different time scales
Points

Calibration time (days) (when differences < 0.2°C)
P1

P2

P3

P4

P5

30 min

3.35

8.67

10.96

15.29

18.40

1 hour

3.33

8.75

11

15.33

18.5

6 hours

9.75

14

16.5

>20

>20

1 day

16.0

20

>20

>20

>20

Time scale

175

30

24

18

12
Temperature (°C)

2011/7/28
2011/7/26
2011/7/24
2011/7/22
2011/7/20

2011/7/28
2011/7/26
2011/7/24
2011/7/22
2011/7/20
2011/7/18

Case 3-P3
Case 2-P3
Case 1-P3

2011/7/28
2011/7/26
2011/7/24
2011/7/22
2011/7/20
2011/7/18
2011/7/16

Case 3-P4
Case 2-P4
Case 1-P4

42

2011/7/18

2011/7/16

2011/7/14
2011/7/12
2011/7/10

2011/7/28

2011/7/26

2011/7/24

2011/7/22

2011/7/20

2011/7/18

2011/7/16

2011/7/14

2011/7/12

2011/7/10

2011/7/8

2011/7/6

176

2011/7/16

2011/7/14
2011/7/12
2011/7/10

2011/7/8
2011/7/6

15.33 days

30

2011/7/14
2011/7/12
8.75 days

36

2011/7/10

2011/7/8
2011/7/6

11 days

36

30

24

18

12
Temperature (°C)

30

24

18

12

Temperature (°C)

42

Case 3-P2
Case 2-P2
Case 1-P2

42

Case 3-P1
Case 2-P1
Case 1-P1
3.33 days

36

2011/7/8
2011/7/6

36

24

18

12

Temperature (°C)

Chapter 5: Modelling of Héricourt embankment
(a)

6

(b)

6

(c)

42

6

(d)

6

Chapter 5: Modelling of Héricourt embankment
(e)
Temperature (°C)

42
Case 1-P5

36

Case 2-P5

Case 3-P5

18.50 days

30
24
18
12
6

2011/7/28

2011/7/26

2011/7/24

2011/7/22

2011/7/20

2011/7/18

2011/7/16

2011/7/14

2011/7/12

2011/7/10

2011/7/8

2011/7/6

Figure 5. 29. Soil temperature variations when the time step is one hour: (a) at point P1;
(b) at point P2; (c) at point P3; (d) at point P4; (e) at point P5
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Figure 5. 30. Soil temperature variations when the time step is six hours: (a) at point P1;
(b) at point P2; (c) at point P3; (d) at point P4; (e) at point P5
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Figure 5. 31. Soil temperature variations when the time step is one day: (a) at point P1;
(b) at point P2; (c) at point P3; (d) at point P4; (e) at point P5
As the surface point P1 is directly influenced by the heat flux boundary conditions, the soil
surface temperatures are involved effectively in the determination of sensible heat. The
calibration time at this point is nearly the same for the time scales of 30 min and 1 hour. When
the numerical calculation is conducted every 6 hours or daily, much longer calibration time is
needed. Regarding the results obtained at point P2, the calibration time increases with the
increase of time step. The effect of time step at other points cannot be studied because the
calibration time is expected to be longer, but the similar conclusion can be inferred as that for
point P2. It can then be concluded that shorter time scale reduces the calibration time by
accelerating the iteration rate of soil-atmosphere interaction.

5.4.2 Initial condition of soil volumetric water content
Based on the measurements of soil volumetric water content, three different cases are assumed
in order to study the effect of soil volumetric water content initial conditions on the final results
(Figure 5. 32). The details of soil initial volumetric water content expressions are expressed in
Table 5. 6.
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Figure 5. 32. Soil volumetric water content profile measured and three initial soil
volumetric water content conditions assumed below point A2
Other required information is assumed to be the same as that adopted in section 5.2. The five
studied points are the same as chosen in section 5.4.1. The results of soil volumetric water
content variation at these points in the three cases are presented in Figure 5. 33. It is observed
that the soil volumetric water content in the region near soil surface (Point P1) in three cases
all show a slight increasing trend over time, varying in a much larger range than those at other
deeper points. However, the values in the three cases cannot reach the same value after a period
of time. Similarly, deeper points also present a slight growth trend with certain fluctuations and
this growth trend becomes weaker as depth increases. For all studied points in the three cases,
the same value of soil volumetric water content cannot be reached after a period of time. It
means that no calibration time exists for the soil volumetric water content in these three cases.
Table 5. 6. Soil initial volumetric water contents in three different cases
Soil depth

Initial condition of soil volumetric water content

y >= 5 m

Case 1: w0 = 0.35
Case 2: w0 = 0.25
Case 3: w0 = 0.15

y<5m

w0 = 0.4
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As the water flux boundary condition on the top surface will be infiltration or evaporation,
dominantly controlled by rainfall, runoff and evaporation and rainfall and evaporation will not
show regular daily cycles as temperature, water flux boundary conditions are relatively
independent of the variations of soil surface volumetric water content. Besides, the soil surface
temperature and volumetric water content are only involved in the estimation of evaporation
during numerical modelling. Therefore, the differences of soil volumetric water contents caused
by different initial conditions are not easy to be corrected automatically.
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Figure 5. 33. Soil volumetric water content variations in the three cases with different
initial volumetric water content conditions: (a) at point P1; (b) at point P2; (c) at point
P3; (d) at point P4; (e) at point P5

5.4.3 Suggestions for determining soil initial conditions
According to the above analyses, it is observed that in the definition of soil initial temperature
conditions, longer calibration time is required and smaller fluctuation of temperature variation
exists as depth increases. As soil thermal conductivity increases, heat is conducted more quickly
to deeper region from soil surface. Correspondingly, the influenced region by boundary
conditions is becoming deeper and shorter calibration time is required at the same position. On
the other hand, different calibration time is obtained when different time scales of boundary
conditions are considered. Shorter time scale helps renew the boundary conditions more
effectively, allowing the calibration time to be reduced. Conversely, the calibration phase does
not exist for the soil volumetric water content in this study.
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Relying on the numerical analyses, it can be concluded that the initial conditions of soil
temperature and volumetric water content need to be treated in different ways. Regarding initial
soil temperature condition, the value can be regulated within a certain influence depth. But for
the deeper region out of this influence depth, accurate measurement data is necessary. In
practice, this method can also be applied to verify the accuracy of soil temperature
measurements.
Because rainfall and evaporation do not show regular daily cycles as the heat flux, water flux
boundary conditions are relatively independent of the variation of soil surface volumetric water
content. Therefore, no calibration time exists for volumetric water content. Hence, accurate
measurements are required for defining initial conditions of soil volumetric water content.

