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Evaporation-induced water and solute coupled transport is a significant cause for soil salinization that leads to a series of
engineering and environmental problems. In the artificial evaporation environment, including relative humidity, atmospheric
temperature, atmospheric pressure, radiation intensity, and wind speed, evaporation of loess columns with sodium sulfate,
temperature profile, and water and solute transport in closed and open systems were investigated. In the former case, a range of
stability was noted in the lower part of the column where the heat, water, and solute coupled transport only exhibited a weak
response to a specified evaporation environment. As the environment was more favorable for evaporation, or at a higher
gradient of temperature, this range extended downwards, while above this range the heat, water, and salt profiles in the
evaporation-affected domain changed dramatically, characterized by a basic law that solutes moved with water and were then
retained with water desalinated. Evidences were found from the profiles that the water contents in the evaporation-affected
range decreased but the salt contents increased, especially in the surface. In an open system, by contrast, there was little
difference in temperature but greater in water and salt profiles. Three stages were found from the supply of external water
during evaporation. In the initial stage, the higher gradient formed between the initial moisture state and the preset external
water level led to a rapid supply of external water. As the evaporation proceeded, a relatively stable water profile was reached as
the intensity of water supply approached to that of evaporation, accompanied by a continual migration of solutes towards the
surface. Due to the accumulation of precipitated salts, water transport was slowed down, and the intensity of water supply
decreased. The changes in soil suction may account for the above behavior.

1. Introduction

The Loess Plateau in China is often covered with deep loess,
with dry surface soils due to the not well-developed surface
water system and deep groundwater [1]. Evaporation in this
region not only acts as a main way for exchanges of mass
and energy between soil and atmosphere but also an impor-
tant inducement for the continual migration of soluble salts
to soil surface, with a probable result seriously concerned in
agriculture, i.e., soil salinization [2, 3]. Now in addition to
inducing the above problem, evaporation also answers ques-
tions obviously not unrelated but which provide a novel view

of the inducement of instability of loess slopes. Evidences were
found when interpreting such problems that soluble salts in
the soil, after repeated crystallization, dissolution, and recrys-
tallization, were probably enriched at the foot of natural or
excavated loess slopes, further leading to the deterioration of
engineering performance of the loess [4–7]. Two main aspects
should be firstly clarified before solving this problem, namely,
the evaporation of soil water and the evaporation-induced
migration of water and solutes in the soil towards the surface.

For the first, soil evaporation was generally considered as
a process during which soil water was released into the atmo-
sphere in the form of vapor through the bare ground, which
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is also an important part of the natural water cycle [8, 9]. The
amount of water evaporated is a critical index in evaluating
the water and energy balance in agriculture and hydrology,
such as soil water prediction, water conservancy construc-
tion, and crop yield estimation [10, 11]. However, the deter-
mination of soil evaporation is a rather difficult problem [12],
in that soil atmosphere is a fairly complex system with soil
moisture transport from the soil inside to the atmosphere
through the bare ground or the plants covered. It relies on
both meteorological factors (e.g., solar radiation, atmo-
spheric temperature, atmospheric humidity, and wind speed)
and the soil property (e.g., soil structure, water content, and
organic matter content), not to mention the interactions of
these factors. Therefore, evaporation measurement methodol-
ogy has always been the core of soil evaporation research.
Many experimental methods have been proposed in recent
decades [12, 13], e.g., automatic weighing soil lysimeter, soil
evaporating pan, soil column test, heat flux device, infrared
thermometer, and Bowen ratio method. Besides, some indirect
methods were also adopted in estimating soil evaporation, e.g.,
the Cooper method [14], the zero flux plane (ZFP) method
[15], the modified Fox model [16], the aerodynamic model
[17, 18], and the Aydin model [19]. For the second aspect,
evaporation induces the migration of soil water and salt to
the surface layer, which is to ascertain the coupled transport
of heat, water, and solutes in the soil [20, 21]. Soil water trans-
port model is one of the first to be concerned, such as the
Darcy’s law. As the temperature and solute in pore water were
considered, theoretical models gradually developed from a sin-
gle physical field to the multifield coupling calculation, includ-
ing water-heat coupled models [22–25], water-solute coupled
models [26–29], and heat-water-solute models [30–35].

Saline attack is often seen while urbanization process is
progressing [36–37]; experiments proved that sodium sulfate
was one of the main constituents of soluble salts that caused
salt weathering [4, 6]. Considering the needs of simultaneous
identification of soil evaporation and heat, water, and solute
transport in the soil, large-sized soil column tests were car-
ried out in a laboratory by using a self-developed device in
producing an artificial evaporation environment. Five typical
meteorological indexes such as relative humidity, atmo-
spheric temperature, atmospheric pressure, radiation, and
wind speed were considered. The frequently encountered
Q3 loess in Loess Plateau, China, was taken to produce soil
columns by adding sodium sulfate solutions. The evapora-
tion and coupled transport of heat, water, and solute of the
soil were both investigated in closed and open systems.

2. Experiment Program

2.1. Materials and Specimen Preparation. The loess samples
were taken from a foundation pit in Lianhu District of Xi’an,
with a depth of 8–10m, which can be classified as the late
Pleistocene (Q3) loess. Following the standard for soil test
method GB/T50123-1999, the physical indexes for the taken
loess samples were determined while the ion types and
contents were determined by ion chromatograph and titra-
tion (Table 1). As easily noticed from the measured data,
both SO4

2− and Na+ constitute the majority of the ions iden-

tified, with ion contents equal to 0.0080% and 0.0062%,
respectively. Thus, the anhydrous sodium sulfate was used
in preparing solutions at a target salt content. According to
the specimen size, water content, and dry density required
by the test, the weight of the slurry was first calculated. The
soil samples were air-dried in the laboratory and ground to
remove debris such as plant roots and gravel. After sieving
by a 2mm standard geotechnical sieve, the soil at a target
weight was put into a storage box to spread it out evenly,
and then the prepared sodium sulfate solution (Na2SO4 solu-
tion) was sprinkled on the soil through a watering pot. The
target salt content was controlled to be 0.6%. In order to min-
imize the evaporation of the slurry in the thermostatic labo-
ratory, the storage box was wrapped with plastic film after
spraying. Then, the prepared slurry was weighed and was
slowly dripped into ionized water or air-dried in a constant
temperature environment to reach the target water content
of 20%. Samples (about 30 g) at three different positions were
selected to determine the water content by oven drying, and
the salt content of dried soils was further measured by salt
leaching tests. The maximum deviations from the target
water and salt contents are ±1% and ±0.05%, respectively.
It was then wrapped in a plastic film to reduce evaporation
of water. The prepared soils were kept in a closed chamber
with constant temperature and moisture for at least 24 hours

Table 1: Characteristic indexes for the tested loess.

