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Soil water characteristic curves (SWCC) and soil water evaporation curves both represent the laws of water content variation in the
natural state. Aiming to investigate the relationship between them further, Hunan sand with six dry densities were used in this
study, and a series of experimental studies were performed. *is study developed the application of evaporation curves in
geotechnical engineering, reduced the workload of measuring soil water characteristic curves, and explored the relationship
between evaporation rate and fractal dimension. *rough the indoor tests, we measured soil water characteristic curves of
specimens and soil water evaporation curves at different temperatures and explored the relationship between these two curves. In
this study, a model was developed that allows the conversion from soil water evaporation curves to soil water characteristic curves,
which is an equation about matrix suction ψ versus cumulative time t. Further, two prediction methods are developed, which are
derived based on the Fredlund–Xing model and based on the Bird model, respectively. *e proposed methods were validated
using soil water evaporation tests of Hunan sand with six dry densities at three ambient temperatures, and the results showed that
good prediction performances were achieved using these two methods.

1. Introduction

Unsaturated soil is a three-phase porous medium composed
by soil particles, water, and gas. *e contents of soil con-
stituents strongly impact its engineering properties, among
which water content is directly related to the engineering
properties, such as pore structure, strength, and permeability
coefficient. Under natural conditions, the soil water evap-
oration causes some undesirable phenomena in the foun-
dation, such as shrinkage, settlement, cracking, which leads
to the destruction of the building structure on the foun-
dation, eventually [1–4].

In geotechnical and environmental engineering, many
engineering problems involve consideration of water
transport, fluid flow, and heat transfer in the soil.
*erefore, the evaporation of porous media has an ex-
tremely important influence on their engineering per-
formance [5]. *e soil water evaporation is a dynamic
process that shows a decreasing trend of water content as

the accumulation time increases. Currently, the more
popular test methods are the indoor test methods, which is
easy to control each variable, and results can be better
applied to theoretical studies. *e indoor test is a simu-
lation of the soil water evaporation process in a stable
environment, and it can effectively measure the changes in
water content under the effect of evaporation [4]. Simi-
larly, soil water characteristic curves are often used to
describe the water retention capacity of unsaturated soils.
Under the dewetting path, the soil water characteristic
curves indicate that water contents decrease with in-
creasing matrix suction [6, 7]. *e results of soil water
evaporation tests and soil water characteristic curve tests
(SWCCs) show that these two curves have many same
performances, which means there are some correlation
between them. *e study of this interconnection facilitates
the applications of evaporation curves and soil water
characteristic curves in practical engineering and reduces
the workload of experimental measurements.
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In this study, an equation related to the cumulative time t
and the matrix suction ψ is derived based on the Menger
sponge model. Using this equation to transform the variable
t of the evaporation curve into ψ yields the predicted value of
the soil water characteristic curve; that is, the evaporation
curve converted into the soil water characteristic curve by
this equation. In addition, we applied this method with two
soil water characteristic curve models to develop methods
for predicting soil water characteristic curves based on soil
water evaporation, which broadened its application in
practical engineering. Moreover, Hunan sand specimens
with six dry densities were used for validation, and the
results showed that this method has good prediction
performance.

2. Materials and Methods

2.1. Test Materials. *e soil samples used in the tests are
Hunan sand, which were taken from the Ziquejie terraces in
Xinhua County, Hunan Province. *e relevant parameters
of physical property of Hunan sandy soil are shown in
Table 1.

2.2. Soil Water Evaporation Test. At present, the methods to
determine the evaporations or evaporation rates of speci-
mens include theoretical calculation method and direct
measurement method [8]. *e theoretical calculation
method is based on some theoretical models, such as Dalton
[9], Penman [10], Fox [11], and Denisov et al. [12], which
investigated the influence of many factors on soil water
evaporation. *e direct measurement methods measure the
variation of water content using test instruments, which can
be divided into in situ test methods and indoor test methods
[13]. Indoor tests directly measure the weight losses of soil to
obtain evaporation curves, and this method usually per-
formed using electronic scales or sensors [14]. In situ test is a
method to measure the volume of soil water evaporation on
location using equipment such as drainage lysimeters and
microlysimeters. In this study, the evaporations of speci-
mens were measured using an indoor test, which was
performed as follows.

