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Abstract: The long-term safety of shallow disposal facility for short-lived low and intermediate

level nuclear waste (LLW/ILW) relies on the performance of engineered barriers (caps and liners).
Soil-atmosphere interaction may affect the capping material at shallow depths, due to changes of
its coupled hydro-thermal-mechanical behavior under the effect of atmospheric conditions. This
study aims to investigate the soil-atmosphere interaction at different time scales in the overburden
of an LLW/ILW disposal facility, located in middle France. Actual meteorological data from
Valencia El Saler station in Spain, including solar radiation, air temperature, latent heat, rainfall,
and actual evaporation, at four different time scales (30 min, daily, weekly and monthly), were
applied as the future climate conditions of the studied area based on climate analogues. A numerical
approach combining a coupled hydro-thermal model and a soil-atmosphere interaction model was
employed. Results show that the employment of meteorological data at a short time scale (30 min)
can increase the simulation accuracy by capturing the extreme climate events and accelerating the
soil-atmosphere interactions. Furthermore, the effect of future climate conditions in the long-term
(7 years) on soil hydro-thermal behavior was examined. This enables a further detailed inspection

of the climate’s role in the LLW/ILW storage system.

Keywords: Soil-atmosphere interaction; Soil hydro-thermal behavior; Further meteorological

information; Different time scales; Long-term estimation
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1. Introduction

Nuclear waste is currently being disposed at a number of facilities all over the world [1-3].
Considering the decay of radioactivity, a near-surface type of disposal facility is usually proposed
for the short-lived low and intermediate level nuclear waste (LLW and ILW) [4]. By contrast, the
solution for the disposal of high-level and other long-lived nuclear waste (HLW) is a deep
geological repository [2,5]. In the case of LLW/ILW repository, soil-atmosphere interaction may
affect its capping material at shallow depths by the physical process of heat and mass transfer over
time. For instance, cracks may be produced as a consequence of long dry and hot periods,
significantly modifying the thermo-hydro-mechanical properties of the capping material;
contaminant transport in the host geologic formation may be accelerated due to changes in soil
temperature, water content and suction from weathering, etc. [6,7]. Hence, the effect of climate

change must be considered in the assessment of the long-term performance of LLW/ILW disposal.

Soil-atmosphere interaction drives water, energy and biogeochemical cycles, causing variations
of soil moisture, temperature, and suction, etc. [8—10]. Over recent years, increasing awareness
about the importance of soil-atmosphere interaction has led researchers to investigate the potential
effect of climate change on the performance of waste covers and nuclear waste handing [11-16].
Fischer [13,14] undertook studies to determine the rates and directions of water movement through
unsaturated sediments for the assessment of the contaminant movement near an arid LLW disposal
facility. Phillips et al. [15] studied the mineral behavior and transformations brought on by climate
change may affect the long-term performance of the cap and even the LLW disposal facility. Nasir
et al. [16] investigated that both permeability and porosity of the near field sedimentary host rocks
for the LLW/ILW disposal increase as a result of climate change. In summary, the evaluation of

waste covers in terms of waste isolation and contaminant transport requires details of subsurface
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flows which are significantly affected by climatic fluctuations. Specifically, the major threat to the
integrity of nuclear waste isolation in the near-surface type of disposal facility is the water
infiltration due to the potential movement of dissolved and mobilized radioactive constituents.
Therefore, considering the long life of radioactive waste, it is of paramount importance to well
determine the hydro-geologic characteristics of an LLW/ILW disposal facility in order to limit

water flow in the vicinity of the disposal facility [13,14].

The soil hydraulic condition in the overburden of LLW/ILW disposal facilities is governed by
precipitation and evapotranspiration which are associated with the changing climate conditions.
Generally, long-term climatic cycles present a low frequency and small amplitude, having less
impact on the capping material. However, the low-frequency extreme weather events, such as a
long-term drought, may result in significant damage to cap materials [15,17]. The fundamentals of
the safety assessment of waste disposal facilities of LLW/ILW/HLW in Belgium were discussed
by van Geet et al. [12], emphasizing the importance of considering climate evolution. However, to
the authors’ knowledge, no study has been undertaken to investigate the soil-atmosphere

interaction in the LLW/ILW overburdens under the effect of future climate conditions.