5.5 Conclusions
The Héricourt embankment constructed in Franche-Comté region is studied in this chapter. This
embankment was richly instrumented, with a weather station on the embankment surface,
specific sensors for the measurements of soil temperature and volumetric water content in
various positions. This enables the study of soil-atmosphere interaction and its effect on soil
temperature and volumetric water content variations. The comparison between simulation
results and filed measurements shows that an approach combining a fully coupled hydrothermal soil model and soil-atmosphere interaction model is suitable for analyzing the soil
temperature and volumetric water content in two-dimensional embankments. The good
agreement between measurements and calculations also proves that suitable boundary
conditions and soil parameters have been adopted for the numerical analyses.
During the studied period of 20 days, the soil temperature and volumetric water content
variations show different influence depths of soil-atmosphere interaction: 4 m below the slope
surface (below point A1) and below the top surface (below point A2) for temperature; 2 m
below point A1 and 3 m below point A2 for volumetric water content. Note however that a
larger temperature variation is identified below point A2 as compared to that below point A1,
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showing the contribution of the slope surface boundary conditions. This suggests that the soil
temperature in the region below the top surface is more sensitive to the slope boundary
conditions than the soil volumetric water content.
Furthermore, numerical tests are conducted for a better understanding of initial condition effect
on the final results. It appears that in terms of initial temperature conditions, longer calibration
time is required and less fluctuation of soil temperature variation exists as depth increases. The
effects of soil thermal conductivity and time scale are also investigated. It is observed that heat
is conducted more quickly to deeper region from soil surface when soil thermal conductivity is
larger, leading the deeper influence zone of boundary conditions and shorter calibration time at
the same position. On the other hand, when different time scales of boundary conditions are
considered, the numerical calculations are conducted in different time steps. It indicates that
shorter time scale helps renew the boundary conditions more effectively, allowing the
calibration time to be reduced. By contrast, the calibration phase does not exist for soil
volumetric water content in this study.
Therefore, it is suggested that the initial conditions of soil temperature and volumetric water
content need to be treated in different ways. Regarding initial soil temperature condition, the
value can be regulated within a certain influence depth. But for the deeper region out of this
influence depth, accurate measurement data is necessary. Besides, accurate measurements are
required in the definition of initial conditions of soil volumetric water content.
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6.1 Rouen embankment
In the project “Digues et Ouvrages Fluviaux, Érosion Affouillements et Séismes (DOFEAS)”,
an experimental embankment was constructed in Rouen, France. This region is characterized
by a continental climate influenced by ocean. The field site plan is presented in Figure 6. 1. The
surface and slope situations of the embankment are shown in Figure 6. 2a and Figure 6. 2b,
respectively. The construction of experimental embankment was conducted from 26/09/2011 to
26/10/2011. The embankment is 21 m long, 1.8 m high, consisting of six layers of 0.3 m each,
with two different slopes 2:3 (left) and 1:2 (right) (Vertical: Horizontal) as shown in Figure 6.
3. The soil used for the embankment construction is a silt treated by 2% CaO. In terms of
untreated silt, its plastic limit wp is 23%, liquid limit wl is 37%, plasticity index IP is 14, and
methylene blue value VBS is 2.38. More information about the embankment construction can
be found in the report by Charles and Froumentin (2013).

Figure 6. 1. Field site plan of Rouen experimental embankment
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(a)

(b)

Figure 6. 2. Field view of Rouen embankment: (a) embankment surface situation in
10/2011; (b) the slope situation of embankment in 07/2015
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Figure 6. 3. Cross section of Rouen embankment
Figure 6. 4 presents the instrumentation of the field embankment and indicates the number of
each layer. The soil temperature and volumetric water content were recorded by PT 100 and
TDR sensors, respectively. These sensors were designed to be installed at different layers during
the construction as follows:
1) 1C0 to 4C0 were sited on the interface between supportive soil and the first soil layer;
2) 1C2 to 3C2 were sited on the second layer;
3) 1C4 to 3C4 were sited on the fourth layer;
4) 1C5 and 2C5 were sited on the interface between the sixth and fifth layer.
The outlook of sensors used for the temperature measurement (PT 100) and volumetric water
content measurement (TDR) are presented in Figure 6. 5. The soil temperature was recorded
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every two hours from 10/07/2011 to 03/02/2015 by a central automatic acquisition system. For
the soil volumetric water content, it was measured every six hours from 25/10/2011 to
12/12/2014 by a multiplexer and trace acquisition system.

Figure 6. 4. Field instrumentation profile of Rouen embankment, providing information
about the number and position of each sensor

Figure 6. 5.

PT100 sensor for soil temperature measurement (left) and TDR sensor for
soil volumetric water content measurement (right)

During 10/07/2014-13/01/2015 (187 days), hourly meteorological data such as solar radiation,
rainfall, wind speed, air relative humidity, air temperature and dew temperature were
successfully recorded by a “ECTOT LES BAONS” station of METEO FRANCE, which is 30
km away from Rouen embankment. Moreover, during 27/10/2011-17/11/2012 (387 days),
precise hourly information about air temperature and air relative humidity, rainfall and dew
temperature information were measured by a field meteorological station (20 m away from
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Rouen embankment). The information of solar radiation and wind speed during the same period
(387 days) can be collected from “ECTOT LES BAONS” station. Thereby, these two different
periods (187 days+387 days) were chosen with complete metrological data, soil temperature
and soil volumetric water content at different points, enabling the evaluation of climate effect
on treated soil embankment.
In the numerical modeling of Rouen embankment, several assumptions are made for
simplification:
1) Soil is assumed to be homogeneous and isotropic in the whole embankment;
2) The positions of sensors for recording soil temperature and volumetric water content are
assumed to be at the right place shown in Figure 6. 4; no offset of sensors during the
construction happened;
3) The heat flux and water flux boundary conditions are assumed to be the same for all points
at the same surface boundary;
4) The surface of field embankment is bare; no vegetation effect is considered.

6.2 Definition of numerical model
6.2.1 Soil parameters
The hydro-thermal properties of the studied silt treated by 2% CaO are required for the
numerical analysis. Its thermal conductivity, soil water retention and hydraulic conductivity
curves are determined and presented below.
As for the Héricourt embankment, the soil thermal conductivity was measured by KD2
Analyzer (Tang et al. 2008; Buongiorno et al. 2009; Teng et al. 2010). As proposed by De Vries
(1963) and Cui et al. (2005), a linear relationship between soil thermal conductivity and
volumetric water content is chosen (Figure 6. 6) and expressed by:

  2.1818  0.808

(5.1)
189

Chapter 6: Modelling of Rouen embankment
where  is the thermal conductivity (W/(mK)), is the volumetric water content.

Thermal conductivtiy (W/(mK))
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Figure 6. 6. Thermal conductivity curve versus volumetric water content for the silt
treated by 2% CaO
Three field soil samples are taken and tested to obtain the water retention curve using “WP4
method” (Scanlon et al. 2002; Thakur et al. 2006). Besides, the porosity of treated silt is also
determined, being equal to 0.37. Based on van Genuchten model (van Genuchten 1980), the
expression for the soil water retention curve is built:


  r 
1
Se 


 s   r 1   s n 

m

(5.2)

where the saturated volumetric water content θs = 0.37; the residual volumetric water content
θr = 0.00; parameter αs = 0.0025 kPa-1, m = 0.18 and n = 2.2. With the measurement data, a
fitting curve is drawn in Figure 6. 7.
As stated by Charles and Froumentin (2013), the saturated permeability of treated silt has been
measured in-situ at different positions and at different times: 2.8×10-9 m/s (28 days), 1.2×10-9
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m/s, 3.9×10-8 m/s, 9.4×10-9 m/s (180 days), and 1.2×10-8 m/s (365 days). It means that during
the construction and service period, the soil hydraulic properties vary slightly, keeping the value
in the range from 1.0×10-8 to 1.0×10-9 m/s. Therefore, the value of 1.0×10-9 m/s is chosen in the
numerical modeling. Based on the soil water retention curve determined previously, the
hydraulic conductivity in unsaturated state can be estimated using van Genuchten model (van
Genuchten 1980):

m1
K  K sSe 0.5 1  1  Se1/ m1  



2

(5.3)

where m1 = 0.5; saturated hydraulic conductivity Ks = 1.0×10-9 m/s; other parameters take the
same values as explained for equation (5.2). The curve of soil hydraulic conductivity versus
suction is plotted in Figure 6. 8.
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Figure 6. 7. Water retention curve versus suction for the silt treated by 2% CaO
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Figure 6. 8. Hydraulic conductivity curve versus suction for the silt treated by 2% CaO