*e Hunan sand was dried and crushed, and then soil
particles with the size of less than 2mm were sieved for
testing. Add water to dry soil and mix well, then put it in a
sealed bag, and let it stand for 72 hours, waiting for the
moisture transport to a uniform water content.*ree groups
of six specimens with different dry densities were made for
the soil water evaporation test. *e cutting ring used in this
test has an inner diameter of 61.8mm and a height of 20mm.
In this experiment, three ambient temperatures are set to
investigate the influences of temperature on evaporation
laws. *e plan of this experiment and variables are shown in
Table 2. *e soil water evaporation tests were performed in
an electric oven and the weight of specimens with an
electronic scale was measured; the experimental equipment
is shown in Figure 1. *e top surface of the specimen is
exposed to air and the bottom surface is sealed with a film,
which allows each sample under the same testing

environment and helps to avoid testing errors caused by soil
particles falling off during the process of drying. *e pre-
pared specimens were put into the electric oven (the tem-
perature error of the oven was less than ±0.5°C), and the
specimens were weighed and recorded at regular intervals.

2.3. Soil Water Characteristic Curve Experiments. Six spec-
imens with the same parameters as in the soil water evap-
oration test were applied to perform soil water characteristic
curve experiments. *is experiment uses a pressure plate
apparatus to measure the soil water characteristic curves of
the specimens, which is manufactured by Soilmoisture
Corporation, USA, and it is composed of pressure chamber,
high air entry value ceramic plate, pressure gauge, gas
source, and a water catcher, as shown in Figure 2. *e
prepared specimen on the ceramic plate in the pressure
chamber was placed and a good contact between them was
ensured, and then the pressure chamber is closed. When a
certain pressure is applied to the pressure chamber, based on
the axis-translation technique, the water in the sample is
gradually drained through the ceramic plate until the
specimen reaches equilibrium. At this time, taking out the
soil samples and weighing them, the water content corre-
sponding to this suction can be worked out, thereby the soil-
water characteristic curves of Hunan sand are obtained. In
this experiment, a series of 9 levels of air pressure were
applied to the Hunan sand specimens, in the order of 5 kPa,
10 kPa, 30 kPa, 80 kPa, 160 kPa, 280 kPa, 450 kPa, 700 kPa,
and 1250 kPa.

3. Experimental Results and Analysis

3.1. Analysis of Soil Water Evaporation Test Results. *e
change rules of water content during soil water evaporation
were calculated based on the measured weight of speci-
mens, and the results are shown in Figure 3. *e drainage
process was consistent across the specimens at the three
ambient temperatures, and they were all clearly distin-
guished into three stages, that is, two stages of linear
variation and a transition stage. Tang et al. [4] divided the
water evaporation process into three phases, namely,
constant rate phase, deceleration rate phase, and residual
phase. *e constant rate phase occurs at the beginning of
the soil water evaporation test, where the evaporation rate
is the largest and constant. In this process, free water is
removed from the soil, and the ambient temperature, air
humidity, and wind speed are the dominant factors af-
fecting the evaporation rate at this stage [4, 15]. *e water
transports on the planar surface of soil are dominated by
the percolation of capillary water. As the water content of
the soil decreases, free and capillary water is gradually
discharged and the evaporation rate slows down; this
process is known as the deceleration rate phase. In this
stage, the evaporation rate is related to water content. *e
residual phase is the last stage of soil water evaporation. At
this time, the water content of soil is very low, and con-
nectivity between pores is poor, while the diffusion of water
vapor is hindered, so the evaporation rate is very small.
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*e evaporation rate for the constant rate phase can be
obtained by using a linear fit to measured data, denoted by
ve, and its value is equal to the evaporation of water per unit
weight of soil particles. Figure 4 shows the evaporation rates
of soil samples at different temperatures, it indicates that the
evaporation rates increase as the temperature rises, and the
evaporation rates soil samples with higher dry density are
smaller. In general, the evaporation rates have a significant
positive correlation with the ambient temperature, which is
consistent with the experimental results of Tang et al. [4].

