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Experimental study on water evaporation from sand using environmental chamber
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Large-scale evaporation experiments were conducted on bare sand using an environmental chamber. Four different atmospheric conditions and various drying durations were imposed on the soil sample. Atmospheric parameters (air flow rate, relative humidity, and temperature) and response of the soil (volumetric water content, temperature, and soil suction) were both monitored simultaneously. Notably, the temperature and matric suction at the soil surface were monitored using an infrared thermometer and high-capacity tensiometer, respectively. The results show that the air and soil temperatures depend on the evaporation process and atmospheric conditions. In addition, volumetric water content in the near-surface zone is strongly affected by the evaporation process and changes linearly over depth. The evaporation rate is strongly dependent on the air conditions.

Introduction

Soil water evaporation at the air-soil interface is an important water cycle and energy exchange process, which causes many problems in various fields: soil degradation in arid areas with a high evaporation rate [START_REF] Xue | Maximum surface temperature model to evaluate evaporation from a saline soil in arid area[END_REF], soil salinization in arid and semi-arid regions (e.g., [START_REF] Shimojimaa | Salinization owing to evaporation from bare-soil surfaces and its influences on the evaporation[END_REF][START_REF] Zarei | Modeling transient evaporation from descending shallow groundwater table based on Brooks-Corey retention function[END_REF][START_REF] Xue | Maximum surface temperature model to evaluate evaporation from a saline soil in arid area[END_REF], damage of buildings and geotechnical constructions due to water loss [START_REF] Cui | Water balance and evapotranspiration monitoring in geotechnical and geoenvironmental engineering[END_REF][START_REF] Corti | Simulating past droughts and associated building damages in France[END_REF][START_REF] Corti | Drought-induced building damages from simulations at regional scale[END_REF], etc. This shows the importance of investigating the mechanisms of soil water evaporation. On the other hand, the study of this process has significant practical benefits in various fields: estimating the amount of water loss in the assessment of soil management technologies in agriculture [START_REF] Qiu | An improved methodology to measure evaporation from bare soil based on comparison of surface temperature with a dry soil surface[END_REF], predicting evaporation flux in design of soil cover of mine tailings [START_REF] Wilson | Soil evaporative fluxes for geotechnical engineering problems[END_REF][START_REF] Wilson | Coupled soil-atmosphere modelling for soil evaporation[END_REF][START_REF] Wilson | The effect of soil suction on evaporative fluxes from soil surfaces[END_REF][START_REF] Yanful | Measurement of evaporative fluxes from candidate cover soils[END_REF], investigating the long-term performance of moisture-retaining soil covers [START_REF] Yang | Water balance during evaporation and drainage in cover soils under different water table conditions[END_REF][START_REF] Yanful | Modeling and measurement of evaporation in moisture-retaining soil covers[END_REF], designing evapotranspirative cover systems for waste containment and mining sites [START_REF] Cui | Water balance and evapotranspiration monitoring in geotechnical and geoenvironmental engineering[END_REF], classifying landfill sites according to climatic water balance [START_REF] Blight | Solar heating of the soil and evaporation from a soil surface[END_REF], etc. Moreover, the investigation of soil water evaporation is also an important issue in geotechnical engineering [START_REF] Cui | Simulating the water content and temperature changes in an experimental embankment using meteorological data[END_REF][START_REF] Cui | Experimental and numerical investigation of soil-atmosphere interaction[END_REF].

For bare soils, the water evaporation process is controlled by both atmospheric conditions and soil conditions [START_REF] Wilson | Soil evaporative fluxes for geotechnical engineering problems[END_REF][START_REF] Wilson | Coupled soil-atmosphere modelling for soil evaporation[END_REF][START_REF] Van De Griend | Bare soil surface resistance to evaporation by vapor diffusion under semiarid conditions[END_REF][START_REF] Qiu | An improved methodology to measure evaporation from bare soil based on comparison of surface temperature with a dry soil surface[END_REF]. Regarding the atmospheric conditions, it appears that evaporation rate is sensitive to wind speed at the beginning of the process when the soil surface is wet [START_REF] Kondo | A model and experimental study of evaporation from bare-soil surfaces[END_REF][START_REF] Yamanaka | A modified surface-resistance approach for representing bare-soil evaporation: Wind tunnel experiments under various atmospheric conditions[END_REF], whereas increasing wind speed results in a reduction of evaporation rate when the soil surface is dry [START_REF] Yamanaka | A modified surface-resistance approach for representing bare-soil evaporation: Wind tunnel experiments under various atmospheric conditions[END_REF]). An increase in relative humidity decreases the evaporation rate and vice versa [START_REF] Yamanaka | A modified surface-resistance approach for representing bare-soil evaporation: Wind tunnel experiments under various atmospheric conditions[END_REF]) -evaporation ceases when the vapor pressure at the soil surface becomes equal to that of air [START_REF] Yanful | Measurement of evaporative fluxes from candidate cover soils[END_REF]. The evaporation rate determined from the field meteorological data was found higher at lower relative humidity, higher wind speed, higher air temperature, and stronger solar radiation [START_REF] Cui | Field simulation of in situ water content and temperature changes due to ground-atmospheric interactions[END_REF][START_REF] Cui | Water balance and evapotranspiration monitoring in geotechnical and geoenvironmental engineering[END_REF]. Furthermore, the field daily evaporation rate was also found to be dependent on the atmospheric conditions: a high net radiation results in high latent heat flux and hence high evaporation rate; thereby, most evaporation takes place during daytime [START_REF] Blight | Interactions between the atmosphere and the Earth[END_REF][START_REF] Aluwihare | Measurement of evaporation on bare soil and estimating surface resistance[END_REF]. As far as soil conditions are concerned, the evaporation rate is dependent on the soil texture [START_REF] Wilson | Soil evaporative fluxes for geotechnical engineering problems[END_REF][START_REF] Wythers | Bare-soil evaporation under semiarid field conditions[END_REF], initial water content [START_REF] Wang | Wind tunnel experiments on bare soil evaporation[END_REF], hydraulic conductivity [START_REF] Wilson | Coupled soil-atmosphere modelling for soil evaporation[END_REF]) and water retention capacity [START_REF] Yanful | Measurement of evaporative fluxes from candidate cover soils[END_REF]. In addition, the drainage condition and water table level also significantly affect the process of evaporation [START_REF] Yang | Water balance during evaporation and drainage in cover soils under different water table conditions[END_REF].