This study aims at better understanding the soil-atmosphere interaction in the overburden of the
LLW/ILW disposal facility, through identifying the soil coupled hydro-thermal responses to the
future climate changes. A numerical approach combining a coupled hydro-thermal model and a
soil-atmosphere interaction model was employed and implemented through the Finite Element
Method using FreeFem++ code [18]. Considering climate analogues, actual meteorological data
collected from Valencia El Saler station was employed as the future climate condition of the studied
site located in middle France. Firstly, the meteorological data in the year 2000 collected at the time

intervals of 30 min, daily, weekly, and monthly, were used to investigate the effect of the time scale
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of climate conditions on the hydro-thermal behavior of the overburden soil. Moreover, the
influence depths in terms of soil water content and temperature at different time scales were
examined, respectively. Secondly, the meteorological data at the time scale of 30 min for a longer
period from 2000 to 2006 (7 years) was employed to investigate the long-term soil-atmosphere

interaction and the influence depths in terms of soil temperature and water content.

2. Investigated site

The studied site which was devoted to the storage of short-lived LLW/ILW was located at
Soulaines (Aube), France. Figure 1a plots its stratigraphic profile, including three layers: a layer of
nature backfill soil, a 5 m superficial layer and a natural Teguline clay layer of 50 to 70 m thickness.
Specifically, the excavated zone is at a depth of -20~-30 m and the storage space for LLW/ILW is

at a depth of -25~-35 m.

For further study, the studied region is simplified as three layers with homogeneous soil for each
(Figure 1b). The primary soil information of each layer is detailed in Table 1. The soil temperature
at the bottom zone of the studied region was measured as 14°C [19]. The local water table was
close to the bottom boundary of the natural Teguline clay layer. The soil thermal conductivity,

water retention curve and hydraulic conductivity curve of each layer are detailed as follows.

2.1 Layer 1 (LI)

In terms of silt clay as the backfill material of L1, its parameters used for the assumed simulations
were estimated from results obtained on a soil comparable to that at the site. The variation of soil
thermal conductivity versus its volumetric water content is expressed in a linear relationship by

equation (1) [20,21] (Table 2) and plotted in Figure 2a. The soil water retention curve (Figure 2b)
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can be described by van Genuchten model [22-24]. The relevant parameters in equation (2) are
listed in Table 2. Based on the soil water retention curve, its hydraulic conductivity curve is
determined by equation (3) and drawn in Figure 2c. The saturated soil hydraulic conductivity is

estimated as 1.0x 10® m/s [25].

2.2 Layer 2 (L2)

KD2 instrument [26] was used herein to measure the thermal conductivity of the compacted
Teguline clay. A linear relationship between soil thermal conductivity and volumetric water
content is considered to fit the measured results [27,28]. The proposed relationship is expressed by
equation (4) and presented in Figure 2a. Similar to the case of L1, van Genuchten model [24] is
used to describe the variations of soil water retention and hydraulic conductivity of L2. Based on
the measured data obtained by Cuisinier and Masrouri [29], the fitting curve is drawn in Figure 2b,
providing the values of van Genuchten model parameters in Table 2. The hydraulic conductivity
curve is determined with the measured saturated hydraulic conductivity 1.4x10° m/s [29] (equation

(3) and Figure 2c).

2.3 Layer 3 (L3)

As far as the natural Teguline clay is concerned in L3, the thermal conductivity was measured by
Zhang et al. [30], presenting slight variations versus soil dry density and water content. Therefore,
its soil thermal conductivity is considered as a constant value of 2 W/(m.K) for the purpose of
simplification. Based on the measured data obtained by Zeng et al. [31], the variations of soil water
retention and hydraulic conductivity of L3 are described by equations (2) and (3). The fitting curves
are plotted in Figures 2b and 2c, respectively. The measured saturated hydraulic conductivity is

3.0x10"% my/s.
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2.4 Meteorological information