3.2. Analysis of Soil Water Characteristic Curve Test Results.
*e soil water characteristic curves of Hunan sand at six dry
densities are shown in Figure 5, and the test results are

expressed in the form of mass water content. While with the
lower matrix suction, the water content of specimens with
smaller dry density is higher. When the matrix suction is
higher than 5 kPa, the water content with suction changes in
the same law at different densities.

4. Application of Soil Water Evaporation
Curves in Predicting Soil Water
Characteristic Curves

4.1. Relationship between Evaporation Curves and SWCCs.
In three-dimensional space, according to the Menger sponge
model, the expression for the cumulative volume V (≥ d) is
as follows [16]:
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Figure 1: Soil water evaporation experiment. (a) *e electric oven. (b) Soil samples.

Table 1: Physical parameters of soil samples used in the study.

Name Texture Specific gravity Liquid limit (%) Plastic limit (%)
Percentage of particles (%)

Gravel Sand Silt Clay
Hunan sand Sandy loam 2.7155 28.11 23.32 15.92 80.98 1.73 1.37

Table 2: Soil water evaporation test variables.

Name Dry density
(g/cm3)

Specimen
number Temperature (°C) Specimen

number Temperature (°C) Specimen
number

Temperature
(°C)

Hunan
sand

1.30 H1-a

25

H1-b

30

H1-c

36

1.35 H2-a H2-b H2-c
1.40 H3-a H3-b H3-c
1.45 H4-a H4-b H4-c
1.50 H5-a H5-b H5-c
1.60 H6-a H6-b H6-c
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Figure 3: Results of soil water evaporation experiments. (a) 25°C ambient temperature. (b) 30°C ambient temperature. (c) 36°C ambient
temperature.
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Figure 2: *e devices of soil water characteristic curve test. (a) Pressure plate apparatus. (b) Test specimens.
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V(≥d) � Va 1 −
d

L2
 

3− D

⎡⎣ ⎤⎦, (1)

where d is the pore diameter,Va is the volume of the research
object, and L2 is the size of the measured range. Katz and

*ompson [17] showed that L2 is the upper limit of the self-
similarity in the sample. *is study is based on the Menger
sponge model to investigate the variation of soil water
content; therefore, L2 should be taken as 1/ρd, ρd is the dry
density of the specimen, andD is the fractional dimension of
the sample [16]. For soil with fractal properties, the fractal
dimension is usually calculated using the box counting
approach [18] or ideal particle pore-space geometry as-
sumptions (e.g., Menger sponge and Sierpinski carpet) [16].
In recent years, published studies have developed some
methods using soil water characteristic curves to calculate
the soil fractal dimensions [19].

In a unit weight of soil skeleton, the time t taken to empty
all the water out of the pores with pores diameter is greater
than d; it is expressed as follows:

t �
ρwV(≥d)

ve

�
Vaρw

ve

1 −
d

L2
 

3− D

⎡⎣ ⎤⎦, (2)

in which ve is the evaporation rate and ρw is the density of the
water.

From the Young–Laplace equation, the pore size and the
matrix suction can be transformed by the following
equation:

ψ �
4Ts cos α

d
, (3)

where Ts is the surface tension of water and α is the contact
angle between soil and water.

Substituting (3) into (2) yields

ψ �
4Ts cos α

L2

ve

Vaρw

 

1/D− 3
Vaρw

ve

− t 

1/D− 3

. (4)

4.2. Prediction Method Based on the Fredlund–Xing Model.
*e Fredlund–Xing model [20] is one of the most widely
used theoretical models for fitting water soil characteristic
curves; it can be applied to a wide variety of soil types with
good fitting performance. It is expressed as

w � ws

1
ln e +(ψ/a)n

( 
 

m

, (5)

where ws is the saturated water content of sample, a, n, and
m are constants, and their values are obtained by model
fitting.