Basically, soil surface temperature and suction are two essential parameters controlling soil water evaporation. However, these two parameters have scarcely been investigated experimentally, in particular the soil surface suction.

In the present work, a large-scale compacted Fontainebleau sand sample (1000 mm in length, 800 mm in width, and 300 mm in height) was subjected to four evaporation tests in an environmental chamber under various controlled atmospheric conditions (i.e., different values of air relative humidity, temperature, and air-flow rate) and with a steady water table. Air conditions and the response of soil parameters were monitored during the tests, including soil surface temperature and matric suction using an infrared thermometer and high-capacity tensiometer, respectively. The recorded data allow better understanding of the soil water evaporation mechanisms on one hand and further theoretical and numerical analyses on the other.

Materials

The soil studied is the Fontainebleau sand, with a specific gravity of 2.64. The values of its minimum and maximum unit masses are 1.39 and 1.75 Mg/m 3 , respectively. The effective grain size, D 10 , is 0.14 mm and the coefficient of uniformity, C u =D 60 /D 10 (where D 60 and D 10 are the particle sizes for which 60% and 10% of the sample are finer than D 60 and D 10 , respectively), is 1.6 (Delfosse- [START_REF] Delfosse-Ribay | Shear modulus and damping ratio of grouted sand[END_REF]). The grain size distribution curve determined by sieve analysis is shown in Fig. 1.

Testing apparatus

The evaporation tests were carried out in a large-scale environmental chamber setup (see Fig. 2). This setup includes an environmental chamber (i.e., an transparent acrylic tank with 800 mm internal width, 1000 mm internal length, and 895 mm height), a wind supply unit, an air collection unit, a water supply unit, and a data-logging system. Upon initiation of the evaporation test, the wind supply unit supplies an air stream with a controlled air-flow rate, temperature, and relative humidity to the chamber. The air collection unit collects the moist air passing through the chamber and records its temperature and relative humidity. The water supply unit can control the water level during evaporation. The datalogging system records all the results from different sensors. It is noted that the evaporation rate can be determined by changes in absolute humidity and air flow rate. Furthermore, various sensors with different applications were installed at different locations of the soil sample and the chamber. More specifically,

• five soil moisture sensors (ThetaProbe (ML2x)) for recording changes in soil volumetric water content were buried at different depths of the soil sample; • six resistance temperature detectors (PT1000) for measuring soil temperature were also buried inside the soil sample over its depth; • five thermistors monitoring air temperature were fixed at different heights above the soil surface; • six humidity sensors (T3111 transmitter) were also placed at different locations of the chamber for monitoring of air relative humidity and temperature; • an infrared thermometer (Pyropen-D) was used to measure the soil surface temperature; • five high-capacity tensiometers were installed at different depths for the sake of matric suction measurement; • a flowmeter (MAS-3120) and anemometer (Testo 435-2) were used to measure air flow rate and wind speed, respectively.

The details of the sensors used are presented in Table 1. A sketch of the sensor arrangement is shown in Fig. 3. More details of this environmental chamber and the sensors used can be found in [START_REF] Song | Development of a largescale environmental chamber for investigating soil water evaporation[END_REF].

Testing methodology

The dry Fontainebleau sand was compacted in 50 mm thick layers in the environmental chamber (Fig. 4a). A soil layer of 300 mm total thickness was compacted at a dry unit mass of 1.7 Mg/m 3 . During the compaction, various sensors were installed in the soil: six PT1000 sensors were installed every 50 mm (i.e., 25, 75, 125, 175, 225, and 275 mm depths) and two ThetaProbe sensors were buried at 125 and 225 mm below the soil surface. The other three ThetaProbe sensors were buried after soil saturation in the first 60 mm below the soil surface (i.e., 25, 40, and 55 mm depths) (Fig. 4b). Five thermistors were fixed at different elevations (i.e., 80, 185, 275, 380, and 465 mm heights) along one inside wall of the chamber (Fig. 4c). Three relative humidity sensors (T3111 transmitter) were installed at the soil surface and at various heights (50 and 275 mm heights), allowing air relative humidity to be monitored (Fig. 4c). An anemometer was fixed at 50 mm above the soil surface for the measurement of wind speed. Note that the chamber cover was sealed with silicon to ensure air-tightness. For relative humidity at the inlet, outlet, and in the laboratory, three other relative humidity sensors were fixed in a plastic cell at the inlet, in the air collection unit, and outside the chamber. The infrared thermometer was fixed on the cover to monitor the soil surface temperature (Fig. 4d).