6.2.2 Model dimensions, initial and boundary conditions
Based on the field embankment profile (Figure 6. 4) and the suggested model dimensions of
Héricourt embankment in Chapter 5, the numerical model dimensions of Rouen embankment
are defined as shown in Figure 6. 9 .
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0.280 m
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BC2
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BC1

Figure 6. 9. Model dimensions adopted for Rouen embankment
The initial conditions of the coupled hydro-thermal soil model are determined by the
measurement data of soil temperature and volumetric water content at the starting time
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10/07/2014, 16:00 for 187 days and 27/10/2011, 16:00 for 387 days, respectively.
For bare soil, as rainfall happens, part of water will infiltrate into the soil. The rest of rainfall
becomes runoff on soil surface. Based on the measurements of runoff in Héricourt embankment,
runoff is assumed as zero for Rouen embankment. Meanwhile, evaporation happens at soilatmosphere interface because of energy transfer and vapor pressure gradient existing near the
soil surface. As far as the heat transfer is concerned, solar radiation is the only exterior heat
resource. The net solar radiation is equal to the sum of latent heat, soil heat and sensible heat.
As for the Héricourt embankment, the mass and energy balances during soil-atmosphere
interaction are used to determine the water and heat boundary conditions (Blight, 1997). These
details of initial conditions and boundary conditions are listed in Table 6. 1.
In order to explain the boundary conditions estimated through considering soil-atmosphere
interaction, heat and water fluxes on the top surface (BC7) in the studied period of 187 days are
presented in Figure 6. 10 and Figure 6. 11, respectively. Other boundaries interacted with
atmosphere (BC6, BC5, BC4, and BC3) have the similar conditions. Note that these boundary
conditions are calculated iteratively. Furthermore, the same method is applied to estimate the
boundary conditions for the studied period of 387 days.
As presented in Figure 6. 10, the soil heat is dominated by the net solar radiation which is the
energy from the sun to soil and its value keeps positive during the day and negative during the
night. Latent heat represents the energy consumed by evaporation and is in negative values.
Sensible heat represents the energy to heat air. When it is in negative value, soil temperature is
higher than air temperature. Conversely, air temperature is higher than soil temperature. Relying
on the energy balance, soil heat can be estimated effectively by net solar radiation, latent heat
and sensible heat. Moreover, the seasonal variations are also reflected by the variations of net
solar radiation, soil heat and sensible heat fluxes: the absolute values of net solar radiation and
soil heat decrease gradually from summer to winter; the sensible heat varies from negative
values in summer to positive values in winter, indicating that soil temperature is higher than air
temperature in summer but lower than air temperature in winter.
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Table 6. 1. Initial conditions and boundary conditions used for numerical modelling of
Rouen embankment
Initial conditions
Boundary

Measurement data at the starting moment
Thermal boundary conditions

Hydraulic boundary conditions

BC1

Measured soil temperature

 0

BC2,

G0

I nf  0

G  Rn  LE  H

I nf   P - Roff - Ea  ρl

number

BC8

BC7

H  f T7 

LE  f T7 , 7 
G  Rn  LE  H
Boundary

BC6

H  f T6 

LE  f T6 , 6 

conditions

G  Rn  LE  H
BC5

H  f T5 

LE  f T5 , 5 

G  Rn  LE  H
BC4

H  f T4 

LE  f T4 ,  4 
G  Rn  LE  H
BC3

H  f T3 

LE  f T3 , 3 

Ea  f T7 ,7 

I nf   P - Roff - Ea  ρl
Ea  f T6 ,6 
I nf   P - Roff - Ea  ρl
Ea  f T5 ,5 
I nf   P - Roff - Ea  ρl
Ea  f T4 , 4 
I nf   P - Roff - Ea  ρl
Ea  f T3 ,3 
187 days: a1 = 0.031; a2 = 0.022

Equation (5.4)

387 days: a1 = 0.0155; a2 = 0.03

where Ti and i mean soil temperature (°C) and suction (m) of the surface point chosen at the “BCi” boundary
as shown in Figure 6. 9. Other terms are explained in Chapter 3.

In the case of Héricourt embankment, runoff rate is smaller than 3.3% rainfall, corresponding
to 0.5% in volumetric water content. Thereby, considering the similarities between the two
embankments, in Rouen embankment, the runoff value is assumed as zero without field
measurement. Its values may affect the calculation results, but this effect is believed to be
limited in comparison with the rainfalls. As shown in Figure 6. 11, the evaporation values are
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mainly in the order of magnitude of 10-8 m/s, much smaller compared with that of rainfall and
infiltration in 10-6 m/s. Thereby, it is obvious that rainfall affects the water flux boundary
effectively. The infiltration represents the value of water boundary condition on soil surface. Its
positive value means that water flows into the soil. By contrast, evaporation is in negative value,
showing water going out from the soil surface.
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Figure 6. 10. Heat fluxes at the top surface of Rouen embankment (BC7): (a) net solar
radiation and soil heat; (b) sensible heat and latent heat
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Figure 6. 11. Water fluxes at the top surface of Rouen embankment (BC7): rainfall,
infiltration, and evaporation
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With the soil parameters, initial and boundary conditions as introduced above, the modelling of
Rouen embankment with consideration of soil-atmosphere interaction can be performed by
finite element method using FreeFem++ code (Hecht 2010).

