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The salt expansion disease is severe for the soil containing sodium sulfate in cold regions. This paper carried out one-dimensional
salt expansion tests of saline soil, the crystallization test of saturated sodium sulfate solution, and the numerical cooling tests to
explore the stability time of the salt expansion test and determine the standard procedure of salt expansion tests. The test results
demonstrate that (i) the temperature equilibrium and the crystallization process are almost simultaneously completed in both
sulfate saline soil and sulfate solution upon cooling; (ii) referring to the deformation equilibrium standard used in soil con-
solidation test, an expansion rate of less than 0.02 mm/h is suggested in the saline expansion test; and (iii) the equilibrium time is
found to have a quadratic polynomial relationship to sample size and is much shorter under liquid bath conditions than under gas
bath conditions. Based on these findings, a standard procedure of the one-dimensional salt expansion test is proposed, in which
the test equipment, the test process, the deformation stabilization time of salt expansion, and the data processing method are
provided. As the deformation and the temperature are synchronized, the deformation stabilization time of samples with different

sizes in different cooling media is recommended.

1. Introduction

Saline soil is widely distributed in northwestern China [1]. In
the northwestern region, the sulfate crystallization effect and
chemical reactions between sulfate and building materials
will cause damage to building foundations, pile structures
[2, 3], and slope structures [4]. The soil is defined as saline
soil with soluble salt content equal to or greater than 0.3%
[5]. The subgrade composed of sulfate saline soil is more
vulnerable to diseases, such as dissolution, salt heave, frost
heave, and mud boiling, among which the salt heave is the
most severe disease [6]. With the development of the “Belt
and Road Initiative” development strategy, the salt expan-
sion problem has brought great harm to the engineering
construction industry and has attracted more attention from
the engineering and academic industry.

The solubility of sodium sulfate decreases sharply with a
decrease in the environmental temperature, accompanied by
the salt crystallization and salt swelling effect in sulfate saline

soil. According to the solubility of sodium sulfate, the salt
swelling effect mainly occurs at the temperature stage above
0°C. The solubility of sodium sulfate is shown in Figure 1.
The salt crystallization behavior is driven by the temperature
difference between daytime and nighttime, and such dis-
solution effect may easily cause engineering diseases in the
continuous salt swelling-collapse process. To better illustrate
the temperature effect on the salt expansion process, Lai et al.
[7] and Wan et al. [8, 9] conducted salt expansion experi-
ments with different cooling rates. In conclusion, with an
increased initial concentration of sulfate content, the cooling
rate is slowed down, followed by decreased maximum su-
persaturation rate, increased salt crystallization rate, and
higher salt expansion rate. Some researchers [9, 10] also
obtained the initial crystallization temperature of soils with
different salt concentration contents through experiments.
Xiao et al. [11] derived the liquid water content of sulfate
saline soil based on the thermodynamic theory. Fang et al.
[12] derived the theoretical crystallization amount of
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FiGure 1: The solubility of sodium sulfate.

Glauber’s salt in saline soil at different temperatures and
established an empirical model for salt expansion. Zhang
et al. [13] established a four-field coupling model of hy-
drothermal, mechanical, and salt fields. Bai et al. [14, 15]
studied the constitutive model of geomaterials with thermal
effects. Some researchers [16-20] have conducted salt ex-
pansion tests to investigate influencing factors of salt ex-
pansion, such as salt type, salt content, water content,
temperature, cooling rate, initial dry density, soil type, at-
tached load, and water supplement. However, in a closed
system, the salt expansion is driven by temperature. How the
salt crystallization effect developed after environment
temperature is stabilized and whether the salt expansion
effect is synchronized with stabilized soil temperature still
remain unclear. With controlled cooling conditions and
sample size, there is still no clear specification for the
sample’s temperature stabilization time, sample’s tempera-
ture stability, and the stability standard of deformation. This
paper summarizes and compares the test instruments, test
procedures, and test programs from previous studies to
explore a more reasonable salt expansion test method.