Hallegatte et al. [32] presented a type of climate relocation based on the concept of spatial climate
analogues, which specifies that a location that presently enjoys a climate close to the one another
city will experience in the future (the end of the twenty-first century). Based on the acceptable
analogues of climate relocation, the studied site in the central part of northern France may
experience an eastern Spain type of climate in the future [33,34]. Thereby, the actual
meteorological data collected from Valencia El Saler station was employed to represent the future
climate conditions that the studied site located in middle France may experience. It is worth noting
that in the current knowledge of climate change, the predicted future local climate conditions are
always attached with uncertainties due to the limitations of climate models, internal climate system
processes and socio-economical, demographic or technological evolutions. The measured solar
radiation, air temperature, latent heat, rainfall and the estimated actual evaporation rate from
01/01/2000 to 31/12/2000 are plotted in Figure 3 at different time scales (30 min, daily, weekly
and monthly respectively). They were used to study the effect of climate conditions at different
time scales on the interaction between soil and atmosphere. Figures 3a, 3b, and 3¢ demonstrate the
diurnal and seasonal variations of solar radiation, air temperature, and latent heat, with higher
values in the summer period and lower values during the wintertime. However, it is observed that
rainfall data does not vary seasonally (Figure 3d). Similar to the results of latent heat, evaporation
data presents the highest value in summer (Figure 3e). In addition, the comparison of each climate
factor at different time scales suggests that the smaller fluctuations are obtained at a longer time
scale. Especially, the extreme climate conditions, such as the highest temperature and the most

torrential rainfall events, can be identified at the time scale of 30 min.
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Furthermore, meteorological information at the time scale of 30 min in the period from
01/01/2000 to 31/12/2006 (7 years), was employed to study the long-term soil hydro-thermal
behavior (Figure 4) in the future. The annual variations of solar radiation, air temperature, latent
heat, rainfall, and the estimated evaporation are plotted in Figures 4a~e, respectively, displaying
an apparent seasonality. The peak values of solar radiation (Figure 4a) and air temperature (Figure
4b) are observed in summertime and wintertime of each year. Specifically, the magnified image of
solar radiation above 800 W/m? displays an increasing trend, reflecting the warming climate
condition as time continues. The effect of climate change on the variations of latent heat and
evaporation is identified by higher values of latent heat and evaporation in the wintertime of years
2003, 2004, 2005 and 2006 than those of the years 2000, 2001 and 2002. Besides, more frequent

rainfall events (Figure 4d) are recorded in the years 2003, 2004, 2005 and 2006.

3. Numerical approach

3.1 Introduction of the numerical approach

A numerical approach combining a coupled hydro-thermal model and a soil-atmosphere interaction
model developed by An et al. [10] was employed in this study. The coupled hydro-thermal model
was used to describe the coupled water and heat flow in unsaturated soil. The soil-atmosphere
interaction model was applied to describe the continuous water and heat transfer between soil and
atmosphere, which can be expressed by energy and mass balance, respectively. Details of the
numerical formulation and computational aspects have been presented by An et al. [10], and

therefore, they are not repeated herein.
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3.2 Model dimensions and boundary conditions
Figure 5 displays the applied model dimensions: BC1 and BC 3 represent the bottom and top
boundaries, respectively; BC 2 and BC 4 are the lateral boundaries. The height and width of the

studied zone are 71 m and 10 m, respectively.

On the first day of the year 2000, the soil volumetric water content was measured as 5.8% and
the soil temperature was 11.67 °C at the ground surface. Meantime, the soil temperature was
measured to be 14 °C at the saturated bottom boundary (BC1). Thereby, the initial conditions about
soil temperature and water content/suction were defined in a linear relationship with depth. No
water and heat transfer were considered at the lateral boundaries. Based on the soil-atmosphere
interaction model, the soil heat flux and evaporation/infiltration were applied as the thermal and

hydraulic conditions at the top boundary, respectively. The details are explained as follows:
Energy balance

In the case of heat transfer between soil and atmosphere, solar radiation is usually the only exterior
heat resource. Specifically, the net solar radiation equals the sum of latent heat, soil heat, and

sensible heat. The energy balance is described by:
R =G+L,+H ®)

where R, (W/m?) is the net solar radiation flux; G (W/m?) is the soil heat flux; Lg (W/m?) is the
latent heat flux; H (W/m?) is the sensible heat flux. The net solar radiation at 30 min is estimated

by:

AN T

N
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where the solar radiation Ry (W/m?) was measured as shown in Figure 3a; T, (°C) is the recorded
air temperature (Figure 3b); the definition and values of other parameters were detailed by An et

al. [10].