Physical index Value

Specific gravity, Gs 2.70

Dry density, ρd (g/cm
3) 1.42

Water content, ω (%) 15.02

Atterberg limits

Liquid limit, ωL (%) 34.3

Plastic limit, ωP (%) 19.6

Plasticity index, Ip 14.7

Particle grading characteristics

>0.05mm 5.0%

0.01-0.05mm 52.0%

0.005-0.01mm 24.0%

<0.005mm 19.0%

Initial ion content Value

Anion content (%)

CO2−
3 0.0000

HCO−
3 0.0028

Cl− 0.0038

SO2−
4 0.0080

Total 0.0146

Cation content (%)

K+ 0.0013

Ca2+ 0.0020

Na+ 0.0062

Mg2+ 0.0011

Total 0.0106
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so that the moisture can be evenly distributed in the soil. Soil
samples after curing for 24 hours were compressed slowly in
layers into a plexiglass tube according to the target dry den-
sity of 1.45 g/cm3. In addition to the first layer with a filling
thickness of 3 cm, the other layers were controlled to be 8 cm
in thickness. From Table 1, the sodium sulfate content in the
loess taken in situ is far lower than the target value (0.6%),
and thus, its influence on the evaporation and coupled trans-
port of heat, water, and solute can be neglected.

2.2. Test Conditions. Before evaporation tests, the meteoro-
logical data of Shaanxi province in the past 35 years were
collected from local meteorological stations, including pan
evaporation, atmospheric temperature, wind speed, and rela-
tive humidity. The mean annual pan evaporation (20 cm in
diameter) in different regions and the pan evaporation in
each season were shown in Table 2. Table 3 lists the four
test conditions for evaporation tests determined according
to the collected meteorological data. The former three were
carried out in a closed system (without availability of exter-
nal water) while a Mariotte bottle was connected to the bot-
tom of the plexiglass tube to produce an open system during
evaporation testing. The meteorological indexes inside the
test device for evaporation were live monitored by high-
precision transducers, including atmospheric temperature,
relative humidity, radiation, atmospheric pressure, and wind
speed. Besides, after reaching a target evaporation duration (2,
5, 10, and 15 days), soil columns were taken out, weighed, and
cut into slices. The water and salt contents of each slice were
both measured to further analyze the development of temper-
ature profile and the coupled transport of water and solutes.

2.3. Test Device. Figure 1(a) illustrates the self-developed test
device for soil evaporation, including four main components
such as the overall framework, soil column with plexiglass
tube, transducers, and data acquisition system. This device
can well produce an evaporation environment close to the
natural condition. The overall framework structure, as shown
in Figure 1(b), can be divided into two main parts, i.e., the
lower and upper parts. The lower part is an angle steel welded
frame with 6mm tempered glasses as the sealing plate, sized
at 80 cm × 50 cm × 80 cm (length × width × height). A lifting
platform with a Mariotte bottle (Figure 1(c)) was installed
on the side wall of the device to supply water to the four soil
columns. The upper part is a box made of plexiglass sized at
80 cm × 50 cm × 70 cm (length × width × height). Five round
holes with a diameter of 110mmwere drilled at the bottom of
the box so that soil columns and comparative water glass for
potential evaporation can be well stuck on the holes. Four
fluorescent lamps were installed on the top surface of the
upper part to provide light source. Fans and wind speed sen-
sors were installed on two opposite sides of the box, and the
side plate with wind speed transducers installed is a porous
plate for ventilation. The data acquisition system is shown
in Figure 1(d), consisting of a data acquisition board and a
multichannel board. The transducers for total radiation and
wind speed were connected to the data acquisition board.
Four temperature transducers and four atmospheric pressure
transducers were connected to the multichannel board. The
data acquisition board and the multichannel board were,
respectively, powered by DC 12V power supply. The data
acquisition board was finally connected to the computer
equipped with a data acquisition software, which can set
sampling parameters, such as sampling time and storage
cycle. The data can also be displayed online for live measure-
ment, and the final data collected will be saved in EXCEL
form. As shown in Figure 1(e), four types of transducers were
installed, including one total radiation transducer, one wind
speed transducer, four atmospheric pressure transducers,
and four temperature and humidity transducers. The range
and accuracy of these transducers are shown in Figure 1(d).
In addition to the wind speed transducer, the other three
were bolted to the bottom plate of the upper box. Four sets
of atmospheric pressure transducers and four temperature
and humidity transducers were, respectively, fixed at a posi-
tion close to the surface of the soil columns.

Two types of soil column tubes were used in testing, as
shown in Figure 2. The first was applied in the closed system
with inner and outer diameters equal to 100 and 110mm
(Figure 2(a)). The tube with an overall height of 75 cm was
divided into ten sections with the height of each section equal
to 8 cm in addition to the first section with a height of 3 cm.
Temperature transducers were set in soil column at an inter-
val of 3 cm through the drilled holes in the tube. The joint
between the two adjacent sections was flanged, and the bot-
tom was blocked. The soil column tube in the open system
(Figure 2(b)), with an overall height of 80 cm, was divided
into eleven sections with the first equal to 5 cm. A water sup-
ply valve connected to the Mariotte bottle was set at the bot-
tom of the water chamber while the rest was the same as the
soil column tube with the availability of external water.

Table 2: Pan evaporation in Shaanxi province.

Factors
considered

Divisions
Pan evaporation

(mm)
Coefficient of
variance (%)

Different
regions

Overall 1503.7 7.5

Northern Shaanxi 1792.1 6.3

Weihe Plain 1466.3 9.7

Southern Shaanxi 1252.7 7.2

Different
seasons

Spring 491.7 10.9

Summer 617.6 10.1

Autumn 260.2 14.1

Winter 134.2 13.6

Table 3: Evaporation test conditions.

No.
Availability
of external

water

Illumination
intensity
(W/m2)

Wind speed
(m/s)

Evaporation
duration
(days)

Test 1
Closed
system

60 5
0, 2, 5, 10,
and 15

Test 2
Closed
system

95 10
0, 2, 5, 10,
and 15

Test 3
Closed
system

140 15
0, 2, 5, 10,
and 15

Test 4
Open
system

140 15
0, 2, 5, 10,
and 15
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2.4. Test Method. The prepared soil column was first weighed
and placed in the test device. A group of four soil columns was
tested each time. The infrared lamp and the fan were turned on,
and the measurement software was connected during the evap-
oration test. The amount of evaporation in the comparative
water glass wasmonitored daily, regarded as the potential evap-
oration. Evaporation was stopped after continuous evaporation
for 0, 2, 5, 10, and 15 days, respectively. The temperature, rela-
tive humidity, atmospheric pressure, radiation intensity, and
wind speed at the evaporation surface were collected by the
acquisition software. Temperatures were measured by trans-
ducers at preset positions in soil columns. Then, soil columns
were taken out, weighed, and cut. From top to bottom, soil col-
umns were cut every 3 cm. Soil samples were taken to measure
the water content by oven drying, while the ion contents by
ion chromatography. The difference between the masses
before and after evaporation of the soil column is actually
the amount of evaporation. The above test procedure was
repeated to obtain results under four different conditions.
The water level in the Mariotte bottle is equal to the base of
the soil column, i.e., in a nonpressure water supply mode.