Subsequent to soil compaction and sensor installation, the soil column was saturated through the water tank connected to the bottom of chamber. After saturation, the water level in the tank was lowered to a level close to the bottom of the soil layer and was kept constant during the tests. Meanwhile, four high-capacity tensiometers, constructed in-house, for soil matric suction measurement within a range of 1.5 MPa were installed on two sides of the wall at different depths (i.e., 25, 77, 173, and 276 mm below the soil surface) and one tensiometer was placed at the soil surface allowing the measurement of near-surface suction. This type of tensiometer is composed of a porous ceramic stone with an air-entry value of 1.5 MPa, a specially designed strain gage glued on a diaphragm, and a very thin water reservoir (0.1 mm thick) between them (Cui et al. 2008a;[START_REF] Muñoz-Castelblanco | The water retention properties of a natural unsaturated loess from northern France[END_REF]. Prior to use, the tensiometer needs to be saturated in a saturation cell with de-aired and distilled water under a pressure as high as 4 MPa (Cui et al. 2008a). Meanwhile, the calibration is completed during this saturation process. More details about this tyoe of tensiometer can be found in Cui et al. (2008a), [START_REF] Tang | Calibration of the osmotic technique of controlling suction with respect to temperature using a miniature tensiometer[END_REF][START_REF] Muñoz-Castelblanco | The water retention properties of a natural unsaturated loess from northern France[END_REF].

The tests were conducted under various controlled air conditions. The compressed air in the laboratory was used and its pressure was controlled using a regulator. The air flow was measured by a flowmeter to an accuracy of ±1.5% over a working range of 500 L/min. It was then heated in a heating tube to a temperature controlled by a temperature regulator. The temperature and relative humidity of this heated air were measured by a T3111 transmitter before being diffused in the chamber (i.e., inlet) through an air distributor (i.e., a perforated metal tube). After crossing the chamber (i.e., outlet), the air was gathered and the temperature and relative humidity were measured again. For control of the water table, it was necessary to adjust its level regularly by adding water into the tank.

Four soil water evaporation tests were conducted at various constant air rates and heating tube temperatures (see Table 2). Note that the heating tube temperature was much higher than that in the chamber, as can be seen later from the results. Tests 1 and 2 were carried out at similar air flow rates (185 L/min for test 1 and 172 L/min for test 2), but different temperatures in the heating tube (50 °C for test 1 and 200 °C for test 2). Tests 3 and 4 were conducted at the same lower air flow rate (130 L/min) and different heating tube temperatures (50 °C for test 3 and 200 °C for test 4).

The duration of tests 3 and 4 was much longer (17.5 days for test 3 and 30 days for test 4) than the 11.5 day duration of tests 1 and 2. Note that the dry unit mass of sand is assumed to be unchangeable (1.7 Mg/m 3 ) during the four evaporation tests.

Determination of the evaporation rate is based on the water vapor balance, as follows:

(1)

E a ϭ (86 400)Q(H a-outlet Ϫ H a-inlet )/( w A)
where E a is the actual evaporation rate (mm/day); Q is the air flow rate through the chamber (L/s), H a-outlet and H a-inlet are the absolute humidity (Mg/m 3 ) at the outlet and inlet, respectively; w is the density of water (Mg/m 3 ), and A is the area of the evaporative surface exposed in the chamber (m 2 ). The absolute humidity (H a ) is calculated using eq. ( 2):

(2) H a ϭ 0.622e a /(1000RT a ) where e a is the vapor pressure (Pa), R is the gas constant (287.04 J/(kg•K)), T a is the air temperature (K), 0.622 is the ratio of the molecular weight of water to that of dry air. The vapor pressure, e a , is determined by eq. ( 3)

(3) e a ϭ e sat H r /100

where e sat is the saturated vapor pressure (Pa) and H r is the air relative humidity (%).

The saturated vapor pressure (e sat ) is deduced from eqs. ( 4) and ( 5) [START_REF] Brutsaert | Evaporation into the atmosphere: theory, history, and applications[END_REF] (4)

e sat ϭ (101 325) exp(13.3185t R a Ϫ 1.9760t R a 2 Ϫ 0.6445t R a 3 Ϫ 0.1299t R a 4 ) (5) t R a ϭ 1 Ϫ 373.15/T a
Note that this method was also used by Mohamed et al. ( 2000) and [START_REF] Aluwihare | Measurement of evaporation on bare soil and estimating surface resistance[END_REF].

Results and discussion

Air flow rate

Figure 5 depicts the variations of air flow rate versus elapsed time during the four drying tests. It can be seen that some fluctuation as high as ±5 L/min exist around a constant average value in test 1 (Fig. 5a), test 2 (Fig. 5b), and test 3 (Fig. 5c). The larger fluctuation in test 4 (Fig. 5d) was due to a technical problem related to the compressed air system in the laboratory. It is noted that the corresponding average wind speeds at 50 mm above the soil surface are 0.5, 0.46, 0.34, and 0.34 m/s in tests 1, 2, 3, and 4, respectively.

Air temperature

Figure 6 shows air temperatures at the inlet and outlet of the chamber as well as in the laboratory, the inlet temperature being the highest. When the heating tube temperature is high (i.e., 200 °C in tests 2 and 4, see Figs. 6b and6d), the laboratory temperature is lower than the outlet one. By contrast, when the heating tube temperature is low (i.e., 50 °C in test 1s and 3, see Figs. 6a and6c), the phenomenon is reversed.