6.3 Modelling of Rouen embankment for 187 days
6.3.1 Presentation of meteorological data
At meteorological station “ECTOT LES BAONS”, the hourly meteorological data including
solar radiation (Figure 6. 12a), rainfall (Figure 6. 12b), wind speed (Figure 6. 12c), relative
humidity (Figure 6. 12d), air temperature (Figure 6. 12e) and dew temperature (Figure 6. 12f)
during 10/07/2014~13/01/2015 (187 days) are recorded. It is observed that solar radiation, air
and dew temperatures present obvious decreasing tendency as season changes from summer to
winter. These data are used to calculate the heat and water flux boundary conditions with
consideration of the surface soil temperature and suction as discussed in section 6. 2.
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Figure 6. 12. Meteorological data recorded at meteorological station of METEO
FRANCE from 10/07/2014 to 13/01/2015: (a) solar radiation; (b) rainfall; (c) wind speed;
(d) relative humidity; (e) air temperature; (f) dew temperature
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6.3.2 Results and discussions
6.3.2.1 Variations of soil temperature
All PT100 sensors worked well during the studied period form 10/07/2014 to 13/01/2015 (187
days), involving four groups of points: near top surface points (point 1C5 and 2C5), near slope
surface points (point 3C4, 3C2 and 4C0), interior points (point 2C4, 2C2 and 2C0), and interior
middle points (point 1C4, 1C2 and 1C0). These points are situated at different layers as shown
in Figure 6. 4. The comparisons of soil temperature variations between calculation and
measurement at these points are made.
Firstly, points 1C5 and 2C5 sited on the interface between the top layer and the second layer
are studied. Point 1C5 is in the middle of the field embankment, while point 2C5 is under the
juncture of the top surface and the slope surface of the embankment. They hold different vertical
distances from the top surface boundary (BC7) and the slope surface one (BC6): 0.38 m for
point 1C5 and 0.24 m for point 2C5. In Figure 6. 13, satisfactory agreement between measured
and calculated data of soil temperature at these two points is obtained. At points 1C5 and 2C5,
soil temperature shows a declining tendency following the seasonal change from summer to
winter in 2014. At point 1C5, soil temperature increases to reach the maximum value of 25.6 °C
on 19/07/2014, then it goes down continuously to the minimum value of 3.73°C on 31/12/2014,
along with several decrease-increase fluctuations. The similar seasonal variations of soil
temperature are also observed at point 2C5. Meanwhile, daily variations of soil temperature at
these two points can be observed, along with the seasonal variations.
For the near slope surface points 3C4, 3C2 and 4C0, they hold different vertical distances of
0.39 m, 0.78 m, 0.84 m to the slope surface, respectively. Satisfactory consistency is obtained
between calculation and measurement for these points (Figure 6. 14). They keep the similar
decreasing tendency over time, showing the similar seasonal changes as the two points in the
first group. Besides, daily variations of soil temperature at these points can also be identified.
As point 3C4 is located closer to the slope surface than the others, it is more sensitive to the
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climate conditions, showing significant variations. However, deeper points 3C2 and 4C0 vary
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more smoothly with less daily variations.
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Figure 6. 13. Soil temperature comparisons between the calculation and measurement
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for points 1C5 and 2C5 during the studied period
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Figure 6. 14. Soil temperature comparisons between the calculation and measurement
for points 3C4, 3C2 and 4C0 during the studied period
The points of the third group, 2C4, 2C2 and 2C0, are at depths of 0.59 m, 1.19 m, and 1.79 m
below the top boundary, respectively. All the calculated data of the interior points fit the
measured data very well during the studied period as shown in Figure 6. 15. They show the
similar temperature variation tendency as season changes. As the closest one to the top
boundary among three points, point 2C4 shows more significant temperature variation than
other points. Less daily variations appear at deeper points. Compared with point 2C4, points
2C2 and 2C0 have more smooth variations.
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Regarding the interior central points, 1C4, 1C2 and 1C0, they are situated in the middle vertical
axe of the field embankment at different depths: 0.68 m, 1.28 m and 1.88 m respectively. The
calculated results also show a good agreement with the measured data (Figure 6. 16). Due to its
higher position, point 1C4 shows a larger seasonal variation than points 1C2 and 1C0. Moreover,
minor daily variations can be also identified at point 1C4. But it is difficult to observe the daily
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variations at points 1C2 and 1C0 because of their deeper positions.
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Figure 6. 15. Soil temperature comparisons between the simulation results and
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measurement data of points 2C4, 2C2 and 2C0 during the studied period
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Figure 6. 16. Soil temperature comparisons between the simulation results and
measurement data of points 1C4, 1C2 and 1C0 during the studied period

6.3.2.2 Variations of soil volumetric water content
Soil volumetric water content was recorded every six hours from 10/07/2014 to 12/12/2014
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with a short period of data missing during the period from 30/08/2014 to 30/09/2014. The
studied points with measurements are divided in three groups: near top surface points (points
1C5 and 2C5), near slope surface points (points 3C4, 3C2 and 4C0), interior points (points 3C0,
2C0 and 1C0). The comparisons of soil volumetric water content between simulation and
measurement for these three groups are shown in Figure 6. 17, Figure 6. 18, Figure 6. 19,
respectively.
In Figure 6. 17, the calculated volumetric water content variations for points 1C5 and 2C5 show
large variations under the effects of infiltration/evaporation. A similar tendency between the
calculated and measured data can be observed, despite some differences from time to time. For
instance, the calculated data at point 1C5 is consistent with the measured data from July to
October in 2014. Specifically, the calculated value decreases to 0.30 as the measured value on
01/10/2014 even though the measured data is missing in the period from 30/08/2014 to
30/09/2014. Afterwards, the calculated values are smaller than the measured values.
Nevertheless, they present the similar tendency during the whole studied period. Furthermore,
compared with point 1C5, point 2C5 is more sensitive to infiltration/evaporation due to its
position nearer to the surface boundaries. A larger value variation amplitude of soil volumetric
water content is also observed at point 2C5.
Regarding the near slope surface points 3C4, 3C2 and 4C0, their calculated data are highly
consistent with the measured data except some differences of point 3C4 in the last month. As
for the points in the first group (points 1C5 and 2C5), a decreasing tendency is found by
simulation for the period form 30/08/2014 to 30/09/2014 when the measurements are missing.
In particular, due to the closet distance to the slope boundary among the three points, point 3C4
is more sensitive to infiltration/evaporation, showing more significant variations compared with
the two others.
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Figure 6. 17. Soil volumetric water content comparisons between the simulation results
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Figure 6. 18. Soil volumetric water content comparisons between the simulation results
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Figure 6. 19. Soil volumetric water content comparisons between the simulation results
and measurement data of points 3C0, 2C0 and 1C0 during the studied period
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For the interior points 3C0, 2C0 and 1C0, a good agreement can be observed between the
calculated and measured data (Figure 6. 19). The calculated results keep constant values over
time as the measured data. The measured soil volumetric water content at these points are stable
as their initial values during the whole studied period, suggesting that these points are out of
the influence zone of the hydraulic boundary conditions. Furthermore, no seasonal effects are
observed for the soil volumetric water content variations. It suggests that the effects of climate
conditions on soil temperature and volumetric water content need to be studied individually. As
in the case of points 2C0 and 1C0, soil temperature may vary significantly but the volumetric
water content can keep constant.

6.4 Modelling of Rouen embankment for 387 days
6.4.1 Presentation of meteorological data
In order to have a better understanding of soil hydro-thermal behavior under climate effect, the
numerical investigation of Rouen embankment during the period from 27/10/2011 to
17/11/2012 (387 days) is also conducted. The information of hourly solar radiation provided by
“ECTOT-LES-BAONS” station of METEO FRANCE (30 km away from the embankment) is
used. Wind speed recorded at the same station is adopted. Other hourly meteorological data
come from a nearby meteorological station (20 m away from the embankment) with some short
periods of data missing. The records of wind speed at this station are not reliable due to some
technique problems. The solar radiation, rainfall, wind speed, air temperature, air relative
humidity and dew temperature information are presented respectively in Figure 6. 20 (a~f).
Seasonal variations can be clearly observed in relative humidity, air temperature, dew
temperature and solar radiation.
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Figure 6. 20. Field meteorological data from 27/10/2011 to 17/11/2012: (a) solar
radiation; (b) rainfall; (c) wind speed; (d) relative humidity; (e) air temperature; (f) dew
temperature