3. Results and Analysis

3.1. Evaporation of Soil Columns

3.1.1. Analysis of Meteorological Factors during Testing.
Figure 3(a) gives the relative humidity of air on soil surface
under four test conditions. In the closed system, the three
curves all exhibit progressive decline over time. At higher
radiation and wind speed, the relative humidity increases.
This may result from the fact that a higher rate of evapora-
tion occurs in the initial stage but the amount at each test
condition is still limited. The phenomenon that the saturated
vapor pressure grows over time also accounts for this trend.
As the evaporation continues, the evaporation rate decreases,
and the molecular weight of the water that escapes into the
air decreases rapidly. Therefore, the relative humidity of air
in the device shows a decline. The higher the radiation inten-
sity, the greater the saturated water vapor pressure, resulting
in lower relative humidity. However, the evaporation of the
soil column also grows at higher radiation and wind speed,
with more water molecules escaping into the air and further
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Figure 1: Test device: (a) overall view; (b) dimensions of the frame; (c) water supply device; (d) data acquisition system; (e) transducers.
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a greater water vapor pressure. The relative humidity instead
increases. The overall relative humidity in the device depends
on the coupled effect of the two simultaneous processes. In

the open system, compared with Test 3, the external water
supply is not pronounced due to the larger depth of soil col-
umn and hysteresis effect of water migration. The evaporation
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Figure 3: Meteorological factors during evaporation process.
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is mainly controlled by meteorological factors, and the two
curves are basically consistent in the early stage. In the late
stage, since the atmospheric temperature is basically constant,
the saturated vapor pressure manifests little change. Themois-
ture entering the air increases as more water was supplied
through the Mariotte bottle. In this case, the relative humidity
tends to stabilize with insignificant fluctuation.

Figure 3(b) shows the atmospheric temperature on soil
surface over time. The higher the solar radiation, the higher
the atmospheric temperature and ground temperature. The
evaporation surface will also be heated. A higher water vapor
pressure difference will be produced, thus accelerating the soil
evaporation. In the closed system, the air was rapidly heated in
the early stage of evaporation and the temperature approaches
to a stable value which grows positively with radiation inten-
sity. However, due to the day-night temperature difference
and instrument measurement error, small fluctuations appear
in the curves. As the external water is available (in the open
system), the atmospheric temperature is lower than that in
the closed system in that the higher evaporation capacity will
absorb more energy at a given constant heat source.

Figure 3(c) presents the atmospheric pressure on the sur-
face of soil columns. In the closed system, the three curves all
exhibit decreasing trend over time but the magnitude
declines at a higher radiation intensity. The changes in the
atmospheric pressure strongly depend on the specified envi-
ronment. The higher the radiation intensity, the higher the
air temperature on the surface of the soil. The higher wind
speed will cause a more active molecular motion, and thus,
air density in the unit square will be reduced, and the atmo-
spheric pressure decreases naturally. In the late stage, the rate
of evaporation decreases with less vapor entering the air, and
the pressure drops. Comparing the curves in closed and open
systems (Test 3 and Test 4), the meteorological conditions

play a dominant role in the early stage of evaporation, and
the two curves are basically the same. But beyond this stage,
the soil column continuously evaporates into the air, result-
ing in higher pressures in the open system. The radiation
intensity and wind speed shown in Figures 3(d) and 3(e) vary
within a narrow range as the evaporation proceeds and in gen-
eral stabilize at the preset standards. The above analysis proves
that the meteorological conditions produced in the test device
can well meet the requirements of soil evaporation tests.

3.1.2. Evaporation Intensity. Figure 4(a) illustrates the evapo-
ration intensities of water glass and soil columns at the three

(a) (b)

Figure 4: Evaporation intensity: (a) in the closed system; (b) comparison between closed and open systems.
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conditions in the closed system. The evaporation intensi-
ties, at the three conditions, exhibit roughly identical varia-
tions over time, which could be classified into three typical
stages. In the first stage that corresponds to the early stage
of evaporation, the rate of evaporation is relatively higher
than the other two stages. The second stage followed con-
tinues with evaporation rate decreasing rapidly. In the third
stage, the evaporation rate approaches to zero and the curves
at the three test conditions (Test 1, Test 2, and Test 3) tend
to be overlapped.

The evaporation of water, macroscopically, refers to the
process of gradually changing water from liquid to vapor.
While from a micro perspective, the evaporation of water
is actually a process in which water molecules overcome
the intermolecular attraction between liquids under kinetic
energy and escape from the liquid surface to the atmosphere.
As the evaporation environment is initially produced, the
resistance that water molecules need to overcome to escape
to the atmosphere is the smallest, so the evaporation rate is
the highest in the first stage of evaporation. Compared with
different test conditions, the evaporation rate grows at higher
radiation and wind speed. The wind keeps the air close to the
surface of the soil continuously disturbed and takes away the
air with a higher vapor pressure and replaces it with dry air to
accelerate the evaporation process. The greater the wind
speed, the stronger the evaporation. As the evaporation pro-
ceeds, the evaporation rate drops sharply with a slight rise in
the evaporation curve, which may result from two main
aspects. The suction in the soil continues to increase with
the evaporation, which enhances the effect of inhibiting the
escape of water molecules (or water retention capacity). Suc-
tion also causes the soil to shrink, i.e., the particle space and
pore size, resulting in a decrease in the water permeability.
Evaporation always starts from the surface of the soil and
gradually develops into the interior of the soil column, firstly
evaporating gravity water, followed by capillary and weakly
bound water, and strong bound water generally does not

participate in evaporation. The rate of evaporation tends to
a small constant value when the test condition is basically sta-
ble. In the later stage, less soil water is available for evap-
oration, and the connectivity of pore water decreases with
capillary action weakened. In addition, water is mainly dis-
tributed in some relatively small pores, which are strongly
constrained by soil particles. In this case, the upward migra-
tion of soil water driven by the difference of water content in
soil profile (or the gradient of matric potential between upper
and lower soil layers) is limited. In the meanwhile, more pore
gases exist in the interpenetrated soil pores and the evapora-
tion of water inside the soil is gradually dominated by water
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vapor diffusion. The evaporation rate tends to zero, indicat-
ing a stable evaporation process.

The cumulative evaporation and evaporation rate of soil
columns in closed and open systems (Test 3 and Test 4), at
a radiation intensity of 140W/m2 and a wind speed of
15m/s, were presented in Figure 4(b). The curves represent-
ing the relationship between evaporation intensity and test
duration in closed and open systems (Test 3 and Test 4) show
limited difference within a duration of 0–48 hours (the early
stage of evaporation). The evaporation of soil water is con-
centrated only in the upper part, and most of the water sup-
ply for evaporation is also derived from the interior of the
soil, so the curves in this stage are almost the same. It also
implies the hysteresis characteristics of the external water
supply, especially in a nonpressure supply mode. Beyond this
duration, the cumulative evaporation of the soil column in
the open system is higher than that in the closed system.
However, the potential evaporation intensity in the closed
system is a little higher.