Substituting (4) into (5), the following equation can be
obtained. It shows the relationship between the accumulated
time t of soil water evaporation and the water content w of
soil:

w � ws

1

ln e + Vaρw/ve(  − t( / Vaρw/ve(  aL2/4Ts cos α( 
D− 3

 
n/D− 3

 

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

m

. (6)
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Figure 4: Evaporation rates of soil samples with different dry
densities. H1–H6 indicates the soil samples with a dry density of
1.30 g/cm3, 1.35 g/cm3, 1.40 g/cm3, 1.45 g/cm3, 1.50 g/cm3, and
1.60 g/cm3, respectively.
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Figure 5: *e results of soil water characteristic curve test.
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*e expression of (6) is similar to (5), which indicates
some connection between the soil water characteristic curves
and the soil water evaporation curves.

*e parameters aec, mec, and nec are assigned by the
following equation:

aec �
Vaρw

ve

aL2

4Ts cos α
 

D− 3

, (7a)

mec � m, (7b)

nec �
n

D − 3
. (7c)

Substituting (7a), (7b), and (7c) into (6) gives the fol-
lowing equation:

w � ws

1
ln e + Vaρw/ve(  − t( /aec( 

nec( 
 

mec

. (8)

*e parameters mec and nec are parameters that are
uncorrelated with the ambient temperature. In the expres-
sion of aec, there are several temperature-related variables,
which are ve, Ts, and w. *erefore, aec is a parameter related
to the ambient temperature. Applying (8) to the soil water
evaporation curves at each ambient temperature, aec, nec, and
mec can be obtained. In addition, the values of a, n, andm are
obtained by fitting the soil water characteristic curve data
using (5). *e relationship between aec versus a, mec versus
m, and nec versus n for each temperature was explored and
the results are shown in Figure 6. a versus aec conforms to
(7a) and the shapes of the fitted curves at each temperature
are similar. Moreover, the larger the ambient temperature,
the smaller the aec. Most of the data for m versus mec were
distributed in the neighboring region of the y� x line, and
the sum of squared errors (SSE) was equal to 1.66×10−3,
which indicates thatmec versusm is consistent with (7b).*e
values of nec at the three temperatures were fitted using (7c)
and the correlation coefficient was 0.89244, as shown in
Figure 6(c), which indicates that nec versus n is consistent
with (7c).

Compared with the soil water characteristic curve test,
the soil-water evaporation test is easier to be performed and
the time required for the test is significantly reduced. It
would be convenient to use evaporation curves to directly
predict soil water characteristic curves. Using (8) for fitting
evaporation curve data to obtain the values of fitting pa-
rameters aec, nec, and mec, the values of a, m, and n were
calculated by substituting aec, nec, and mec into (7a)–(7c).
Further, the predicted values of the soil water characteristic
curve can be obtained from (5), and the results are shown in
Figure 7. *e predicted results were in high agreement with
the measured data. Differences in the initial water content
make the prediction results at each temperature vary in the
low suction range. It is because the initial water contents of
the specimens are taken as their saturation water contents.
*erefore, when using evaporation curves to predict soil
water characteristic curves, the initial water content should
be kept to the saturation water content as possible.

4.3. Fractal Model-Based Prediction Method. It is feasible to
describe the particle distribution, pore surface, and pore
volume distribution of the soil with fractal models, and the
soil-water characteristic curves derived from the fractal
models are consistent with some of the experimental results
[19, 21–24]. Bird et al. [24] derived a soil water characteristic
curve model for unsaturated soils based on soil-pore fractal
models, which has the following expression [25]:

Se �
w − wr

ws − wr

�
ψa

ψ
 

3− D

, (9)

where ws is the saturated water content; wr is the residual
water content; ψa is the air entry value; D is the fractional
dimension of sample.