There are mainly three types of test equipment reported
in the literature: a typical salt expansion test device [21] that
is similar to the consolidation test device, as shown in
Figure 2(a), a cylindrical-shaped confined one-dimensional
salt expansion test device [22], as shown in Figure 2(b), and
(iii) a model test device of salt expansion [23], as shown in
Figure 2(c). As a model test device, the sample volume is
large. During the cooling stage, the problem can be com-
plicated by the water and the salt migration caused by the
difference in the soil’s internal temperature [24-28].

An essential influencing factor to the salt expansion test
is the temperature stabilization time [29-32]. The stabili-
zation time is dependent on the soil size and the cooling
pattern [20]. Previous studies [8, 33] set each testing stage
(with a change of temperature level) as lasting from 2 to 8
hours. The salt swelling development is insufficient when the
stabilization time is short. However, test efficiency is low
when the stabilization time is extended. Hence, it is nec-
essary to balance and determine a reasonable salt swelling
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stability time. However, there still lacks a criterion for the
stabilization time in the salt expansion test. To fill this gap,
both laboratory tests and numerical tests are carried out in
this study.

The primary purpose of this study is as follows: (a)
Determine whether the deformation stabilization time and
the temperature stabilization time of saline soil are syn-
chronized. (b) Determine the deformation stabilization time
of the salt expansion test. (c) Determine the effect of cooling
rate and cooling method on salt expansion. (d) Summarize
the standard experimental procedure of salt expansion ex-
periment for future study.

2. Experimental Study on the Salt Expansion

2.1. Purpose. It is well known that the water and salt mi-
gration can cause continuous deformation of the sulfate
saline soil upon temperature gradient [34, 35]. To decouple
the local element behavior and the migration behavior, the
element test methodology is used in this study. In this el-
ement test, the testing system is closed without water and salt
supply or discharge. The element test can simplify the
problem, and the test results can be used to develop a
constitutive model for the sulfate salt soil. Combining this
constitutive model and the salt migration simulating tool, a
complete simulation of the salt expansion process can be
well simulated.

In this study, only soil element tests are considered. In
the element test, the salt or water migration effect in the salt
expansion process is minimized as much as possible and is
ignored. In an element test, the soil sample is embedded in a
closed system. When the soil’s water content remains un-
changed in this closed system, the salt crystallization is only
related to the temperature and the testing time. A series of
laboratory tests are carried out to study the effect of tem-
perature and time on the salt expansion process and to
determine whether the temperature of the soil sample and
the salt expansion deformation simultaneously and directly
affect the salt expansion test process. This paper carried out a
one-dimensional salt expansion soil element test to explore
the relationship between the soil temperature and the salt
expansion behavior.

2.2. Test Materials and Test Plan. This paper takes Qinghai
silty clay as the research object and uses distilled water to
clean the salt in Qinghai silty clay. The soil particles of
Qinghai silty clay are summarized as follows: liquid limit
() =27.15%; plastic limit (pl)=15.10%; plasticity index
(PI)=12.05; soil's maximum dry density=1.75 (g/cm’);
optimal moisture content=15.50%. The specific gravity of
the soil (Gs) is 2.67. The soil grain size distribution curve is
illustrated in Figure 3.

Regarding the test plan, the salt expansion’s sensitive
temperature range is mainly determined by the soil’s initial
salt concentration. In the outdoor salt expansion test [36],
salt expansion’s sensitive temperature range is from 18°C to
0°C. Therefore, the temperature for this study is 25°C-1"C.
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FIGURE 2: One-dimensional salt expansion test device in literature. (a) Schematic diagram of salt heaving test device under pressure
condition [21]; (b) 1D lateral limit unit salt expansion test device [22]; (c) salt expansion model test device [23].

100

90 |-
80 -
70
60 -
50

40 |

Passing percentage (%)

30 -

|:L‘:|

0
—

(1)) PP PR |
10 1

0.1

0.01 1E-3 1E-4

Soil particle diameter (mm)

FiGure 3: Grain size distribution of soil.