With the continuing evaporation, the evaporation surface
in the closed system moves downwards. The suction of the
soil grows significantly, enhancing the constraint of water
molecules by soil particles, and the water available for evapo-
ration is reduced since most of the weakly bound water has
been evaporated. It should also be noted that the connectivity

of pore water is disturbed, with the water in the lower part to
migrate to the evaporation surface prolonged. As a result, the
evaporation rate decreases sharply and the amount of water
evaporated is insignificantly increased, while in the open sys-
tem the growing suction in the soil causes a higher gradient
of matric potential in soil column as the evaporation proceeds.
In the early stage of evaporation, even if the change of evapo-
ration intensity is close to that in the closed system, the exter-
nal water was continuously absorbed by the soil column,
leading to a higher rate of water migration towards the evapo-
ration surface. Correspondingly, the slope of the curve repre-
senting the evaporation intensity over time rises sharply. In
the late stage, the evaporation of water inside the soil gradually
takes the water vapor diffusion as the dominant form, and the
evaporation rate is limited in the closed system, while in the
open system the water evaporated from the soil can be well
replenished, manifesting a stable evaporation rate.

3.1.3. Evaporation Coefficient and Evaporation-Affected
Domain. The evaporation intensity mainly depends on two
factors, i.e., (i) the meteorological factors such as radiation
and wind speed, which determine the energy required by
initiating and keeping up the evaporation and the diffusion
process of surface water vapor to the atmosphere, and (ii)
the water supply capacity of the soil that further affects the
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profile of water in the soil. In order to study the mechanism
of soil water transport, the ratio of evaporation intensity
of soil column to potential evaporation intensity is defined
as evaporation coefficient. Since the potential evaporation
intensity is a comprehensive reflection of the amount of radi-
ation, wind speed, etc., the evaporation coefficient can well
characterize the water supply capacity inside the soil, which
can be written as

E
E0

= a ⋅ exp −
t
c

� �
+ b, ð1Þ

where E (mm/d) is the evaporation intensity of soil column;
E0 (mm/d) is the potential evaporation intensity; t (h) is the
evaporation duration; a, b, and c are fitted parameters.

Figure 5 presents the fitted results of the evaporation
coefficient of soil columns under four considered conditions.
In the closed system, although the evaporation intensity E of
the soil column differs greatly from the potential evaporation
intensity E0, the evaporation coefficient E/E0 shows limited
change over time. In the early stage, soil evaporation is dom-
inated by environmental factors. The tested loess in unsatu-

rated state exhibits an extremely short duration, with a
lower evaporation coefficient, approaching to zero as the
evaporation proceeds. However, the evaporation coefficient
for soil columns in the open system varies significantly over
time, except that in the early stage of evaporation. Like the
curves in the closed system, the coefficient of evaporation
within this stage in the open system is primarily controlled
by the preset meteorological conditions. Thus, the curve in
the open system is very close to but a little higher than that
in the closed system in this stage. After this stage, the amount
of the water available for evaporation grows due to the suffi-
cient supply of water from the Mariotte bottle. The evapora-
tion coefficient rises rapidly and exceeds the initial value just
as the evaporation of soil columns begins. However, it lies in
the range of 0-1, i.e., E/E0 = 0:6, rather than a constant close
to 1, even though the evaporation was prolonged to 360h. It
can be inferred that the water in the phreatic surface directly
evaporates in a free mode while that in soil columns has to
pass through complicated paths formed in pore structure to
the atmosphere, during which large amounts of energy will
be consumed to overcome the resistance to evaporation.
Moreover, the solutes in the lower part are transported to
the evaporating front with water, resulting in a high salt
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Figure 9: Variation of temperature at a specific depth.
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concentration in this domain, called the salt shell. The energy
required for soil water to evaporate into the air is further
increased due to the formation of the salt shell. The two pro-
cesses cause the evaporation coefficient curve to stabilize near
a certain value, and it is worth noting that there is a slight
decline in the later stage of the measured curve.

In order to verify the rationality of the above empirical
equation, the evaporation coefficients, as listed in the litera-
ture [38], for Xi’an loess determined in the laboratory and
outdoors in the closed system were fitted (Figure 6). Note
that the loess samples in the same area were tested by Chen
[38] and the influence of the initial salt content is not con-
sidered. Clearly as it proves in Figures 6(a) and 6(b), the
data points lie close to the fitted curves, with regression
coefficients higher than 0.90 and the root-mean-square
error of -0.2–0.2 (Figure 6(c)), indicating a good fitting
effect of the equation. For the changes in the water profile
in the closed system, the area where the water content varies
insignificantly is defined as the stable domain while the
rest is the evaporation-affected domain. Figure 7 presents
the evaporation-affected domain in soil columns under the
considered test conditions. As the radiation intensity and
wind speed increase, the depth of the evaporation-affected
domain grows and that of the stable domain decreases.
Correspondingly, the evaporation-affected domains of soil

columns in the closed system, identified as Test 1, Test 2,
and Test 3, are 39, 51, and 60 cm in depth.

3.2. Profiles of Temperature, Water, and Solute in the
Closed System

3.2.1. Temperature Profile. The time-history curves under the
considered test conditions, as presented in Figures 8(a)–8(c),
prove that the temperatures in soil columns vary in basically
the same mode over time and the highest temperature
appears at soil surface. Within a certain range beneath the
surface, a pronounced change in soil temperature was found
from test data. This range also enlarges positively with radia-
tion intensity and wind speed. This may correspond to the
evaporation-affected domain mentioned in the previous sec-
tion. In the meanwhile, an insignificant change in soil tem-
perature occurs at the bottom of soil columns. This may
result from the fact that the surface of the soil column is
the closest to the heat source, and soil temperature is higher
when a heat source with larger intensity was applied during
testing, especially for the domain close to the heat source. A
larger range influenced by the heat source can also be noted
from time-history curves. Figures 8(d)–8(f) illustrate the
temperature profiles of soil columns at various evaporation
durations. At the beginning, the temperature of the surface

Figure 10: Water profiles in soil columns during evaporation: (a) Test 1, time-history curve; (b) Test 2, time-history curve; (c) Test 3, time-
history curve; (d) Test 1, profile; (e) Test 2, profile; (f) Test 3, profile.
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rises rapidly and that inside the soil also grows over time. It is
worth noting that the part near the bottom of the soil is
weakly affected by evaporation, so the temperature variation
is limited, and the length of the part decreases at higher radi-
ation intensity and wind speed.

Variations of soil temperature at a specific depth, as given
in Figure 9, indicate that under the three test conditions
(Test 1, Test 2, and Test 3), the highest temperature occurs
in Test 3 with higher radiation intensity and wind speed.
Note that the radiation and wind speed are the lowest in
Test 1 and a slight change in temperature can be observed
at a height of 51 cm, where, however, a greater rise appears
in Test 3. As can be inferred, the greater the radiation inten-
sity, the greater the depth of its influence on the temperature
profile. Besides, the temperature at the soil surface is obvi-
ously higher than that at the bottom, which is closely corre-
lated with the preset heat transfer path from top to bottom.
Even though the evaporation of soil columns absorbs heat,
the amount that induces soil column heating is much greater
than the heat loss. As evaporation goes on, the evaporation
surface moves continuously downwards, and the topsoil is
continuously heated. Correspondingly, as the evaporation
continues, the surface temperature keeps rising.