Evolutions of air temperature at different elevations in the chamber are presented in Fig. 7. Note that the positions with similar air temperatures are termed as "other heights". On the whole, at the same heating tube temperature, the higher the air flow rate the lower the air temperature in the chamber. Indeed, the air temperature in test 3 (17.5 to 21.5 °C, see Fig. 7c) at 130 L/min air flow rate is higher than that in test 1 (16 to 20.5 °C, see Fig. 7a) at 185 L/min. The same trend can be observed when comparing test 2 to test 4 (see Figs. 7b and7d). Furthermore, at a similar air flow rate, the air temperature increases over time when the heating tube temperature is as high as 200 °C (i.e., tests 2 and 4). However, when the heating tube temperature is as low as 50 °C (i.e., tests 1 and 3), the air temperature declines initially, and then goes up and down. Compared to the temperatures at inlet (see Fig. 6), the temperatures in the chamber vary in the same fashion (see Fig. 7), indicating that the air temperatures inside the cham-ber are strongly influenced by the inlet temperature. It is also observed that air temperature shows a sharp increasing trend by the end of test 3 and in the middle of tests 2 and 4.

The inlet temperature is one of the controlled parameters in the four tests (see Fig. 6). Its values (i.e., 22, 24, 47, and 56 °C) depend on both the heating tube temperature and air flow rate. Indeed, when the air flow rate is similar, a high heating tube temperature produces high inlet temperature (e.g., the inlet air temperature in test 4 is higher than in test 3). When the heating tube temperature is fixed, the inlet temperature is higher at a lower air flow rate (e.g., the inlet air temperature in test 3 is higher than in test 1). In addition, the temperature drops from inlet to outlet. This suggests that the soil water evaporation in the chamber is an energyconsuming process. Inside the environmental chamber, the air adsorbs energy from hot air, leading to an increase of its temperature (see Fig. 7). As water vaporization consumes energy and cools the surrounding medium, the temperature of air close to the soil surface (i.e., 80 mm height) is affected and exhibits the lowest value. Under low heating tube temperatures (see Figs. 7a and7c), water evaporation consumes more energy than air heating, thereby cooling both air and soil. Consequently, air temperatures decrease during the first 0.5 and 0.7 days in tests 1 and 3, respectively (see Figs. 7a and7c). At high heating tube temperatures (see Figs. 7b and7d), the energy from hot air allows both water evaporation and air heating. Therefore, the air temperature exhibits a gradual increase in tests 2 and 4, exceeding the laboratory temperature.

Soil temperature

Evolutions of soil temperature at different positions are presented in Fig. 8. The positions with similar temperatures are termed as "other depths". Two distinct evolutions can be identified: the soil temperatures show a gradual increase at high heating tube temperatures (i.e., tests 2 and 4, see Figs. 8b and8d), while at low heating tube temperature (i.e., tests 1 and 3, see Figs. 8a and8c) a decrease is observed at the beginning. In addition, soil temperatures at high air flow rates are lower than that at low air flow rates when the heating temperature is the same. Indeed, at a heating tube temperature of 50 °C the temperature values vary from 10.5 to 18 °C in test 1 at 185 L/min (see Fig. 8a) while they change within the range 13-20.5 °C in test 3 at 130 L/min (see Fig. 8c). A similar phenomenon is observed in tests 2 (see Fig. 8b) and 4 (see Fig. 8d), both at a 200 °C heating tube temperature, despite the unstable imposed air flow in test 4. Furthermore, the soil surface temperature is the lowest at low heating tube temperatures (i.e., tests 1 and 3) while it is the highest at high heating tube temperatures (i.e., tests 2 and 4). The soil temperature at different depths increases quickly by the end of tests 1 and 3 (see Figs. 8a and8c, respectively) or in the middle of tests 2 and 4 (see Figs. 8b and8d, respectively), especially at the soil surface. In addition, the evolution of soil temperatures follows the one of air temperatures.

The evolutions of soil temperature are also evaporation dependent (see Fig. 8). Indeed, comparison with the evolutions of air temperature (see Fig. 7) shows that the changes of soil and air temperatures are similar (i.e., both of them decrease at the initiation of evaporation, and then go up and down), suggesting that the energy for evaporation is supplied by both air and soil at low heating tube temperatures. At high heating tube temperatures (i.e., tests 2 and 4), soil temperatures are elevated as air temperatures because the high temperature air flow provides more energy than required for water evaporation. Furthermore, the soil temperatures decrease after the initiation of evaporation and then increase along with the decline of evaporation rate at low heating tube temperatures (Figs. 8a and8c). A similar trend was observed in the column drying test conducted by [START_REF] Wilson | Soil evaporative fluxes for geotechnical engineering problems[END_REF] and [START_REF] Wilson | Coupled soil-atmosphere modelling for soil evaporation[END_REF] and in the column evaporation test under controlled air conditions performed by [START_REF] Yanful | Measurement of evaporative fluxes from candidate cover soils[END_REF]. 