The measured values of latent heat at different time scales are introduced in Figure 3c.
Considering the convection of airflow in soil-atmosphere interaction, the sensible heat was
estimated following the same method presented by An et al. [10]. With the obtained values of net
solar radiation, latent heat and sensible heat fluxes at different time scales, the soil heat flux
boundary condition at the soil surface at the corresponding scale can be determined based on

equation (5).
Mass balance

In terms of bare soil during rainfalls, water reaches the ground surface and infiltrates into the soil
continuously until the rainfall rate exceeds the soil infiltration capacity. In that case, the process of
runoff begins. However, it stops as soon as the rate of rainfall becomes lower than the actual rate
of infiltration. Meanwhile, evaporation occurs spontaneously due to the gradient in temperature
and relative humidity near the soil-atmosphere interface. The mass balance during soil-atmosphere

interaction is expressed as:

P=I,+R,+E, (7
where P (m/s), Inf (m/s), Rofr (m/s) and Ea (m/s) represent the rainfall, infiltration, runoff and actual
evaporation rates on soil surface, respectively. Field rainfall was monitored at different time scales

of 30 min, daily, weekly, and monthly (Figure 3d). Around 97% of the measured rainfall rates are

less than 5.5 mm/30min, which means that most of the runoff rates are in the range from 0.025 to

10
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0.05 mm/30min [35]. Therefore, runoff is considered to be negligible in this study. Actual

evaporation rate (Figure 3e) was estimated based on the values of latent heat:
Ea = LE/(prv) (8)

where Lg (W/m?) is the latent heat flux (Figure 3c); Ly (J/kg) is the latent heat of water vaporization;
Pw represents the water density (kg/m®). With the available information about rainfall and actual
evaporation rates, the water flux boundary condition (/i) at the soil surface can be estimated at

different time scales.

Firstly, with the meteorological information collected every 30 minutes and soil parameters, the
numerical investigation was performed at a time step of 30 min for the year 2000. Afterwards, the
simulation scenarios at time scales of daily, weekly and monthly were implemented respectively,
at a time step of 1 day, for the year 2000 with the inputting data (rainfall, latent heat, air temperature,
and solar radiation, etc.) at the corresponding time scale. Finally, the simulation was carried out at
a time step of 30 min for 7 years (from 2000 to 2006) with the meteorological data at the time scale

of 30 min.

4 Results and discussion

4.1 Soil hydro-thermal behavior at different time scales in one year (2000)

4.1.1 Soil hydro-thermal behavior at the time scale of 30 min

Figures 6a and 6b depict the variations of soil volumetric water content and temperature at depths
of 0 m, -0.25 m, -0.5 m, -0.75 m, -1.0 m and -1.5 m in the year 2000. It appears that soil volumetric
water content increases significantly in response to rainfall events on 14/01/2000, 20/03/2000,

09/06/2000, and 22/10/2000, etc. It keeps a decreasing tendency as the result of evaporation during

11
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the drying periods. As the depth increases, soil volumetric water content shows much smaller

fluctuations compared to that at near soil surface points (Figures 6a).

In terms of the soil temperature at the studied depths, they present a general increasing trend
from the winter to the summer, approaching the peak values on 18/08/2000. Afterwards, they start
to decline gradually until the end of the year 2000. The distinct seasonal variation of soil
temperature is observed with larger values in the summer and lower values in the winter (Figure
6b), showing a good agreement with the heat-related climate factors (solar radiation, air
temperature, etc.). Similar to the result of soil volumetric water content, the surface soil temperature

shows more significant variations compared to other depths.

To further explore the influence depth of the soil-atmosphere interaction, the calculated soil
volumetric water content and temperature profiles in the zone with depth 0~-21 m are presented in
Figures 7a and 7b, respectively. The soil volumetric water content below -4.8 m keeps nearly stable,
indicating that the influence depth of climate conditions is limited to this value. Figure 7b shows
that the influence depth of climate conditions is limited to 12 m depth in terms of soil temperature.
Furthermore, a larger amplitude is identified in the profiles of soil temperature, compared to that
of soil volumetric water content, reflecting the significant contribution of the surface thermal
boundary conditions. It is therefore necessary to investigate the influence depths of temperature

and volumetric water content separately, as suggested by An et al. [10].