6.4.2 Results and discussions
The variations of soil temperature and volumetric water content are calculated for 387 days. As
in the case of 187 days, the points selected for analyzing the soil temperature and volumetric
water content variations are defined in four and three groups respectively. Based on the energy
and mass balance equations, the soil surface heat flux and water flux boundary conditions are
estimated. Thereby, using the proposed fully coupled hydro-thermal soil model with the treated
silt soil parameters, the variations of soil volumetric water content and temperature can be
calculated.
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6.4.2.1 Variations of soil temperature
In the first group, a good agreement is obtained between the calculated data and the measured
data at points 1C5 and 2C5 (Figure 6. 21). At point 1C5, the soil temperature decreases
gradually following the seasonal change from summer to winter, reaching the minimum
temperature in February of 2012. Afterwards, it begins to increase from winter to summer,
reaching the highest value in August of 2012. The similar seasonal variations of soil
temperature are observed at point 2C5. Meantime, there were obvious and continuous daily
fluctuations of soil temperature at these two points along with the seasonal variations.
High consistency is obtained between the measured and calculated data for the three points in
the second group (Figure 6. 22). They keep the similar variation tendency over time, showing
seasonal changes as the two points in the first group. The values reach the minimum (1.67 °C)
during the winter and the maximum (23.16 °C) during the summer. Besides, daily variations of
soil temperature at these points can be observed. As point 3C4 is located closer to the slope
boundary than the others, its temperature variation is more sensitive to the climate conditions,
varying more significantly.
As shown in Figure 6. 23, the calculated data fit the measured data well for the points of the
third group, 2C4, 2C2 and 2C0. They show the similar temperature variation tendency, varying
properly as season changes. As the closest one to the top boundary among three points, point
2C4 shows the minimum value of 1.93 °C in winter and the maximum value of 22.14 °C in
summer. Less daily variations appear at deeper points. Compared with point 2C4, the values at
points 2C2 and 2C0 vary more smoothly all over the year.
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Figure 6. 21. Soil temperature comparisons between the simulation results and
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Figure 6. 22. Soil temperature comparisons between the simulation results and
measurement data of points 3C4, 3C2 and 4C0 during the studied period
Regarding the interior central points, 1C4, 1C2 and 1C0, they are situated in the middle vertical
axe of field embankment at different depths. The calculated results also show a good agreement
with the measured data (Figure 6. 24). Point 1C4 shows a larger seasonal variation than points
1C2 and 1C0 because of its higher position. Moreover, minor daily variations can be also
identified at point 1C4. It is not the case for points 1C2 and 1C0 due to their deeper positions.
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Figure 6. 23. Soil temperature comparisons between the simulation results and
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Figure 6. 24. Soil temperature comparisons between the simulation results and
measurement data of points 1C4, 1C2 and 1C0 during the studied period

6.4.2.2 Variation of soil volumetric water content
In Figure 6. 25, the calculated volumetric water contents of both points 1C5 and 2C5 show large
variations under the effects of infiltration/evaporation. On the whole, the calculated and
measured data have a similar tendency, despite some differences from time to time. For instance,
at point 2C5, the calculated soil volumetric water contents are relatively constant in the
beginning, then increase up to the value corresponding to the saturated state (0.37) after a series
of intensive rainfall events in December of 2011. Afterwards, the values decrease down to the
minimum but with rebounds occurring in case of rainfalls. The saturated values were reached
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again with rainfall events at the end of April of 2012, and the volumetric water content remained
almost constant at the saturated value after October of 2012. Meanwhile, the measured soil
volumetric water contents show the same trend of variations as the calculated ones, but
significantly differ in values at some times. Furthermore, compared with point 1C5, point 2C5
is closer to the embankment surface and is also influenced by both the top and slope boundary
conditions. Thereby, the soil volumetric water content at point 2C5 has larger value variation
amplitude, suggesting a higher sensitivity to infiltration/evaporation.
Regarding the near slope surface points, 3C4, 3C2 and 4C0, similar to the case of points in the
first group (points 1C5 and 2C5), the similar tendency can be observed for the calculated data
and the measured data despite some minor differences (Figure 6. 26). For the calculation results,
they keep stable initially, then increase to approach the saturated value in December of 2011,
finally go down to the minimum value in June of 2012. Going through several variations in
spring/summer, they finally increase again to reach the saturated value in October of 2012. In
particular, due to the closest distance to the slope boundary among the three points, point 3C4
shows more significant changes than the two others.
The interior points 3C0, 2C0 and 1C0 in the third group show a good agreement between the
calculated and measured data (Figure 6. 27). Slight decrease-increase variations can be
identified in the calculated data. Meanwhile, the measured data of these points are stable around
34% during the whole period, suggesting that these points are out of the influence zone of the
hydraulic boundary conditions. Moreover, it can be seen that unlike the temperature variations,
the variations of soil volumetric water do not reflect the seasonal changes at these points. This
suggests that the effects of climate conditions on soil temperature and volumetric water content
need to be considered respectively. At the same point, the temperature may vary significantly
but the soil volumetric water content can keep stable. This is the case for points 2C0 and 1C0.
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Figure 6. 25. Soil volumetric water content comparisons between the simulation results
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Figure 6. 26. Soil volumetric water content comparisons between the simulation results
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Figure 6. 27. Soil volumetric water content comparisons between the simulation and
measurement for points 3C0, 2C0 and 1C0 during the studied period

210

Chapter 6: Modelling of Rouen embankment

6.5 Discussions
6.5.1 Soil temperature variations
A good agreement between the calculated and measured data of soil temperature has been
obtained for two different periods: from 10/07/2014 to 13/01/2015 (187 days) and from
27/10/2011 to 17/11/2012 (387 days). In fact, the estimation of soil temperature is relying on
the heat flux boundary condition (soil heat). In the energy balance, soil heat is conditioned by
net solar radiation, sensible heat and latent heat. As the only heat source, net solar radiation is
the most influencing parameter in heat transfer on soil-atmosphere interface. Normally, it can
be estimated based on the recorded solar radiation in metrological data. The numerical results
obtained in two studied cases (187 days+387 days) prove that the solar radiation recorded by
the weather station of METEO FRANCE (30 km away) is appropriate for satisfactorily
estimating the soil temperature variations in Rouen embankment. Therefore, it is considered as
one feasible solution when field measurement of solar radiation is not available. Specifically,
during the period from 27/10/2011 to 17/11/2012, some differences appeared between the
calculated and measured data in February of 2012 when soil temperatures are negative. These
differences can be attributed to neglecting the water liquid/solid phase change in this study. On
the other hand, these calculated values are negative because of the input negative air and dew
temperatures during the same period.