3.2.2. Water Profile. Figures 10(a)–10(c) show the time-
history curves of the water profile under different test condi-
tions. A stable domain, where the water content of the soil in
each monitored layer changes insignificantly, can be easily
noted from the profiles of water content in soil column at
each test condition. The height of the stable domain is
closely related to the evaporation condition, manifesting as
a narrowed range when the radiation intensity and wind
speed increase, e.g., the stable domain identified from Test
1 to Test 3. The changes in water content of the soil are lim-
ited, as easily found from the overlapped curves in this
domain. In the upper evaporation zone, the water content
of the soil decreases rapidly as the height increases, and the
water content at the surface of soil column is the lowest.
As higher radiation intensity and wind speed are applied,
e.g., Test 3, this lower limit further declines. Figures 10(d)–
10(f) show the distribution of water along the soil column
after various evaporation durations. The curves at each test
condition in the closed system present similar variations
with test duration. The curves are located to the left of the
line representing the initial water content. The minimum
value exists near the soil surface, below which a substantial
change occurs in the evaporation-affected domain. When

(a) (b)

(c) (d)

Figure 11: Variations of water content at a specific depth.
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the evaporation surface reaches a certain position, the water
profile is basically stable, as shown in the blue area of
Figures 10(d)–10(f).

Figure 11 represents the relationship between water
content of the soil and evaporation duration at a specific
depth. Under the three test conditions, lower gradients of
matric potential are formed in the stable domain, resulting
in a lower driving force for soil water migration and thus
causes limited amount of water migrated towards the evap-
oration surface. Close to the surface of the soil column, the
curve changes drastically. The curve lies in a lower position
in the figure at greater radiation intensity and wind speed,
which is closely related to the amount of water consumed
during evaporation. Also, the curves exhibit consistent
changes at the considered test conditions. The gradient of
matric potential is lower in the stable domain, causing a
limited amount of migrated water and a lower amplitude
of variation influenced by such a weak driving force for
the migration of soil water. In the above domain affected
by evaporation, a substantial decrease in the water content

occurs at the soil surface, far lower than that at a depth
of 51 cm. During the initial evaporation period of 0–48 h,
the soil is heated rapidly, and the energy for water vapori-
zation is enough. A higher rate of evaporation is satisfied
at a higher vapor pressure gradient at the rustic interface,
with pronounced water consumption. After 48 hours, large
amounts of water loss occur at the surface of the soil col-
umn, while evaporation always evaporates gravity water
first, followed by capillary and weakly bound water, and
finally the strong bonding water. Therefore, the rate of
evaporation will inevitably decrease at a specified test con-
dition, corresponding to the limited variation in the middle
and late evaporation stages.

3.2.3. Salinity Profile. Figures 12(a)–12(c) show the time-
history curves of the salinity profiles under the three test
conditions. The solutes were accumulated in a domain with
the height ranging from 60 to 75 cm in the upper part
of the soil column. The amount of evaporation increases
at higher radiation intensity and wind speed, and the content
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of the salt accumulated in this domain increases as well.
On the contrary, the minimum value in the lower part (0–
60 cm in height) of the soil column declines simultaneously
and appears in a domain that moves downwards with the test
condition (from Test 1 to Test 3). Figures 12(d)–12(f) show
the variation of the salt profile with evaporation duration
under different test conditions. Similar changes in the pro-
file can be easily noted from the measured curves under the
considered conditions, i.e., the surface aggregates the most
salt, and the content declines at a higher position in the soil
column with a visibly minimum value at a certain position
between the stable domain and the upper salt-rich area
(60–75 cm). In the stable domain, the salt content grows
again and then gradually stabilizes. The salt content of the
soil surface grows positively with the test condition, more
specifically, at higher radiation intensity and wind speed,
implying an obvious accumulation of soluble salts. This
can be attributed to the coupled transport of water and salt
in the soil induced by the continuous evaporation. In other
words, the water in the soil acts as a carrier of the migrated
salts. It is worth noting that in the stable domain of the water
profile, the content of soluble salts almost maintains a stable
state. This also reflects the close correlation between water
and salt migration.

Figure 13 shows the changes in salt contents of the soil
over time, at four considered positions of the soil columns,
i.e., 0, 27, 51, and 75 cm. The migration of salt in the soil is
accompanied by the water movement. In the stable domain,
a limited amount of water migrates, so the salt content hardly
changes. At the surface of the soil column, at the beginning of
evaporation, the soil is heated rapidly, and the energy for
water vaporization is sufficiently provided by the test device.
At a higher vapor pressure gradient at the rustic interface,
more water participates in the evaporation process with a
higher rate, and the rate and amount of salt migrated are pro-
nounced, manifesting as a rapid rise of the curves. Compar-
ing the test results at the three considered conditions, the
amount of evaporation grows simultaneously with that of
the soluble salt; correspondingly, the curves move upwards
in the figure. After 48 h, the curve rises slowly because the
evaporation always evaporates gravity water first, followed
by capillary and weakly bound water, and finally strong
bound water, and the water supply from the lower part is
seriously insufficient. Thus, the solutes hardly migrate in this
case. This can also explain why such gentle changes were
noted in the profiles of water and salt in the stable domain.
Taking the test data at a depth of 51 cm in Test 3 as an exam-
ple, the salt content will decrease as the water migrates
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Figure 13: Variations of salt content at a specific depth.
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upward, accompanied by the transport of soluble salts in the
initial stage of evaporation. The evaporation intensity is rap-
idly weakened over time, and the content of the salt migrated
from the lower part increases slightly.

3.3. Comparison of Heat, Water, and Solute Transport in
Closed and Open Systems

3.3.1. Temperature Profile. The time-history curves of tem-
perature profiles in closed and open systems, as shown in
Figures 14(a) and 14(b), manifest similar variations with
height, i.e., soil temperature grows over time with the max-
imum value existing at the surface and the gradient of tem-
perature in soil columns grows at a higher position. The
difference lies in the change in soil temperature in the lower
part close to the bottom of soil columns. A more pronounced
increase can be observed in the closed system, compared
with that in the open system, due to the heat consumption
induced by the continual water supply from theMariotte bot-
tle. Figures 14(c) and 14(d) present the comparison of tem-
perature profiles in the two systems. Compared with that in
the closed system, a gentle change in soil temperature can
be noted in the open system, especially within the lower half
of the soil column.

The temperature at a specific depth in the open system is
higher than that in the closed system, as shown in Figure 15.