4.1.2 Soil hydro-thermal behavior at different time scales
The variations of soil volumetric water content at different time scales (30 min, daily, weekly,
and monthly) are plotted for depths 0 m (Figure 8a), -0.25 m (Figure 8b), -0.75 m (Figure 8c), and

-1.5 m (Figure 8d), respectively. At each depth, a similar variation tendency is observed among the
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results of soil volumetric water content at different time scales. Generally, the results at the time
scale of 30 min depict the maximum and minimum values, except the unexpected daily results on
21/03/2000. In the daily results on the soil surface (Figure 8a), soil water content increases sharply
to 35% on 21/03/2000 and then exhibits a general decreasing trend with a few jumps due to rainfall
events until 11/06/2000. The daily results show a consistent variation mode as the 30 min results
but with a higher value over the dry periods, suggesting the continuous effect of the unexpected
daily rainfall data on 21/03/2000. In the same rainfall event, a more significant increase in water
content is observed in the 30 min results compared to other results. This suggests that a time scale
as short as 30 min is capable of increasing the accuracy of simulation results by accelerating the
iteration rate of soil-atmosphere interaction. Furthermore, the daily fluctuations of soil water
content are more evident at the time scale of 30 min than others, especially for the period with

intense rainfall (23/10/2000 to 31/12/2000).

Figure 9 plots the evolutions of the soil temperature at different depths at different time scales
(30 min, daily, weekly, and monthly). It appears that at the soil surface, the fluctuations are more
significant at the time scale of 30 min than others (Figure 9a). As the studied point goes deeper,

the difference between the soil temperatures at different time scales is becoming smaller.

The simulated soil volumetric water content and temperature profiles at time scales of daily,
weekly and monthly are plotted in Figures 10a, 10b, and 10c, respectively. The influence depths
of climate conditions on soil volumetric water content are about 5.2 m, 11.6 m, and 11.6 m at the
time scales of daily, weekly, and monthly, respectively. They are larger than that of 30 min (4.8
m). This is attributed to the effective mass interaction between soil and atmosphere at the time scale
of 30 min. On one hand, rainfall events occur during some specific periods rather than continue at

a constant rate for daily/weekly/monthly. Hence, soil water content varies more quickly due to the
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rainfall at the time scale of 30 min than those of other time scales. On the other hand, due to the
monthly average evaporation rate at the soil surface, water content at the time scale of monthly
decreases for a longer period compared to others (Figure 8d). Thereby, when the
evaporation/rainfall at the time scale of 30 min is applied as the hydraulic boundary condition, they

lead to a shallower influenced zone compared to the results of other time scales.

On the other hand, similar to that of 30 min results, the influence depths of climate conditions
on soil temperature is limited to around 12.0~12.8 m at time scales of daily, weekly, and monthly.
The effect of time scale on the influence depth of climate conditions in case of soil temperature is
not significant as the results of soil water content. It may be attributed to the participation of soil
surface temperature in the estimation of sensible heat and hence the value of heat flux boundary
condition, which may lead to the same amount of energy transfer between soil and atmosphere at
different time scales. Additional work is required to further clarify this point. In the region below
the influenced zone, both soil volumetric water content and temperature remain stable as their real
initial conditions during the studied period. It is thereby suggested to measure the real initial soil

conditions in the area of interest for the evaluation of LLW/ILW storage system’s performance.

4.2. Soil long-term hydro-thermal behavior for 7 years (2000-2006)

4.2.1 Variations of soil volumetric water content and temperature

Figure 11a plots the changes in soil volumetric water content at different depths (0 m, -0.25 m, -
0.75 m, and -1.5 m) from 01/01/2000 to 31/12/2006. It is observed that soil volumetric water
content increases because of rainfall and keeps a decreasing tendency due to evaporation in the
drying periods. Moreover, soil volumetric water content at the surface point shows much larger

fluctuations compared to that of other depths.
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The evolutions of the soil temperature at different depths during the studied period are illustrated
in Figure 11b. Soil temperatures at these studied points present apparent seasonal variations with
larger values during the summer period and smaller values in the wintertime. A larger variation
amplitude of soil temperature is also identified at the soil surface than other depths. Moreover, over
time, the peak temperature in the summer goes up gradually, evidencing the effect of climate

change on soil temperature in the long term.