6.5.2 Soil volumetric water content variations
The differences between the calculated and measured data of soil volumetric water content
deserve further investigations. In fact, soil volumetric water content variation is controlled
directly by the hydraulic boundary conditions (infiltration/evaporation). In the mass balance,
the infiltration term is governed by rainfall, runoff and actual evaporation.
In the period from 10/07/2014 to 13/01/2015, rainfall is recorded by “ECTOT LES BAONS”
station (30 km away), evaporation is estimated by theoretical method and runoff is assumed as
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zero. As shown in Figure 6. 11, it is obvious that rainfall is able to affect the water flux boundary
effectively. Thereby, the comparisons between the calculated and measured results at points
1C5, 3C4 and 3C0 are presented along with the rainfall information in Figure 6. 28, Figure 6.
29 and Figure 6. 30, respectively. In Figure 6. 28, several significant increases of soil volumetric
water content can be observed in the measured data at 08/10/2014, 17/11/2014 and 25/11/2014,
which are inferred to be caused by heavy rainfall events. But no such pronounced increases can
be observed in the calculation data, suggesting that the input rainfall data do not represent the
real values at the studied embankment due to the fact that the weather station is 30 km far away.
Similar results can be identified at point 3C4 (Figure 6. 29), indicating the importance of using
precise rainfall information. The situation of point 3C0 is also presented with rainfall
information in Figure 6. 30. The constant value of soil volumetric water content indicates again
that this point is out of the influence region of hydraulic boundary conditions.
In the period from 27/10/2011 to 17/11/2012, as the rainfall data used was recorded by a weather
station 20 m away from the embankment, some minor differences may exist compared with the
real rainfall data at the embankment. For the top and slope boundaries (BC4~BC7 in Figure 6.
9), the term of evaporation was calculated based on the wind speed from “ECTOT LES BAONS”
station (30 km away), and runoff was neglected. The values of evaporation and runoff may also
affect the calculation results, but their effects are believed to be limited in comparison with the
rainfalls.
In order to illustrate the effect of rainfalls at 20 m away from the embankment, points 1C5, 3C4,
3C0 are selected for analyzing the variations of volumetric water content with rainfalls. In
Figure 6. 31, the recorded rainfall data are presented along with the soil volumetric water
content variation at point 1C5. For the intensive rainfall events from 03/12/2011 to 20/12/2011,
the calculated soil volumetric water contents increase more significantly than the measured
ones. Afterwards, only slight rainfalls occurred from 20/12/2011 to 16/02/2012, the calculated
data shows a consistent variation mode as the measured data but with higher values over time,
illustrating the effect of the last rainfall events. In particular, two significant increases appeared
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in the calculated data on 19/02/2012 and 08/03/2012, which are inferred to be caused by heavy
rainfall events. But no such pronounced increases are identified by the measurements. Moreover,
from 12/04/2012 to 25/09/2012, several increases are identified by calculation but the measured
data have a less increases or remain relatively stable. After 25/09/2012, there is a good
agreement between measurement and calculation, the values approaching the saturated one.
Figure 6. 32 compares the calculated volumetric water contents with the measured ones at point
3C4, along with the rainfall data. Before 02/12/2011, the values of volumetric water content
keep stable in the calculation, while the measured data shows a peak on 06/11/2011. Afterwards,
it can be observed that the variations of volumetric water contents between calculated data and
measured data are nearly consistent with minor differences at several moments as presented in
point 1C5. The analysis of the situation of point 3C4 indicates that the input rainfall from 20 m
away of the embankment is able to lead the overall satisfactory results, even though some minor
differences exist between measurements and calculations.
In Figure 6. 28 and Figure 6. 29, the measured soil volumetric water content at point 3C4 varies
more smoothly than that at point 1C5, meaning that point 1C5 is influenced by climate more
effectively. Nevertheless, pronounced increases can be identified in the measurements at point
3C4 (from 03/12/2011 to 20/12/2011, etc.), but not at point 1C5 (Figure 6. 31and Figure 6. 32),
indicating some problems of the measurements at point 1C5 during the period from 27/10/2011
to 17/11/2012.
The situation of point 3C0 is presented in Figure 6. 33. The calculation evidences a slight
variation over time for the volumetric water content, but the measurement rather shows stable
values. Even though the input rainfall data may be a little different from the real one at the
investigated site, the differences of soil volumetric water content are smaller than 0.02. The
limited variations of volumetric water content are attributed to the deeper position of point 3C0.
In other words, this point is out of the influence zone of infiltration/evaporation hydraulic
boundary conditions.
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Figure 6. 28. Comparison of soil volumetric water content variations between the
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Figure 6. 29. Comparison of soil volumetric water content variations between the

30

35

25

30

20

25

15

Measured data-3C0
Calculated data-3C0

Rainfall

20

10

15

5

10

0

Rainfall (mm/h)

40

2014/12/20

2014/11/22

2014/10/25

2014/9/27

2014/8/30

2014/8/2

2014/7/5

Volumetric water content (%)

simulated and measured data of point 3C4 along with rainfall information (187 days)

Figure 6. 30. Comparison of soil volumetric water content variations between the
simulated and measured data of point 3C0 along with rainfall information (187 days)
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Figure 6. 31. Comparison of soil volumetric water content variations between the
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Figure 6. 32. Comparison of soil volumetric water content variations between the

40
35
30
25
20
15
10
5
0

35
30
25

Measured data-3C0
Calculated data-3C0

Rainfall

20
15
10

Rainfall (mm/h)

40

2012/12/8

2012/11/10

2012/10/13

2012/9/15

2012/8/18

2012/7/21

2012/6/23

2012/5/26

2012/4/28

2012/3/31

2012/3/3

2012/2/4

2012/1/7

2011/12/10

2011/11/12

2011/10/15

Volumetric water content (%)

simulated and measured data of point 3C4 along with rainfall information (387 days)

Figure 6. 33. Comparison of soil volumetric water content variations between the
simulated and measured data of point 3C0 along with rainfall information (387 days)
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As indicated above, the effect of evaporation on the soil volumetric water content is not as
significant as rainfall. However, when wind speed data recorded by “ECTOT LES BAONS”
station (30 km away) are used, the empirical parameters a1 and a2 in the formula of potential
evaporation (equation 5.4) should be determined specifically. To illustrate this point, Point 3C4
is chosen for evaluating the fitting values of the two parameters a1 and a2. From equation (5.4)
that describes the relationship between potential evaporation and wind speed, it can be observed
that parameter a1 can significantly affect the evaporation when the wind speed is high, while
parameter a2 affects the evaporation constantly whatever the wind speed. Thereby, different
values of a1 and a2 will lead to different soil volumetric water contents. To further evaluate the
effects of these two parameters, five different cases with different values of a1 and a2 listed in
Table 6. 2 are considered. The calculated volumetric water content variations are presented in
Figure 6. 34 and Figure 6. 35.
Table 6. 2. Different cases with different values of a1 and a2
Studied cases

Value of a1

Value of a2

Case 1 (adopted for 387 days)