Air-soil temperature profile

To further analyze the evolutions of temperature inside the chamber, the recorded air and soil temperatures are used to establish the air-soil temperature profiles (Fig. 9). The highest air temperature is observed at the elevation corresponding to the level of air inlet (i.e., air distributor). The air temperature decreases from this position to the position close to the chamber cover and it also declines from this position to the soil surface. The temperature at the soil surface is the lowest value under low heating tube temperatures (see Figs. 9a and9c) while this phenomenon is not observed in the case of high heating tube temperatures (see Figs. 9b and9d). On the other hand, the soil temperatures increase progressively over depth under low heating tube temperatures (see Figs. 9a and9c) while it decreases under high heating tube temperatures (see Figs. 9b and9d). Note that the temperatures inside the soil column (i.e., below 25 mm depth) are similar for the four tests. Two sharp but quite opposite temperature gradients are observed between the 80 mm height, soil surface, and 25 mm depth under low heating tube temperatures. By contrast, only one temperature gradient is identified under high heating tube temperatures. Note that the initial soil temperature distribu-tion at the beginning of evaporation in different tests can also be identified from the profiles: for test 1, the soil temperature at the surface is 13.7 °C; it increases to 17.6 °C at 25 mm depth, and to 18.1 °C at 275 mm depth. For test 2, it decreases from 18.8 °C at the soil surface to 18.4 °C at 275 mm depth. For test 3, it increases The observed results can be explained as follows. At the beginning of the evaporation process, the water at the soil surface firstly evaporates and the lowest temperature appears in this location (e.g., tests 1, 3, and 4). Further evaporation leads the soil surface to become dry and the evaporation front progresses into a deeper position; that is, the lowest temperature position is deeper. During this evaporation process, the water loss increases soil resistance to evaporation, thus decreasing the evaporation rate. The energy consumed by evaporation also declines. As a result, more energy is available for increasing soil and air temperatures. This explains the quick increase of soil and air temperatures when the evaporation rate is low (e.g., in tests 2, 3, and 4) or when the evaporation duration is long. Therefore, we can deduce that if longer drying is allowed in test 3, the lowest temperature will not be at the soil surface.

Air relative humidity

The changes of air relative humidity in the chamber are presented in Fig. 10. All values at various elevations decline over time. Relative humidity at the soil surface presents the highest value while the one at the inlet shows the lowest. Furthermore, values at the outlet, at 50 mm, and 275 mm height are very similar. In general, the evolution of relative humidity at various positions except the inlet can be divided into three stages: (i) initial decrease stagethe relative humidity decreases slowly in the first 10 days under low heating tube temperatures, and in the first 6 to 8 days under high heating tube temperatures; (ii) quick decline stage; and (iii) stabilization stage with a quite low decrease rate. All these three stages appear clearly in test 4 (see Fig. 10d). The first two stages appear in tests 2 and 3 (see Figs. 10b and10c) while only the first stage appears in test 1 (see Fig. 10a). For test 1, the imposed air relative humidity at inlet is low and keeps a constant value around 6.5% while the outlet air relative humidity decreases from 46% to 33% over time. The imposed relative humidity at the inlet is around 1.5%, 3.5%, and lower than 1% in tests 2, 3, and 4, respec-tively, whereas the corresponding values at the outlet vary from 33% to 12.4%, 50% to 20%, and 35% to 8%, respectively. Note that the surface relative humidity does not correspond exactly to the surface position but at 5 mm above the soil surface due to the dimensions of the sensor.

The values of air relative humidity at different elevations clearly reflect the evaporation process. Because of water evaporation from the soil, the air relative humidity near the soil surface is higher than at other elevations (see Fig. 10). This relative humidity difference is sustained when water supply for evaporation is sufficient (e.g., from t = 0 to 9 days in test 3). Along with the evaporation process, the soil surface resistance to evaporation increases and the amount of water vapor entering the air decreases. Thus, the relative humidity difference at different elevations decreases. Eventually, water evaporation will cease when the soil vapor pressure becomes equal to that of the surrounding air [START_REF] Yanful | Measurement of evaporative fluxes from candidate cover soils[END_REF]. On the other hand, from the evolutions of relative humidity, the effects of air temperature and air flow rate on evaporation can also be observed: at similar air flow rates, the higher the heating tube temperature the lower the relative humidity inside the chamber. At the same heating tube temperature, a lower air flow rate gives rise to only a slightly higher relative humidity.

Soil volumetric water content

The changes of volumetric water content are shown in Fig. 11. As expected, the volumetric water content in the near-surface zone (i.e., from soil surface to 60 mm depth) firstly decreases in all tests, followed by a decrease at 125 mm depth, while the value at 275 mm depth remains unchanged. Taking test 1 as an example, the volumetric water content in the soil surface zone declines from 29.3% to 8.9% at 25 mm depth and from 31.7% to 13.8% at 55 mm depth. In a deeper zone at 125 mm depth, the value is constant in the first 9.5 days, and then decreases from 31.4% to 28.6% at the end of the test. However, the value at 275 mm depth remains 34.5%. Note that the volumetric water content at a saturated state is 35.6%. The evolution of volumetric water content in the near-surface zone also follows three stages: (i) a decrease with The evolutions of volumetric water content at various depths are depicted by Fig. 12. This contour map allows visualization of the drying advance in the soil column. On the whole, all contour lines go into a deeper position over time except the 35% line. Furthermore, the lower the water content the later the line appears.

For instance, in test 1, the 30% contour line is at 25 mm depth in the beginning; its depth increases quickly and reaches 110 mm in the first 3.5 days. It continues to increase at a very low rate, but at t = 11 days it increases sharply and reaches 150 mm at the end of the test. The contour line of 30% almost remains constant at 110 mm depth from t = 3.5 to 11 days, suggesting that water loss occurs only in the zone above this depth. In terms of variation of volumetric water content, it decreases from 30% to 25% in the first 1.2 days at 25 mm depth, decreases to 20% at t = 3.2 days, to 15% at t = 5.2 days, and to 10% at t = 10 days. At the end of the test, it becomes lower than 10%. Similar observations can be made for the other tests.