Taking the natural logarithm of (9), the following
equation can be obtained:

ln w − wr(  � ln ws − wr(  +(3 − D)ln
ψa

ψ
. (10)

In constant rate phase, the relationship between water
content w and cumulative time t of the soil water evapo-
ration is shown as the following equation:

w � ws − vet. (11)

Substituting (11) into (10) yields

ln ws − vet − wr(  � ln ws − wr(  +(3 − D)ln
ψa

ψ
. (12)

Setting the duration of the constant rate phase as Tt, then
ws � veTt + wr and wr is the residual water content of the
sample. So, (12) can be transformed into the following
equation:

ln ve � (3 − D)ln
ψa

ψ
+ ln ws − wr(  − ln Tt − t( . (13)

At an arbitrary time t1, the value of the matrix suction
can be determined by (4), denoting as ψ1, ve and D should
satisfy the following equation:

ln ve � A(3 − D) + B, (14)

where A and B are constants, A� ln(ψa/ψ1),
B� ln(ws − wr)− ln(Tt − t1).

Equation (14) shows that the evaporation rates of
samples have a linear relationship with the fractal dimen-
sions. In a published study [26], we investigated the rela-
tionship between fractal dimensions and evaporation rates
for three soils at the same temperature, and the results
showed that the evaporation rates of the three soils con-
formed to the same law with the fractal dimension, as shown
in Figure 8(a). *e correlation coefficient between the fitted
line and the data was 0.89861, and the slope of the fitted line
was 0.04738. We used this slope value to perform a linear fit
to the data of Hunan sand at different ambient temperatures,
where the soil fractional dimension was derived by Tao et al.
[19], and the results are shown in Figure 8(b). *e residual
sum of squares (RSS) of the fitted results is 4.71631× 10−5 at
an ambient temperature of 25°C, 7.22627×10−5 at 30°C, and
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8.46807×10−5 at 36°C. It indicates that the evaporation rate
and fractal dimension at each temperature are satisfied by
(14).When the equation about evaporation rates versus fractal
dimensions is determined, we can use the evaporation rates to
calculate the fractal dimensions; furthermore, the soil water
characteristic curves can be predicted. In addition, (14) also
explains the effect of internal factors on the evaporation rate.
Existing studies [5, 8, 27–33] analyzed the influences of
thirteen internal factors on evaporation rates, such as satu-
ration, clay content, density, pore size, soil color, and salinity.
For soils with fractal characteristics, the fractal dimension is a
parameter that can effectively reflect the internal composition
of the soil. *us, the fractal dimension is an internal factor
that very directly affects the evaporation rate.

Predicting the soil water characteristic curve by (9) re-
quires determining the residual water content of the soil
sample, wr. Tao et al. [34] suggest that the initial water
content of the residual phase during soil water evaporation is
almost identical to the residual water content obtained using
the theoretical model. Similarly, Ouyang et al. [8] investi-
gated the mechanism of soil water evaporation and their
results also show that the water contents corresponding to
the residual phase are the residual water contents. Figure 9
shows the residual water contents of soil samples at three
ambient temperatures. It indicates that the residual water
content increases with the increase of dry density, and the
higher the ambient temperature, the smaller the residual
water content. *e soil water evaporation data were
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Figure 6: *e result of parameter fitting. (a) a versus aec, (b) m versus mec, and (c) n versus to nec.
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Figure 7: Continued.
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converted into the expression form of effective saturation, as
seen in Figure 10.

We substitute the cumulative time series of evaporation
experiments into (4) to obtain the corresponding matrix
suction series. *en, we combine it with the water content
series measured by the soil water evaporation tests into a set
of data on suctions versus water contents, that is, the pre-
dicted value of the soil water characteristic curves, as shown

in Figure 11. Comparing the predicted values with measured
data, it can be found that the predicted soil water charac-
teristic curves using the soil water evaporation at different
temperatures do not differ much, and the consistency be-
tween the predicted and measured values is high. In the high
suction range, the predicted values tend to be smaller than
the measured values; this is due to the simplified consid-
eration of deceleration rate phase, which has a much shorter
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Figure 10: Continued.
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Figure 10: Variation of effective saturation with cumulative time of soil water evaporation. (a) 25°C ambient temperature, (b) 30°C ambient
temperature, and (c) 36°C ambient temperature.
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Figure 11: Continued.
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duration compared to the other two phases. *e time re-
quired for the soil to change from supersaturated to quasi-
saturated state is also an important cause of this error. In
addition, a stable test environment and accurate measure-
ment of the weight loss of the soil sample have a huge impact
on the predicted results.