Besides, a larger difference exists at the top and bottom of the
soil column while in the central part the two curves tend to be
overlapped. This phenomenon probably results from two
main aspects. The first is the requirement of more heat of
vaporization during evaporation due to the continuous sup-
ply of external water that is in a relatively lower temperature.
The second is the growing heat capacity of the soil as more
water is incorporated. It can be deduced that at given radia-
tion intensity and wind speed, the temperature in the closed
system is likely to exceed that in the open system.

3.3.2. Water Profile. Time-history curves for the moisture
field of soil columns in closed and open systems were shown
in Figures 16(a) and 16(b). During evaporation, the contour
lines, unlike those in the closed system, have not shown obvi-
ously monotonic changes over time. The isolines in the upper
part of the soil column move downwards with time in the
initial 48 hours but tend to rise slightly afterwards until
the curves almost stabilize after 240 h. While those in the
lower half of the soil column significantly increase with an
attenuated increment, until a duration of 240 h, beyond
which, the water content only varies within a narrow range
(Δw < 2%). Figures 16(c) and 16(d) describe the profiles of
water content of the soil columns in closed and open systems.
As noticed from the figure, the water content of the soil at a
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system; (c) profile in the closed system; (d) profile in the open system.
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specific position in the open system varies significantly com-
pared with that in the closed system. In the early stage, the
external water supply has not shown such an obvious effect
on the water profile due to the hysteresis behavior that the
supplied water cannot immediately replenish the water loss
during evaporation. Meteorological factors such as radiation
intensity and wind speed dominate this stage, resulting in
similar curve patterns in closed and open systems. The evap-
oration front moves towards the interior of the soil which is
further dehydrated. The matric suction gradient between
the upper and lower layers increases, producing a potential
driving force for water migration. In addition, the increase
in matric suction has a negative effect on evaporation, and
the shrinkage of the soil pores and the enhanced bounding
of water molecules both lead to a lower permeability of the
soil. Overall, the water in the lower part of the soil column
migrates upwards at a higher gradient of matric suction.
The evaporating surface moves upwards as the evaporation
proceeds until a relatively stable stage is reached. In this stage,
the gradient of matric suction stabilizes, manifesting as the
parallel curves in the right part of the figure (240–360 h).

Variations of water content at a specific position of the
soil column, shown in Figure 17, prove that little change
was noted at heights of 0 and 27 cm in the closed system
while in the open system, due to the absorption of external
water from the Mariotte bottle, the water contents are rela-

tively higher. At a height of 51 cm, the water content
declined due to the unavailability of external water in the
closed system. However, in the open system, the water con-
tent of the soil in the same position firstly decreases and then
rises, and finally, the evaporation tends to be stable. At the
surface of the soil column, although only a small amount
of water was supplied, the water content tends to stabilize
after a rapid decline during evaporation rather than a further
decrease in the closed system.

3.3.3. Salinity Profile. The time-history curves in Figures 18(a)
and 18(b) indicate similar variations of salt content in the
upper part of soil columns in closed and open systems, e.g.,
the domain range of 60-75 cm in height. Unlike the lower half
of the contour in the closed system, two extreme values,
including a maximum and a minimum, appear in the same
domain in the open system. Interestingly, the position where
the minimum value exists in the soil column in the open
system is basically consistent with that in the closed system;
however, the range influenced by the evaporation is larger
and the minimum salt content appears a little earlier. The
replenishment of water enhances the soil water potential
gradient and dilutes the solution in soil pores, making the
water easier to migrate upwards. Moreover, there is also a
domain where soluble salts are accumulated near the bot-
tom of the soil column in the open system. The higher
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Figure 15: Variations of temperature at a specific position in closed and open systems.
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gradient between the surface of the soil column (or the
phreatic water level) and the soil inside, formed in the early
stage of water supply, may account for the continuous migra-
tion of solutes with water.

The profiles of salinity at five selected durations were
plotted in Figures 18(c) and 18(d). Comparison of the
profiles in closed and open systems show that in the early
stage of evaporation, an S-shaped profile appears in the open
system, which primarily originates from the precipitation of
solutes in soil pores and the accumulation of migrated solutes
from the soil below that were carried by capillary water.
Influenced by the above two processes, two extreme values
thus appear in the lower part of the soil column. The solutes
in the lower part migrated further with the water as the evap-
oration proceeds, and the S-shaped curve tends to become
smoother due to the enrichment of salts in the upper part.
In the later stage, the salt accumulated at the evaporation sur-
face further lowers the gradient of osmotic pressure, coupled
with the effect of salt shell, weakening the migration of water.
Thus, an abrupt transition occurs in the profile.

The variations of salt content at the selected positions of
the soil column, i.e., h = 0, 27, 51, and 75 cm, are presented
in Figure 19. At the bottom of the soil column, the water lies
in a stable domain without water replenishment, and the
water and salt contents are basically consistent. However,
in the open system, the water that carries salt in the area is
constantly moving upwards, so the curve is continuously

reduced. At a height of 27 cm, the soil in the open system
first undergoes the replenishment of water from the lower
part due to the capillary action. Then, the evaporation pro-
cess initiates in this domain, and the curve first rises and
then falls, while in the closed system the salt content of the
soil decreases due to the evaporation. The soil at a height
of 51 cm, after evaporating for a certain period, is fully
replenished by the lower water and salt, and the curve first
drops and then rises. At the soil surface, the two curves
change basically the same, but in the open system, the evap-
oration amount is larger, and correspondingly, more salts
are accumulated.

3.3.4. Water Supply Intensity. Figure 20 illustrates the varia-
tion of the water supply intensity during evaporation in the
open system. Three stages can be classified from the mea-
sured curve, as shown in Figure 20(a). The first is the initial
water supply stage (0-78 h), characterized by a pronounced
rise of capillary water, with the rate dependent on the initial
water content while meteorological factors exhibit limited
influence. In the soil column, a higher gradient of soil water
potential is formed between the phreatic level and the soil
inside, which causes a rapid rise in the capillary water con-
tent. However, this gradient declines over time with a lower
intensity of water supply correspondingly. In the second
stage (78-240 h), the gradient of soil water potential increases
rapidly after a certain period of evaporation. Due to the
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hysteresis behavior of the migrated water, the delayed water
supply further enhances this gradient, which leads to a rapid
rise of the curve. However, as the evaporation continues, the
intensity of water supply is declined. In stage III (240-360 h),
the replenishment of water will continuously raise the evap-
oration surface, and the salt will accumulate with the water,
resulting in the high salt concentration in this domain.
Although the decrease in osmotic pressure leads to a higher
gradient of soil water potential, the salt shell obviously
reduces the water permeability. Overall, the migration of
water is slowed down, resulting in a lower intensity of water
supply. It should be pointed out that during the whole evap-
oration process the hydraulic conductivity of the soil has
changed greatly. At the bottom of the soil column, due to
the sufficient supply of water and the loss of salt, the soil
hydraulic conductivity is very high. However, the closer to
the top, the higher the salt content, resulting in a rapid
decrease in the water conductivity of the soil. It is very diffi-
cult for water migration and leads to a decrease in the third
stage of water supply intensity curve in Figure 20(a).