4.2.2 Influence depths

Soil volumetric water content profiles at different times at depths of 0~-21 m during the years 2001,
2002, 2003, 2004, 2005, and 2006 are plotted in Figure 12, respectively. The influence depths of
climate conditions on soil volumetric water content vary slightly for different years: 4.0 m for the
year 2001 (Figure 12a), 4.8 m for the year 2002 (Figure 12b), 6.0 m for the year 2003 (Figure 12c),
3.2 m for year 2004 (Figure 12d), 8.0 m for year 2005 (Figure 12e) and 10 m for year 2006 (Figure
12f). Among the studied period, the influence depth in terms of soil water content presents the
largest and smallest values in the years 2006 and 2004, respectively. However, more frequent
rainfall events (Figure 4d) are recorded in the years 2003, 2004, 2005 and 2006. It infers that the
relationship between the influence depth and the changing climate conditions is not significant as
expected. This may be attributed to that the value of net water flux conditions is governed by both

rainfall and evaporation on the soil surface.

On the other hand, the soil temperature profiles in different years (2000 to 2006) at depths of 0~-
21 m are shown in Figure 13, presenting the influence depths of climate conditions: 18.4 m in the
year 2001 (Figure 13a), smaller than 20 m in other years (Figures 13b~f). The influence depth of

climate conditions on temperature increases as time continues. It is inferred to be related to the

15



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

warming climate conditions produced by the increasing solar radiation from the year 2000 to the

year 2006 in Figure 7a.

As shown in Figures 12h and 13h, in the studied period of seven years (2000 to 2006), the
influence depths of climate conditions are estimated to be larger than 20 m for both soil water
content and temperature. It indicates that the overburden and the current storage space for
LLW/ILW are potentially situated in the weather influenced zone in the future. Therefore, further
investigation about the effect of soil water content and temperature on the performance of
LLW/ILW storage system is required to minimize the negative weather influence on LLW/ILW
storage and to provide a practical suggestion for future site selections. Based on the results of each
year and seven years, it is inferred that the influence depths of climate conditions vary significantly
in different studied periods. The differences are governed by the climate conditions of the studied
periods. During the longer studied period (7 years), the influence of climate conditions on the
variations of soil volumetric water content and temperature is accumulated, leading to a deeper
influenced zone compared to that of each year. It may be attributed to the effect of wetting-drying
cycles during the longer period on the changes of soil microstructure, allowing heat and water

transport to a deeper zone.

5. Conclusions

In this study, the effect of climate conditions on soil water content and temperature in the
overburden of LLW/ILW disposal facility were numerically investigated at different time scales
(30 min, daily, weekly and monthly) and in the long term (7 years). Actual meteorological

information data from Valencia El Saler station in Spain were used as the future climate conditions
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of the studied site in middle France based on climate analogues. The obtained results allow the

following conclusions to be drawn:

(1) The variations of soil volumetric water content and temperature in the near-surface zone

are mainly affected by the hydraulic (evaporation/infiltration) and thermal (soil heat flux)
boundary conditions at the soil-atmosphere interface. At soil surface, distinct daily and
seasonal variations of soil temperature can be observed, with higher values during the
summer period and lower values in the wintertime. In the deeper zone, both soil volumetric
water content and temperature show much smaller fluctuations compared to those of near

soil surface zone.

(2) The calculated results in terms of soil volumetric water content and temperature present a

similar variation tendency at the same depth for the four different time scales. However, in
general, the results at the time scale of 30 min depict the maximum and minimum values
because of the extreme climate events recorded at this time interval. The daily fluctuations
of soil water content and temperature are more evident at the time scale of 30 min than
those of other time scales, especially at soil surface point. As a result, the employment of
meteorological information at a short time scale (30 min) can increase the accuracy of
simulation results by capturing the extreme climate events and accelerating the iteration
rate of soil-atmosphere interaction. Thereby, it is suggested to apply the meteorological
information at a short time scale (30 min) to estimate the soil hydro-thermal behavior in the

geotechnical and environmental contexts.

(3) In terms of influence depth for soil water content in the year 2000, it is limited to 4.8 m, 5.2

m, 11.6 m, and 11.6 at the time scale of 30 min, daily, weekly, and monthly, respectively.

The mass transfer between soil and atmosphere at the time scale of 30 min is more effective
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than others. However, the influence depth in terms of soil temperature is limited to
12.0~12.8 m, indicating the insignificant effect of time scale. It may result from the same
amount of energy transfer between soil and atmosphere at different time scales. Additional
work is required to further clarify this point.

(4) The change of soil temperature in the long term (7 years) indicates that the peak
temperatures of the summer periods show an increasing trend from 01/01/2000 to
31/12/2006, reflecting the effect of the warming climate on soil temperature. Moreover, the
influence of climate conditions on soil hydro-thermal behavior is accumulated over time,
leading to a deeper influenced zone (> 20 m) in a longer studied period. It indicates that the
overburden and the current storage space for LLW/ILW are potentially situated in the
weather influenced zone in the future.