The profiles of volumetric water content for different tests are shown in Fig. 13. A clear water loss can be observed due to evaporation. In general, a linear relationship between water content and depth in the near-surface zone (i.e., 25, 40, and 55 mm depths) can be observed. Moreover, this linear relationship also develops toward deeper zones. Indeed, in test 3 (see Fig. 13c)t h e linear relationship exists at three positions, i.e., 25, 40, and 55 mm depths, with a slope of about 0.23%/mm. This relationship also exists from 25 to 225 mm depth at t = 17.5 days. It is noted that the volumetric water content distribution over depth at the beginning of the four evaporation tests can also be observed: for test 1, the volumetric water contents at 25, 40, and 55 mm depths are 29.3%, 33%, and 32%, respectively. The values in the deeper zone (below 55 mm depth) increase over depth from 32% to 35.6%. For test 2, the values of volumetric water content increase from 25.4% at 25 mm depth to 34.4% at 225 mm depth. For test 3, the volumetric water content values also increase from 24.8% at 25 mm depth to 34.1% at 225 mm depth. For test 4, the values increase from 23.1% at 25 mm depth to 34% at 225 mm depth. The volumetric water content at the soil bottom in the four tests is close to the saturated value, 35.6%.

Basically, soil water evaporation results in a decrease of water content. In the tests performed, the volumetric water content in the near surface zone declines quickly at the initiation of evaporation and then decreases gradually. Furthermore, the deeper zone starts to lose water only when the evaporation lasts a long time (see Fig. 11). This phenomenon can be explained by the evolution of soil resistance to evaporation (van de Griend and Owe 1994; [START_REF] Wythers | Bare-soil evaporation under semiarid field conditions[END_REF]. A similar decreasing trend was observed by [START_REF] Wythers | Bare-soil evaporation under semiarid field conditions[END_REF] in their field evaporation experiment on loams.

The results of volumetric water content from the four tests show that the evaporation from bare soil occurs mainly in the near surface zone (e.g., within a depth of 55 mm). This agrees with the observation by [START_REF] Wythers | Bare-soil evaporation under semiarid field conditions[END_REF]. Furthermore, the evolution at deeper positions suggests that the bottom soil will become dry if the evaporation continues and if there is no water table. The contour map (see Fig. 12) clearly indicates this trend. Note that the linear relationship of soil water content in the near-surface zone (see Fig. 13) can be used for determining the surface water content by extrapolation.

Matric suction

The evolutions of suction over time are presented in Fig. 14 for the four tests. It can be observed that suction increases over time for all positions, indicating the progress of the evaporation process. It also decreases over depth, with the value on the soil surface being the highest. In test 1, only the suctions at the soil surface (i.e., 5 mm depth), 77 mm depth, and 276 mm depth are monitored. The soil surface suction grows in the beginning from 13 to 240 kPa at t = 8 days, and reaches the limit of the tensiometer (1.5 MPa) 1 day later. The suctions at the other two positions are nearly the same, and the tensiometer at 77 mm depth fails due to cavitation after 8 days. In test 2, suction at the soil surface (i.e., 10 mm depth) increases quickly from 14 kPa at t = 0 days to 46 kPa at t = 8 days, and reaches the limit of the tensiometer (1.5 MPa) a few hours later. At 77 mm depth, the suction is slightly higher than at 173 mm depth. The lowest matric suction is found at 276 mm depth. In test 3, suctions were recorded at the same positions as in test 1, and the data in the first 0.7 days was not recorded. The suction at soil surface (i.e., 10 mm depth) grows from 5 to 22 kPa. The value at 77 mm depth is higher than at the bottom (i.e., 276 mm depth). For test 4, the surface suction (i.e., 10 mm depth) varies from 17 to 67 kPa during the first 17.5 days. The values at 20 and 25 mm depths were measured in this test and the tensiometers reached their limits at t = 13 and 17.7 days, respectively. The lowest suction is observed at the bottom and the value at 173 mm depth is close to the bottom one. Note that the suction measurement was disturbed from t = 2.1 to 2.7 days due to some technical problems. The tensiometers at 173 and 276 mm depth did not work correctly during this test and stopped the measurement many times, thus the data are lost for the first 1.2 days at 173 mm depth and no data were recorded after 16.5 days at 276 mm depth.

The profiles of soil suction are shown in Fig. 15. For all the tests, a clear decrease over depth can be identified, with the largest gradient in the surface zone. For test 1, the gradient from the soil surface to 77 mm depth varies from 0.2 kPa/mm at the beginning to 1.5 kPa/mm at t = 6 days. For test 2, the gradient from the soil surface to 7 mm depth increases from 0.2 kPa/mm at the beginning to 0.5 kPa/mm at t = 8 days. The gradient from the soil surface to 77 mm depth increases from 0.05 kPa/mm at the beginning to 0.2 kPa/mm at t = 17.5 days in test 3. For test 4, the gradient from the soil surface to 25 mm depth increases from 0.7 kPa/mm at the beginning to 2.4 kPa/mm at t = 16 days. On the other hand, the matric suction distribution over depth at the initiation of evaporation can be identified: for test 1, the suctions decrease over depth and their values at the soil surface (5 mm depth), 77 mm depth, and 276 mm depth are 13, 1.7, and 1 kPa, respectively. For test 2, the suction values at the soil surface (10 mm depth), 77, 173, and 276 mm depths are 13.5, 4.6, 2.6, and 1.8 kPa, respectively. For test 3, the values at the soil surface (10 mm depth), 77, and 276 mm depths are 5.2, 1.8, and 0.6 kPa, respectively. For test 4, the values at the soil surface (10 mm depth), 20, 25, 173, and 276 mm depths are 17.6, 9.1, 6.5, 3.8, and 0.9 kPa, respectively.