*e root mean square error (RMSE) was used to evaluate
the prediction accuracy of this prediction method, which
was calculated as shown in (15).*e prediction results under
two suction ranges (0–100 kPa and 0–1250 kPa) were eval-
uated, which represent the prediction performance at low
suction and at full suction range, respectively. *e influence

of ambient temperature on the predicted results was eval-
uated by comparing the predicted results at each temper-
ature, and the results are shown in Table 3. In low suction
range (0–100 kPa), the soil water characteristic curve pre-
dicted by using evaporation curve with low ambient tem-
perature is more accurate, because the lower the ambient
temperature, the smaller the evaporation rate is. So, we can
monitor the changes in the water content of samples more
accurately. However, the times of operations to remove the
specimens for weighing was increased. Since the experi-
mental errors generated during the measurement process
have a gradual cumulative effect on the predicted results, this
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Figure 11: Comparison of predicted results with measured data. (a)*e dry density of the specimen is 1.30 g/cm3, (b) the dry density of the
specimen is 1.35 g/cm3, (c) the dry density of the specimen is 1.40 g/cm3, (d) the dry density of the specimen is 1.45 g/cm3, (e) the dry density
of the specimen is 1.50 g/cm3, and (f) the dry density of the specimen is 1.60 g/cm3.
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leads to a surge in the error of the final predicted results. *e
higher the ambient temperature, the faster the process of the
evaporation experiment, where the deceleration rate phase
takes up less time. *e evaporation curve can be regarded as
two linear variations, which is closer to the theory of this
study. *erefore, the predicted soil water characteristic
curves in the full suction range have higher accuracy when
the ambient temperature is higher. In the subsequent study,
the prediction accuracy of the soil water characteristic curve
can be effectively improved by reducing the times of re-
moving the specimens for weighing and the reducing ex-
perimental errors generated during the test:

RMSE �

������������


p
i �1 xi − xi

′( 
2

p



, (15)

where xi is the ith predicted value of effective saturation, x’i is
the ith measured value of effective saturation, and p is the
number of measurement points.

5. Conclusion

In this study, soil water evaporation curves and soil water
characteristic curves of Hunan sand were tested, analyzed,
and compared. By studying soil water evaporation at dif-
ferent dry densities and ambient temperatures, the con-
nections between soil water evaporation and soil water
characteristic curve are revealed. Based on two theoretical
models, methods to predict soil water characteristic curves
using soil water evaporation curves are proposed. *e fol-
lowing conclusions can be drawn.

(1) *e soil water evaporation rates increase with the
increasing ambient temperature, and the higher the
dry density, the smaller the evaporation rate. *e
fractional dimensions are an important parameter to
indicate the pore structure. It shows the influence of
many internal factors on the microstructure of the
soil. *is study shows that the evaporation rates are
related to the fractional dimensions, and in soil with
larger fractional dimensions, the evaporation rates
are larger.

(2) *e initial water contents of the residual phase in soil
water evaporation process are the residual water
contents of the soil, and its value increases with the
increase of the dry density. For the soil with the same

dry density, the higher the ambient temperature is,
the smaller the residual water content of the soil is.

(3) During the constant rate phase, the water content is
related to the cumulative time of soil water evapo-
ration, and the cumulative time can be replaced by
the matrix suction using (4). *is leads to a method
for predicting soil water characteristic curves using
soil water evaporation data. Verification of the
method was carried out using soil samples with six
dry densities at three ambient temperatures, and the
results showed that the predicted values were in good
agreement with the measured data.
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Additional Points

Research Highlights. *e relationship between soil water
evaporation curves and soil water characteristic curves is
investigated. *e equation for the conversion from cumu-
lative evaporation time to matrix suction was derived based
on fractal theory. Two methods to predict soil water char-
acteristic curves based on evaporation curves were
developed.
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