(5) This study infers that a further investigation about the effect of soil water content and
temperature variations on the performance of LLW/ILW storage system is required. It also
enables a further detailed inspection of climate’s role in the LLW/ILW storage system to
minimize the negative influence of climate change on LLW/ILW storage and to provide a

practical suggestion for site selections.
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Table captions

Table 1. Soil properties of each layer in the study region
Table 2. Soil thermal conductivity, water retention curve and hydraulic conductivity curve of each

layer in the study region

Figure captions

Figure 1. (a) Schematic diagram of the studied region and (b) detailed soil information of different
layers

Figure 2. Soil properties of three layers: (a) the variations of soil thermal conductivity versus
volumetric water content; (b) the variations of soil water retention versus suction, and (c) the
variations of soil hydraulic conductivity versus suction

Figure 3. Field meteorological information recorded from 01/01/2000 to 31/12/2000 at different
time scales (30 min, daily, weekly and monthly): (a) solar radiation, (b) air temperature, (c) latent
heat, (d) rainfall and (e) actual evaporation rate (calculated)

Figure 4. Field meteorological information from 01/01/2000 to 31/12/2006 at the time scales of 30
min: (a) solar radiation, (b) air temperature, (c) latent heat, (d) rainfall and (e) actual evaporation
rate (calculated)

Figure 5. Numerical model dimensions used in this study

Figure 6. At the time scale of 30 min: the variations of (a) soil volumetric water content and (b)
soil temperature at depths of O m, -0.25 m, -0.5 m, -0.75 m, -1.0 m, and -1.5 m during the studied
period

Figure 7. At the time scale of 30 min: (a) soil volumetric water content profiles and (b) temperature

profiles at different times in zone 0~-20 m
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Figure 8. Soil volumetric water content variations at different time scales (30 min, daily, weekly
and monthly) at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m

Figure 9. Soil temperature variations at different time scales (30 min, daily, weekly and monthly)
at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m

Figure 10. Soil volumetric water content and temperature profiles in zone 0~-20 m during the year
2000 at different time scales: (a) daily; (b) weekly, and (c) monthly

Figure 11. At the time scale of 30 min, the variations of soil (a) volumetric water content and (b)
temperature at depths of 0 m, -0.25, -0.5 m, -0.75 m, -1.0 m, and -1.5 m from 01/01/2000 to
31/12/2006

Figure 12. At the time scale of 30 min, soil volumetric water content profiles at different times in
zone 0~-20 m during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year
2004, (e) year 2005, (f) year 2006, and (g) from year 2000 to 2006

Figure 13. At the time scale of 30 min, soil temperature profiles at different times in zone 0~-20 m
during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year 2004, (e) year

2005, (f) year 2006, and (g) from year 2000 to 2006
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Tables

Table 1. Soil properties of each layer in the study region

Layer Soil Depth (m) Porosity Dry density (Mg/m?)
L1 Silty clay 0~-1 0.35 1.3
L2  Compacted Teguline clay -1~-36 0.37 1.7
L3 Natural Teguline clay -36~-71 0.256 2.0
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Table 2. S

oil thermal conductivity, water retention curve and hydraulic conductivity curve of
each layer in the study region

Layer Soil thermal Soil water retention curve Soil hydraulic conductivity
conductivity curve

S zg_gr :|:1+(a¢/)nj|_m K_KSO.S 1- 1_Sllmm ?

s -5

) 3)
Os O o n K
L1 A=1.550+0.47 (1) 0.32 0.00 0.0285 1.627 1.0x108
L2 A=4.5360+0.15(4) 0.37 0.004 3.5x10* 1.60 1.4x10°
L3 A=20 0.245 0.004 8.0x107 1.80 3.0x1012
Comments: A (W/(m-K)) is soil thermal conductivity;

@ is soil volumetric water content;

Se is soil effective saturation;

6s is saturated volumetric water content;

6 is residual volumetric water content;

a (kPa!), m and n are soil constants, m = 1-1/n;
K (m/s) is soil hydraulic conductivity;