The increasing suction in the soil suggests a gradual water loss during evaporation (see Fig. 14). The decrease of suction over depth corresponds to the increase of volumetric water contentthe surface soil loses water quickly during evaporation resulting in a sharp increase in suction (see Figs. 14 and 15). The increase of suction gradient in the surface zone during evaporation (see Fig. 15) confirms that water loss at the soil surface is quicker than in deeper zones. Note that the measurement of soil surface suction is essential in theoretical analysis of evaporation [START_REF] Wilson | The effect of soil suction on evaporative fluxes from soil surfaces[END_REF][START_REF] Aydin | Test of a simple model for estimating evaporation from bare soils in different environments[END_REF]. The measurements done in this study provide useful information in this regard, but it is worth noting that they were done slightly below the soil surface, and in addition the suction values were limited to 1.5 MPa.

Soil water retention curve and unsaturated hydraulic conductivity

Figure 16 presents the soil-water retention curve of Fontainebleau sand obtained from the four evaporation tests with simultaneous measurements of suction and volumetric water content at various depths during the drying process. In the determination, for each level of soil suction measurement (see Fig. 14), the corresponding volumetric water content was determined based on the volumetric water content profile (see Fig. 13). Figure 16 Figure 17 shows the unsaturated hydraulic conductivity of Fontainebleau sand determined by the instantaneous profile method based on the profiles of volumetric water content (Fig. 13) and the profiles of suction (Fig. 15). For more details about the instantaneous profile method, refer to the work of Cui et al. (2008b) and [START_REF] Wang | Hydraulic conductivity and microstructure changes of compacted bentonite/ sand mixture during hydration[END_REF]. A large data scatter is observed. However, on the whole, the unsaturated hydraulic conductivity is found to decrease with the increase of matric suction. Note that different symbols in Fig. 17 represents the data obtained from different evaporation tests.

Actual evaporation rate

Based on the air temperature and relative humidity at inlet and outlet as well as the air flow rate, the actual evaporation rate can be calculated using eq. ( 1). The results are shown in Fig. 18 for all four tests. In general, the evaporation rate under low heating tube temperatures (tests 1 and 3) is lower than under high heating tube temperatures (tests 2 and 4). On the other hand, the evaporation rate at high air flow rate (tests 1 and 2) is higher than at low air flow rate (tests 3 and 4). In addition, for tests 2, 3, and 4, three stages can be identified: (i) nearly constant or slightly decreasing evaporation; (ii) a sharp decline; and (iii) stabilized or very slightly decreasing evaporation. Note that only one stage exists for test 1. Comparison between the variations of actual evaporation rate and those of relative humidity (Fig. 10) shows that they are com-patible: an initial-decrease stage for relative humidity corresponds to a high evaporation rate; a quick-decline second stage for relative humidity corresponds to an evaporation rate reduction; a final stabilization stage with a very low decrease rate for relative humidity corresponds to a low-rate evaporation.

For test 1, the initial water content was higher than for the other three tests, and therefore the constant evaporation stage lasted longer. The effect of air flow rate on evaporation can be also identified: at the constant evaporation stage, the 172 L/min air flow rate in test 2 resulted in a nearly 2.2 mm/day evaporation rate while the 130 L/min air flow rate in test 4 led to an evaporation rate of 2 mm/day. The effect of air temperature appears more significant than the effect of air flow rate, especially during the constantevaporation stage. For instance, at a similar air flow rate (i.e., 185 L/min in test 1 and 172 L/min in test 2) but different air temperatures (i.e., 16 to 20.5 °C in test 1 and 24 to 29 °C in test 2), the evaporation rate ranges from 1.5 to 2.1 mm/day in test 1 whereas it ranges from 2.0 to 2.3 mm/day in test 2. Similar observations can be made from tests 3 and 4: the evaporation rate in test 3 has an average value of 1.7 mm/day while this value is 2 mm/day in test 4.

Conclusions

Four soil water evaporation tests were carried out on Fontainebleau sand with a stable water table in a large-scale environmental chamber, with varying air temperature, air flow rate, and test duration. Both air parameters (air flow rate, temperature, and relative humidity) and soil parameters (temperature, water content, and suction) were monitored. The following conclusions can be drawn based on the results obtained.