From Figure 20(b), the soil close to the heat source shows
a larger variation of temperature in the three stages while
little change is observed in the lower part, which mainly
results from the heat capacity increase due to the absorption
of external water at a lower temperature. The water and
salt profiles, presented in Figures 20(c) and 20(d), show sig-
nificant changes over time in the initial water supply stage.

Accumulation of soluble salts, accompanied with water
movement, produces a peak of the profile in the lower part
of the soil column. Besides, more water is transported to
the lower half of the soil column and then moves upwards
and participated in the evaporation. Thus, the water content
of the soil in the upper part grows insignificantly while a
more pronounced change in the lower part is observed. The
development of the salinity field is more complex due to
the coupled transport of water and solutes. The peak salt con-
tent in the lower part of the soil column gradually disappears,
and the solute continuously migrates to the upper part. A
higher content of salt occurs in the upper part, which leads
to the disappearance of the peak in this domain. Overall,
the distribution of the entire salinity field tends to be flat.
In the third stage, the evaporation tends to stabilize with a
small amplitude of variation, while the soluble salt is contin-
uously accumulated with the water to the upper part, with the
salt content in the lower part decreasing. However, due to the
excessive enrichment of salt at the evaporation surface, the
salt shell greatly reduces the driving force of water migration,
resulting in a small increase in the upper salt content.

3.4. Analysis of Coupled Transport of Heat, Water, and Solute.
The heat transfer and water and salt migration in the evap-
oration process interact to form a complex system. In order
to reveal the mechanism of this multifield coupling process,
it is necessary to analyze the profiles of temperature, water,
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and salt contents in the same coordinate system. Three
dimensionless parameters are defined to represent the three
physical fields.

~T = T
T0

,

~W = W
W0

,

~η = η

η0
,

8>>>>>>><
>>>>>>>:

ð2Þ

where T is temperature (°C); T0 is the initial temperature of
the soil column (°C), taken as the mean value of the initial
temperature at various test conditions, equal to 19.1°C; W
is the water content (%); W0, is the initial water content,

equal to 20%; η is the salt content (%); η0 is the initial salt
content, equal to 0.6%.

Figure 21 presents the profiles of temperature, water,
and salt contents after evaporation for 360 h at each test
condition. In the closed system, the three profiles exhibit
basically consistent changes, and clearly, both the water
and salt contents vary significantly in an identical domain
where a substantial change in temperature occurs. Besides,
the magnitude of the extreme value and its position both
decrease at higher radiation and wind speed. In the open sys-
tem, due to the water supply, the water content at the bottom
of the soil column increases by 50% while the salt content
grows by about 3 times at the surface.

The above law reveals that temperature is an important
cause of evaporation and migration of water. The migration
of water will cause the salt to spread with the movement of
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water, i.e., convection. Changes in salt migration, crystalliza-
tion, and evaporation in turn affect the change in the tempera-
ture profile of the soil column. Therefore, the coupled transport
of temperature, water, and salt during evaporation is a simulta-
neous and interactive process that occurs in soil columns.

4. Discussions

4.1. Evaporation Process of Water in Soil. Soil evaporation, in
general, can be divided into three main stages [39]. Firstly,
the water content of the surface soil is greater than the field
capacity, and thereby, the actual evaporation is very close to
the potential. Then, the actual evaporation declines approxi-
mately linearly with the decrease of soil moisture while the
soil water content is less than the field capacity. Finally, the
capillary path ruptures owing to the further loss of the mois-
ture; the actual evaporation is inclined to stop. Figure 22
describes the three stages of water evaporation in the soil.
In the first stage, evaporation always begins at the soil surface
where the energy transferred in the form of latent heat. The
main evaporation consumption in this stage is the gravity
water, which is the part between the field moisture capacity
and the saturation moisture capacity of the soil. When the
gravity water in the surface soil has been evaporated, the
moisture from the lower part will migrate upward along the
capillary path to supply the evaporation on the upper part

as can be noticed from Figure 22(a). If the water supply from
the lower part is sufficient, the evaporation front will remain
on the surface of the soil column. Otherwise, evaporation will
proceed to the next stage. Due to the sufficient supply, the
evaporation in this stage is mainly controlled by external fac-
tors, which is very close to the potential evaporation and has
the highest intensity in the whole process.

In the second stage, the upper soil evaporates the water in
the capillary path, then the evaporation front moves downward
immediately. When the moisture is furthermore reduced, the
capillary path to the topsoil will be broken as presented in
Figure 22(b). The evaporation intensity in this stage declines
approximately linearly with the decrease of soil moisture.

In the third stage, as the evaporation proceeds, the evap-
oration front has moved to the inside of the soil column
rather than remains on the surface. When the capillary water
of the topsoil is evaporated, only the bound water remains in
this area. The strong bound water is tightly constrained to the
soil surface and cannot move under the action of gravity and
capillary. The weakly bound water is adsorbed on the outside
of the strong combined water, which can move along the sur-
face of the soil particle at an extremely low speed. As the
evaporation proceeds, the weakly and the strong water are
consumed, which leads to the further reduction of water con-
tent. Evaporation in the form of liquid water decreases rap-
idly due to multiple reasons such as the soil and the pore
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path shrink caused by the high suction, the migration driving
force decreases with the reduction of suction gradient and
vapor pressure gradient at the soil-air interface, and the accu-
mulated crystal of the salt and the increase of closed bubbles
lead to a large decline in permeation rate. Thus, evaporation
of water in the soil column is mainly through the diffusion of
vapor water in this stage. The water molecules in the form of
diffusion escaping from the low part pass through the capil-
lary fracture domain to reach the atmosphere with a quite
low speed. It is worth noting that, as shown in Figure 22(c),
there is still a tiny minority of strong bound water due to
the strong adsorption of clay particles.

The above analysis illustrates that the soil evaporation is
very closely related to the two critical water contents, which
are the field moisture capacity and the capillary fracture mois-
ture content. In addition to atmospheric evaporation capacity
(such as radiation intensity, temperature, wind speed, and
relative humidity), these two are the key control limits for
the development of soil evaporation process, depending on
the physical composition of the soil itself.

4.2. Field Moisture Capacity and Capillary Fracture Moisture
Content. In order to study the effect of salinity on the two key

limits, we used the Wilcox method (WM) [40] to obtain field
moisture capacity under different salt content (0%, 0.6%,
1.2%, and 1.8%). With the purpose of minimizing the error,
a group of parallel samples was set up and the field water
holding capacity was obtained by taking the average values
of the two groups of experimental results.

Figure 23 illustrates that the field moisture capacity
increases almost linearly with salt content within the consid-
ered range. Previous work proves that the capillary fracture
moisture content can be taken as 60% of the field moisture
capacity [39] and the relationship between capillary fracture
moisture and salt content can be described as

θk = 0:6Wk = 0:318η + 10:872, ð3Þ

where θk (%) is the capillary fracture moisture content; Wk
(%) is the field moisture capacity; η (%) is the salt content.