0.0155

0.03

Case 2

0.03

0.03

Case 3

0.00775

0.03

Case 4

0.0155

0.06

Case 5

0.0155

0.015

Figure 6. 34 compares the measured data and the calculated results of soil volumetric water
content at point 3C4 in Case 1, Case 2 and Case 3, along with the information of wind speed.
In the three cases, the values of a2 are kept the same, equals 0.03, while the values of a1 are
taken equal to 0.0155, 0.03 and 0.00775, respectively. As evaporation is higher with a larger
value of a1, soil volumetric water content will be lower. As a result, the overall soil volumetric
water content in Case 1 and Case 3 are higher than that in Case 2 (Figure 6. 34). Moreover,
larger differences between the three cases can be identified during the period with higher wind
speed, illustrating the significant influence of a1.
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On the other hand, the effect of a2 is depicted in Figure 6. 35. In Case 1, Case 4 and Case 5, the
values of a1 are the same, equals 0.0155, while the values of a2 are taken equal to 0.03, 0.06
and 0.0015, respectively. It is observed that the overall differences of soil volumetric water
content in these three cases are less than those between the three cases with different values of
a1 (Figure 6. 34). In particular, soil volumetric water contents in Case 1, Case 4 and Case 5 are
nearly consistent in the period from 16/12/2011 to 21/01/2012. This is attributed to the high
wind speeds existing in this period, suggesting the pronounced effect of a1 in case of high wind
speed. The overall results in five cases show that the effect of a1 is more significant than the
effect of a2 on soil volumetric water content variations, especially in the period with high wind
speed.
The analysis above indicates that the rainfall data recorded at “ECTOT LES BAONS” station
(30 km away) with proper assumptions of evaporation and runoff can be used to define the
water flux boundary conditions, allowing proper estimation of soil volumetric water content
variations. Furthermore, the rainfall data provided by a weather station 20 m away from the
embankment allow a better estimation of soil volumetric water content variations, indicating
the importance of using precise rainfall information in this kind of analysis. On the other hand,
even though the effect of evaporation on soil volumetric water content is not as significant as
rainfall, it is essential to well determine the fitting parameters a1 and a2 in equation (5.4) because
evaporation is strongly dependent on wind speed. In other words, the variation of soil
volumetric water content can be well estimated when precise measurements of rainfall and
proper evaluations of evaporation are conducted.
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Figure 6. 34. Calculated soil volumetric water content variations in Case 1, Case 2, Case
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Figure 6. 35. Calculated soil volumetric water content variations in Case 1, Case 4, Case
5 and measured data of point 3C4 along with wind speed information

6.6 Conclusions
In this chapter, an instrumented embankment with treated silt in Rouen, France, is analyzed.
Different devices were mobilised in the embankment, providing rich data that allows interaction
between the embankment and atmosphere to be investigated. The devices employed mainly
include a nearby weather station (20 m away) and the sensors for soil temperature and soil
volumetric water content measurements at different positions. Some meteorological
information provided by ECTOT-LES-BAONS station of METEO FRANCE (30 km away) is
also used to complete the data in the investigation. Based on the meteorological data and soil
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parameters, the numerical modelling of Rouen embankment is conducted for two different
periods: from 10/07/2014 to 13/01/2015 (187 days) and from 27/10/2011 to 17/11/2012 (387
days).
Comparisons between simulations and measurements of soil temperature and volumetric water
content show that the proposed approach that combines the fully coupled hydro-thermal model
and a soil-atmosphere interaction model is suitable for estimating soil hydro-thermal behaviour
in two-dimensional embankments. The good agreement between calculations and
measurements also proves that the thermal and hydraulic boundary conditions defined as well
as the adopted soil parameters are appropriate. Seasonal variations are observed in the variations
of soil temperature but not for the variations of volumetric water content. At the same point, the
temperature may vary significantly but the soil volumetric water content can keep stable,
illustrating the necessity of separate consideration of the effects of climate conditions on soil
temperature and volumetric water content.
This approach can be also applied to predict soil temperature and volumetric water content
variations in long term when the corresponding meteorological data is available. Based on the
numerical investigation of soil temperature and volumetric water content of Rouen
embankment and discussions in this study, several suggestions can be proposed for the
collection of input data:
1) As in the estimation of the soil temperature variations, net solar radiation is the most
influencing parameter in heat transfer on soil-atmosphere interface and relying on solar
radiation, it is feasible to adopt the measurements of solar radiation from other
meteorological stations in the same region when field measurements are not available;
2) As the significant input factor, rainfall is recommended to be recorded at the same site;
3) This study also shows that for the wind speed, when field data are not available, data from
a further weather station can be used if the parameters a1 and a2 in the formula of potential
evaporation are well calibrated. The differences of wind speed between the studied site and
the site of wind speed measurement will not significantly affect the calculation results, as
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the solar radiation data.
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General conclusions
This study is devoted to the numerical investigation of interaction between soil and atmosphere.
Firstly, a fully coupled hydro-thermal model is developed, allowing the numerical estimation
of soil temperature and volumetric water content variations. Then, a soil-atmosphere interaction
model is introduced and all the related factors are studied respectively. By combining the fully
coupled hydro-thermal model and the soil-atmosphere interaction model, a numerical approach
is proposed allowing the soil hydro-thermal behavior under climate effect to be investigated.
This approach is firstly validated by the column drying tests conducted by Wilson (1990).
Afterwards, four evaporation tests carried out by Song (2014) on Fontainebleau sand in
environmental chamber equipped with various sensors is introduced. The numerical modelling
of these four tests are conducted using the proposed approach, allowing further verification of
its performance in the estimation of soil temperature and volumetric water content variations in
different evaporation processes. After that, the meteorological information for 20 days and the
soil parameters (soil thermal conductivity, water retention and hydraulic conductivity curves)
for Héricourt embankment are collected/determined, enabling the numerical investigation of
soil hydro-thermal behavior in two-dimensional conditions. Moreover, another application of
the proposed approach is presented involving Rouen embankment with the meteorological
information during two different periods (187 and 387 days) and the soil parameters determined
(thermal conductivity, soil water retention and soil hydraulic conductivity curves). The results
allow the following conclusions to be drawn:
Environmental chamber
The numerical investigations of four drying tests in environmental chamber are conducted. The
satisfactory agreement obtained between simulations and measurements shows that the
proposed approach is relevant for estimating the variations of soil temperature and volumetric
water content in environmental chamber. The soil volumetric water content presents a
continuous decrease tendency in the four evaporation tests. However, the soil temperature
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shows different variations in the cases of low air temperature (Test 1 and Test 3) and high air
temperature (Test 2 and Test 4). In Test 1 and Test 3, the soil temperature decreases in the first
short period and then goes up until the end of test, showing a rebounding phenomenon. This
result indicates that soil participates to provide energy for evaporation in the first short period
due to the high evaporation rate and then air is able to support both evaporation and soil heating
as the decline of evaporation rate. In Test 2 and Test 4, as air flow with high temperature can
provide sufficient energy for both evaporation and soil heating, soil temperature increase
continuously. This application verifies the good performance of the proposed approach in the
estimation of coupled soil hydro-thermal behavior.
Héricourt embankment
The proposed approach is applied to Héricourt embankment, allowing the estimations of soil
temperature and volumetric water content at the points classified in three groups (interior, near
soil surface, soil surface points) from 06/07/2011 to 26/07/2011 (20 days). Comparison between
simulation results and filed measurements shows that this approach is suitable for analyzing the
soil temperature and volumetric water content in two-dimensional embankments under the real
climate effect. The good agreement between measurements and calculations also proves that
suitable boundary conditions and soil parameters have been adopted for the numerical
investigation. Moreover, the influenced depths of climate effect are further estimated to be 4 m
for soil temperature, and about 2~3 m for volumetric water content, respectively. The simulation
results suggest that the soil temperature in the region below the top surface is more sensitive to
the slope boundary conditions than the soil volumetric water content.
Rouen embankment
A second application of the proposed approach is done involving Rouen embankment. The
numerical investigation in this embankment provides the estimations of soil temperature at
different points classified in four groups (near top surface, near slope surface, interior, and
interior middle points) and volumetric water content at the points in three groups (near top
surface, near slope surface, and interior points) for two different periods: from 10/07/2014 to
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13/01/2015 (187 days) and from 27/10/2011 to 17/11/2012 (387 days). Comparison between
simulations and measurements in terms of soil temperature and volumetric water content shows
that the proposed approach has a good performance in the estimation of soil hydro-thermal
behaviour in two-dimensional embankments under the real climate effect. The good agreement
between calculations and measurements also reveals that the thermal and hydraulic boundary
conditions defined as well as the adopted soil parameters are appropriate. Besides, seasonal
variations are observed in variations of soil temperature (with daily fluctuations for near surface
points) but not for variations of volumetric water content. At the same point, the temperature
may vary significantly but the soil volumetric water content can keep stable, illustrating the
necessity of separate consideration of the effects of climate conditions on soil temperature and
volumetric water content.
Furthermore, it is proposed to apply this approach in the prediction of soil hydro-thermal
behaviour in long term when the corresponding meteorological data is available. Several
suggestions are made for the collection of input data:
1) The information of solar radiation is feasible to be collected from other meteorological
stations in the same region when field measurements are not available;
2) As the significant input factor, rainfall is recommended to be recorded at the same site;
3) In the case without field data, the wind speed data from a further weather station can be
used if the parameters a1 and a2 in the formula of potential evaporation are well calibrated.
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Perspectives
1) Accurate estimation of soil hydro-thermal properties in the region concerning soilatmosphere interaction and the consideration of the movement of evaporation front
in numerical modeling
Based on the study of the tests using environmental chamber, it is inferred that the adopted
approach does not properly consider the soil water retention and the hydraulic conductivity
curves in the near surface region. Further experimental work is required to study the variations
of soil hydro-thermal properties in the zone influenced by the soil-atmosphere interaction. On
the other hand, as the evaporation front is governed by the depth of dry layer, the top boundary
condition will change depending on the movement of evaporation front. Hence, further study
is also necessary to consider the movement of evaporation front in the soil-atmosphere
interaction model.
2) Extension to deformable materials
It is noted that the proposed approach is for non-deformable materials: Fontainebleau sand for
environmental chamber, treated silt soil for Héricourt and Rouen embankment. Coupled hydrothermal model is developed without considering soil deformation. Specifically, this model
needs to be extended to take the soil volume change behavior into account in order to deal with
deformable materials (e.g. clay).
3) Further applications for the soil long term behavior under climate effect
In this study, the proposed approach is used to estimate the soil hydro-thermal behavior in
embankments using proper estimations of soil parameters and boundary conditions. As the
determination of boundary conditions is intimately related to the climate conditions, it is
proposed to apply this approach to predict the variations of soil temperature, volumetric water
content/suction in long term when the corresponding meteorological data is available. It allows
the further applications:


Because of the sensitivity of plants generation to the conditions of soil moisture and
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temperature, this approach can be used to provide guidance for plants management.


Because the infrastructure is unavoidably subjected to the climate effect, this proposed
approach can also be adopted to further study the existing engineering damages and to
predict the potential engineering problems induced by climate conditions, such as soil
desiccation/shrinkage, soil erosion and collapse, slope stability problems, the long term
performance of barriers materials for waste disposal, etc.



Concerning the natural site where trenches must be excavated or the spatial heterogeneity
needs to be taken into account, the model dimensions need to be defined properly
depending on the real situation.



In order to make this approach more applicable in practice, it will be of paramount
importance to develop a practical platform for integrating climate information into the
design, construction and maintenance of geotechnical infrastructures.
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Nomenclature
Symbol

Definition

C

Volumetric heat capacity of the soil (J/(m3K))

CT

Volumetric isothermal capacity of the structure (J/m4)

CT

Volumetric thermal capacity of the structure (J/(m3K))

CT

Volumetric thermal capacity of moisture (kg/(m3K))

C

Volumetric isothermal capacity of moisture (kg/m4)

Cpl

Specific heat capacity of water liquid (J/(kgK))

Cps

Specific heat capacity of soil solid (J/(kgK))

Cpv

Specific heat capacity of water vapor (J/(kgK))

Cpa

Specific heat capacity of air (J/(kgK))

dr

Relative earth-sun distance (m)

Datm

Molecular diffusivity of the pore vapor (m2/s)

DTV

Thermal vapor diffusivity (m2/(sK))

DV

Isothermal vapor diffusivity (m/s)

Ea

Actual evaporation rate (m/s)

Ep

Potential evaporation (m/s)

ELmsl

Site elevation above the mean sea level (m)

es

Saturated vapor pressure at the water surface (Pa)

ea

Vapor pressure of air at the reference height (Pa)

e0

Actual vapor pressure at the soil surface (Pa)

ed

Mean daily saturated vapor pressure (Pa)

G

Soil heat flux (W/m2)

Gsc

Solar constant (MJ/(m2min))

H

Sensible heat flux (W/m2)

ha

Relative humidity of air (%)

hs

Relative humidity at soil surface (%)

Inf

Infiltration rate (m/s)
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Int

Rate of water intercepted by canopy during rainfall (m/s)

J

The day of year

KH

Eddy diffusivity for heat through air (m2/s)

KT

Thermal soil structure diffusivity (W/(mK))

KT

Isothermal soil structure diffusivity (W/m2)

T

Thermal moisture diffusivity (kg/(msK))



Isothermal moisture diffusivity (kg/(sm2))

K

Unsaturated soil hydraulic conductivity (m/s)

Ks

Saturated soil hydraulic conductivity (m/s)

LE

Latent heat flux (W/m2)

Lv

Latent heat of vaporization of water (J/kg)

P

Rate of rainfall (m/s)

Q

Transferred heat flux through soil-atmosphere interface (W/m2)

q

Flux density of total moisture (kg/(sm2))

ql

Flux density of liquid (kg/(sm2))

qv

Flux density of vapor (kg/(sm2))

qh

Flux density of heat (W/m2)

R

Universal gas constant (J/(molK))

Rsa

Extraterrestrial solar radiation (W/m2)

Rs0

Solar radiation in clear sky (W/m2)

Rsi

Solar radiation (W/m2)

Roff

Runoff rate on soil surface (m/s)

Rn

Net radiation flux (W/m2)

T

Absolute temperature (K)

Ta

Air temperature (ºC)

Td

Mean daily dew point temperature (ºC)

Ts

Soil surface temperature (ºC)

T0

Water surface temperature (ºC)
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Nomenclature
MW

Molecular mass of water vapor (kg/mol)

w

Moisture content (kg/m3)

s

Soil surface albedo

u

Wind speed (m/s)

y

Elevation above a nominal datum (m)



Tortuosity factor for soil



Cross-sectional area of the soil that is available for vapor flow

n

Soil porosity



Volumetric water content

s

Saturated volumetric water content

r

Residual volumetric water content



Matric suction (m)



Thermal conductivity of soil (W/(mK))

0

Density of saturated water vapor (kg/m3)

l

Density of water liquid (kg/m3)

v

Density of water vapor (kg/m3)

s

Density of soil solid (kg/m3)

 

Latitude (m)

 

Solar declination

εs 

Soil surface emissivity

ε a

Air emissivity

ra

Aerodynamic resistance (s/m)

rs

Soil resistance (s/m)
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