1. The air temperature inside the chamber is affected by both the heating tube temperature and air flow rate. The air temperature in the chamber is nearly constant when the temperature in the heating tube is low, but increases when the temperature in the heating tube is high. Furthermore, the air temperature is also affected by the soil water evaporation process. 2. Soil temperature is strongly affected by the air conditions. When the temperature in the heating tube is high, the soil temperature is increased and the heat energy for evaporation is solely from the hot air. By contrast, when the air temperature is low, the energy for evaporation comes from both air and soil. The evaporation process also influences the soil temperature: when the evaporation rate is low, the energy consumed by evaporation decreases, thus soil temperature increases by heat from hot air. 3. Relative humidity in the chamber decreases during the evaporation progress. The relative humidity in the chamber is lower at higher heating tube temperatures. The large increase at the outlet of the chamber represents water evaporation from the soil. In other words, evolution of the relative humidity in the chamber is an indicator of evaporation progress. 4. Volumetric water content in the near-surface zone is strongly affected by the evaporation process and exhibits a linear relationship with depth. The change of water content in the surface zone is related to the evolution of soil resistance to evaporation. 5. Soil suction decreases over depth and increases over time. This is consistent with the volumetric water content changes. 6. Evaporation rate is strongly affected by the air conditions especially at the initial constant-evaporation rate stage. At higher heating tube temperatures, the evaporation rate is higher. At a higher air flow, the evaporation rate was also found to be higher.

The test data obtained allowed the mechanism of water evaporation from bare sand to be revealed. They can be also used for the validation of numerical models dealing with water transfer under the effects of both soil temperature and soil suction. Most importantly, these data can be used to verify existing models for soil water evaporation or to develop new ones. From a practical point of view, these kinds of models are helpful in determining the soil surface conditions (water vapor flux, suction, temperature). When these conditions are known, common numerical models for unsaturated soils can be used to predict changes in soil temperature, soil suction, soil water content, etc. In other words, the models for soil water evaporation are essential when dealing with the interaction between the atmosphere and soils.
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 1 Fig. 1. Grain size distribution curve of Fontainebleau sand (data from Delfosse-Ribay et al. 2004).
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 2 Fig. 2. Experimental set-up with the environmental chamber.

Fig. 4 .

 4 Fig. 4. Soil compaction and sensor installation: (a) soil compaction, (b) ThetaProbe installation in the zone of 60 mm depth, (c) T3111 transmitter and thermistor installation, and (d) infrared thermometer installation.
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 5 Fig. 5. Variations of air flow rate: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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 6 Fig. 6. Evolutions of air temperature at inlet and outlet of the chamber as well as in the laboratory: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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 7 Fig. 7. Evolutions of air temperature at different elevations: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.
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 8 Fig. 8. Evolutions of soil temperature at different positions: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

Fig. 9 .

 9 Fig. 9. Profiles of air-soil temperature: (a) test 1, (b) test 2, (c) test 3, and (d) test4.

Fig. 10 .

 10 Fig. 10. Evolutions of air relative humidity at different positions in the chamber: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

Fig. 11 .

 11 Fig. 11. Evolutions of volumetric water content at different depths: (a) test 1, (b) test 2. (c) test 3, and (d) test 4.

Fig. 12 .

 12 Fig. 12. Contour map of evolutions of volumetric water content at different times: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

Fig. 13 .

 13 Fig. 13. Profiles of volumetric water content: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

Fig. 14 .

 14 Fig. 14. Evolutions of matric suction at different positions: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

  also shows
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 15 Fig. 15. Profiles of matric suction at different times: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

Fig. 16 .

 16 Fig. 16. Soil water retention curve obtained from the four evaporation tests.

Fig. 17 .

 17 Fig. 17. Unsaturated hydraulic conductivity versus matric suction, determined by the simultaneous profile method.

Fig. 18 .

 18 Fig. 18. Evolutions of actual evaporation rate: (a) test 1, (b) test 2, (c) test 3, and (d) test 4.

Table 1 .

 1 Specification of the sensors used.

	Sensor	Manufacturer	Parameter measured	Range	Accuracy	Position	Number
	High-capacity	ENPC	Matric suction	0-1.5 MPa	-	Soil surface and	5
	tensiometer					chamber wall	
	T3111 transmitter	Elcowa	Relative humidity	0%-100%	±2.5%	Chamber wall, wind	6
						supply unit, and	
						air collection unit	
			Temperature	-30-+150 °C	±0.4 °C	Chamber wall, wind	6
						supply unit, and	
						air collection unit	
	ThetaProbe (ML2x)	Delta-T	Volumetric water	0%-100%	±1.0%	Soil	5
			content				
	PT1000	Correge	Temperature	0-100 °C	±0.3 °C	Soil	6
	Thermistor (DO-35)	Radiospare	Temperature	-40-+250 °C	±1.0%	Chamber wall	5
	Infrared thermometer	Calex	Temperature	-20-+250 °C	±1.0%	Chamber cover	1
	(Pyropen-D)						
	Flowmeter (MAS-3120)	Kobold	Air flow	0-500 L/min	±1.5% full scale	Wind supply unit	1
	Anemometer	Testo	Wind speed	0-20 m/s	±(0.03 m/s + 5%	50 mm above soil	
	(Testo 435-2)				measured value)	surface	

1 Fig.

3

. Sketch of arrangement of the sensors.

Table 2 .

 2 Test program.

			Temperature	Test
	Test	Air flow	in heating	duration
	number	rate (L/min)	tube (°C)	(days)
	1	185	50	11.5
	2	172	200	11.5
	3	130	50	17.5
	4	130	200	30

Can. Geotech. J. Vol. 51, 2014 Published by NRC Research Press Can. Geotech. J. Downloaded from www.nrcresearchpress.com by DOCUMENTATION RECHERCHE on 02/07/14 For personal use only.

Published by NRC Research PressCan. Geotech. J. Downloaded from www.nrcresearchpress.com by DOCUMENTATION RECHERCHE on 02/07/14 For personal use only.

Acknowledgements

The authors are grateful for the financial support from the China Scholarship Council (CSC) and Ecole des Ponts ParisTech.