Equation (3) also indicates that salt has a significant effect
on soil moisture capacity and determines the evaporation
process, which is responsible for the large difference from
the process of conventional soil. The coexistence of matric
suction and osmotic suction in saline soil is an objective fact.
Compared with conventional soil, the influence of osmotic
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components results in the increase of saline soil’s moisture
capacity. The higher the salt content, the greater the osmotic
suction and the stronger the soil moisture capacity [41, 42].
In particular, for the large size soil column adopted in this

paper, the matric and osmotic suction at each layer will affect
the moisture capacity and the evaporation of the soil column
along with the continuous water and salt migration, which
will be discussed in detail in the next section.
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4.3. Discussion on the Suction Profile and Capillary Fracture
Domain in Soil Columns. Total soil suction quantifies the
thermodynamic potential of soil pore water relative to a ref-
erence potential of free water [43]. Neglecting temperature
and gravity, the primary mechanisms that decrease the
potential of soil pore water include capillary effects, short-
range adsorption effects, and osmotic effects. Capillary effects
are closely related to the curvature of the air-water interface
and the associated negative pore water pressures in the
three-phase unsaturated soil system. Short-range adsorption
effects arise primarily from electrical and van der Waals force
fields occurring within the vicinity of the solid-liquid inter-
face, and the adsorbed pore water is primarily in the form
of thin films coating the particle surfaces. Osmotic effects
are the result of dissolved solutes in the pore water. The for-
mer mechanism is unique to unsaturated soil. The latter two
may occur under either saturated or unsaturated conditions.
Suction arising from the combined effects of capillarity and
short-range adsorption is usually grouped under the more
general term matric suction. Suction arising from the pres-
ence of dissolved solutes is referred to as osmotic suction.
Total soil suction is generally considered the algebraic sum
of the matric and osmotic components.

Based on the total suction test results of sodium sulfate
saline loess in the same area by noncontact method [44],
ignoring the interaction between matric and osmotic suction,
and through multivariate fitting regression calculation, the
empirical relationship among total suction, water, and salt
content can be written as

log S = −0:11η − 0:17W + 4:92, ð4Þ

where S (kPa) is the total suction; η (%) is the salt content;
W (%) is the water content.

Figure 24(a) exhibits a good fitting effect of the equation.
The measured data points lie very close to the fitted curve
surface, with regression coefficients higher than 0.99 and fit-

ting residual error between 0.794 and 1.585 kPa as plotted in
Figure 24(b).

Figure 25 describes the profiles of total suction for soil
columns through equation (4) under four different tests.
The variations of total suction along the depth in the closed
system are basically the same, at the bottom of the column,
i.e., stable domain; the total suction hardly changes, while
in the evaporation domain, it rises quickly with the decrease
of moisture and the increase of salinity. In the open system,
by contrast, the water content of the bottom soil rises rapidly
by virtue of the direct effect of water supply, and thereby, the
salt has been gradually displaced with the water to cause a
reduction in the salt content, which results in a great decrease
of the total suction in this domain. In the upper part of the
soil column, the total suction rises at the beginning of evapo-
ration and reaches its maximum after 120 h, and then, it
declines quickly by cause of the gradual manifestation of
the water supply.

It should be noted that in the middle and later periods
of evaporation, although the total suction gradient in the
upper part of the soil column is extremely high whether it
is in the closed or open system, the evaporation in this
domain has a tendency to stop. Consequently, the concept
of the capillary fracture domain is proposed to describe
the migration characteristics of soil water and salt in this
domain. By combining equation (3) and equation (4), the
relationship between the critical value of total suction and
salt content can be deduced as

log Sk = −0:11η2 + 0:36η + 3:07, ð5Þ

where Sk (kPa) is the total suction corresponding to the
capillary fracture moisture content; η (%) is the salt content.
If log S ≥ log Sk, it indicates that the area is located in the
capillary fracture domain.

Figure 26 presents the time-history curves for total suc-
tion under four different tests, which depend on the results
of water and salt transfer in the soil column. In the capillary
fracture domain, although the total suction is very high, the
capillary water has been evaporated, and the bound water
adsorbed tightly on the surface of the soil particles is difficult
to move. In addition, the fracture of the capillary pathway
makes it tough for the water from the lower part to move
upward. For many reasons, the evaporation in the form of
vapor water diffusion dominates, but its diffusion rate is
much lower than the previous capillary water migration.
However, as a result of the sufficient water supply in the open
system, a continuous capillary path can be formed by repair-
ing the capillary fracture domain due to the insufficient water
supply at the beginning of evaporation in a certain way,
which leads to the upward movement of the evaporation
front, i.e., the depth of the fracture domain shown in
Figure 26(d) rises first and then decreases.

The above law reveals that the core area of evaporation
lies in the capillary fracture domain. In spite of the high suc-
tion and suction gradients, there is no continuous capillary
path, which has little effect on the water and salt migration
in the soil column. Moreover, it should be pointed out that
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in this domain, the salinity is highly enriched, the moisture is
much lower than the effective water absorbed by the plant,
and the soil structure is very loose. The influence of the cap-
illary fracture domain should be taken into consideration in
practical industrial- and agricultural-related issues.

5. Conclusions

This paper carried out laboratory experiments on the evapora-
tion characteristics of loess columns and water-solute coupled
transport induced by evaporation. Three test conditions in the
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closed system and one group in the open system as a compar-
ison were considered. Based on the variation of total suction
and moisture content at capillary rupture, a criterion judging
the capillary fracture area was proposed and the development
of the three physical fields was further discussed. The main
conclusions are as follows.

(1) Meteorological factors exhibit significant effects on
the evaporation of soil columns. The evaporation-
affected domain increases at higher radiation inten-
sity and wind speed. The evaporation coefficient can
well characterize the evaporation capacity of the soil.
In the closed system, the evaporation coefficient var-
ies insignificantly while in the open system it first
decreases and then grows

(2) There is an evaporation stable domain in the soil col-
umn in the closed system, where the temperature,
water, and salt profiles show little change. At higher
radiation intensity and wind speed, a larger amount
of evaporation occurs with a lower water content at
the surface but a higher salt content. In the open sys-
tem, three stages were noted from the process of
water supply. The water supply intensity tends to sta-

bilize even when some abrupt changes were found
from the measured curves

(3) The capillary fracture area in soil columns is the core
area for soil evaporation and lies at a higher position
after a longer duration or at a higher intensity of
evaporation. In the open system, due to the sufficient
supply of external water, the capillary fracture area
can be fixed, so that the height of this area first
increases and then decreases

(4) The variation of temperature gradient results in a
higher gradient of matric potential at soil surface,
which further leads to the migration of water. This
will in turn cause the salt to migrate with the water,
i.e., the convective diffusion. The migration and later
crystallization of salt will lead to the changes in tem-
perature profile during evaporation. Therefore, the
coupled transport of heat, water, and salt during
evaporation is an interactive and complex process

Data Availability
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