K (m/s) is soil saturated hydraulic conductivity.
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615  Figure 1. (a) Schematic diagram of the studied region and (b) detailed soil information of different
616 layers
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Figure 3. Field meteorological information recorded from 01/01/2000 to 31/12/2000 at different
time scales (30 min, daily, weekly and monthly): (a) solar radiation, (b) air temperature, (c) latent

heat, (d) rainfall and (e) actual evaporation rate (calculated)
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656  Figure 6. At the time scale of 30 min: the variations of (a) soil volumetric water content and (b)
657  soil temperature at depths of 0 m, -0.25 m, -0.5 m, -0.75 m, -1.0 m, and -1.5 m during the studied
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663  Figure 7. Atthe time scale of 30 min: (a) soil volumetric water content profiles and (b) temperature
664  profiles at different times in zone 0~-20 m

665
666
667

36



~
<
~

g L 23/01/2001
Il
a @]
alp= % - 26/12/2000
| !
9k C5 F28/11/2000
s = S
ES Lol i 31/10/2000
=
. - 03/10/2000
' j% 05/09/2000
b
g— 08/08/2000
L
I
3 E - 11/07/2000
e 2L 13/06/2000
K
S 1161052000
5 g L 18/04/2000
-k -QFP L 21/03/2000
L 22/02/2000
A F25/01/2000
>
£ & F28/12/1999
(@)
———1—1+ 30/11/1999
S O O O O O O
O nn <+ on A —
(9) JUANUOD IAJB M

30 min - A~ Daily
- O- Weekly --<#-- Monthly

—23/01/2001

> |- 26/12/2000

—- 28/11/2000

4 31/10/2000

S 11/07/2000

{ - 13/06/2000

~ 16/05/2000

— 18/04/2000

— 21/03/2000

— 22/02/2000

—25/01/2000

—- 28/12/1999

30/11/1999

= L 23/01/2001
=E
=R .
8= 5 | 26/12/2000
!
< éfg - 28/11/2000
g2 Ak
E§  ___ Ly ~i31/1012000
Z P
RE
. - 03/10/2000
Q
' L 05/09/2000
- 08/08/2000
St 11072000
q
Vo2 - 1310612000
i
% L 16/05/2000
4
< (& | 18/04/2000
i
~ =55 | 21/03/2000
L 22/02/2000
. i F25/01/2000
0 =
S % | 28/12/1999
T T T 1 30/11/1999
oS O O O O O O
O nVn I o0 A —
(9) JUNUOD 1B A\

37



(d)

60 - ,
15 30 min - A~ Daily

< 50 4 Sm

s - O- Weekly --<7#-- Monthly

= 40

g SRR EOROETS S O O A BOSRRRIA

3 RUYAVAVIvAY

520

<

= 10

O I I I I I I I I I I I I I I I

[O¥) [\ [\ N \S] —_ — — —_ S S S (O8] [\ [\ [\
=) o N [\ —_ © ) W _ 0 N S —_ © D (o)
~ S~ ~ ey ~ =~ = ~ ~ =~ ~ ~ ~ S~ S~ ~
—_ —_ S S S () S ) S S (= —_ —_ —_ —_ S
gy I\ gy o @ & W D =~ 0 O =) =) - I\ -
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
- S EEEE S TS B B S S N S B B B B B S B S
- - - - - - - - - - - - -
O O S S S S S S S S S S S S S S
\O O (e) (e) (=) (e) (=) (e) (e) (=) (e) (=) (=) (e) (=) —_

668

669  Figure 8. Soil volumetric water content variations at different time scales (30 min, daily, weekly
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Figure 9. Soil temperature variations at different time scales (30 min, daily, weekly and monthly)

at depths of (a) 0 m, (b) -0.25, (c) -0.75 m, and (d) -1.5 m
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Figure 11. At the time scale of 30 min, the variations of soil (a) volumetric water content and (b)
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728  Figure 12. At the time scale of 30 min, soil volumetric water content profiles at different times in
729  zone 0~-20 m during different studied periods: (a) year 2001, (b) year 2002, (c¢) year 2003, (d) year
730 2004, (e) year 2005, (f) year 2006, and (g) from year 2000 to 2006
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732 Figure 13. At the time scale of 30 min, soil temperature profiles at different times in zone 0~-20 m
733 during different studied periods: (a) year 2001, (b) year 2002, (c) year 2003, (d) year 2004, (e) year
734 2005, (f) year 2006, and (g) from year 2000 to 2006
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