This test uses a sodium sulfate solution with a con-
centration of 1.6 mol/L to mix the soil according to the set
water content (15.50%). The sodium sulfate solution is
mixed with testing soil in a sealed bag and put in a
thermostat for curing at 25°C for 24 hours before pressing
the specimen to reach dry density status. The salt content
of soil samples is 3.52%. The test plan is shown in Table 1.
There are in total 1 big sample (Test No. B1) and 9 small
samples (Test No. S1-S9) used in the test. A special device
is designed (will be described in the following section) and
applied to a big sample (B1) to check the equilibrium time
of the soil’s center. Eight small samples (SI to S8) were
tested to check the characteristics of the salt expansion
behavior. Another small sample S9 was tested to obtain
the equilibrium time for salt expansion of the specimen
under liquid bath conditions.

2.3. 1D Salt Expansion Test of Big-Size Samples

2.3.1. Test Device. 'The test device used for big-size samples
includes the salt expansion test barrel, DT85, PT100 tem-
perature sensor, and the digital dial indicator, as shown in
Figure 4. In this test, a C4-600 programmable constant
temperature test chamber is used to maintain the cooling
environment. The sample is put into the thermostat and
cooled by the air from all directions. During the test process,
both the temperature and displacement of the soil sample are
monitored.

2.3.2. Test Procedure. The one-dimensional salt expansion
soil column test procedure is as follows. First, the test barrel’s
sidewall is a coat with petroleum jelly, and a fresh-keeping
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TaBLE 1: 1D test plan for salt expansion of Qinghai silty clay.

Test number Degree of compaction

Sample size

The cooling rate of an incubator ~ Cooling method

Bl 0.95
S1, S2, S3, and S4  0.84, 0.89, 0.93, and 0.97
S5, S6, S7, and S8 0.84, 0.89, 0.93, and0.97
S9 0.95

H=11.59cm and D=17.90cm
H=4.00cm and D=6.18cm
H=4.00cm and D=6.18cm
H=3.91cm and D=8.00cm

1°C/min Air bath
1°C/min Air bath
Air bath

1°C/h
— Liquid bath

Note. The critical crystallization temperature of samples Bl and S1-S8 was 22°C. The critical crystallization temperature of sample S9 was 20°C.

(a)

C4-600 programmable

constant temperature test chamber (air bath)

Displacemerft collection

Digital dial indicator

Temperature collection Y
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Magnetic
Stand

!

Computer

(b)

FIGURE 4: 1D salt expansion test device for big-size sample. (a) Sample and temperature sensor; (b) schematic diagram of the test device.

film is covered to reduce the influence of sidewall friction.
The soil sample is compacted in six layers, two PT100
temperature sensors are embedded in the center of the third
and fourth layers of the sample, and the temperature of the
center point of the soil is collected every 1 minute by DT85.
A digital dial indicator is installed on the top of the sample
and collected every 1 minute. The C4-600 programmable
constant temperature test chamber can realize the automatic
constant temperature function by air bath. The test takes
25°C — 12°C —> 8°C —> 4°C as the cooling gradient, and
the cooling rate of the incubator is 1°C/min. The sample is
cured at 25°C for 24 h and then cooled to 12°C, and after the
constant temperature for 24 h, it decreases to the next level of
temperature at the same cooling rate. In the whole process of
the test, DT85 collects the sample’s center temperature in
real-time and counts the salt expansion deformation of the
soil sample collected by the dial indicator.

2.4. 1D Salt Expansion Test of Small-Size Samples

2.4.1. Test Device. The test device used for small-size samples
includes the cutting ring with a diameter of 6.18 cm and a
height of 4.00cm, the vernier caliper, and the C4-600
programmable constant temperature test chamber, as shown
in Figure 5. In this test, the small-size samples are put into
the calorstat and cooled by the air from all directions. After
the test is completed, its deformation is measured, and the
temperature at the final equilibrium state is recorded.

2.4.2. Test Procedure under Air Bath Condition. The one-
dimensional salt expansion test procedure is as follows. The C4-
600 programmable constant temperature test chamber can
automatically adjust the temperature change according to the
set cooling program. The test wuses 25C—
122C—8C—4'C—> 1°C as the cooling gradient. The
cooling rate of the incubator cooling stage is set according to the
test plan. The sample is cured at 25°C for 24 h, and the tem-
perature is reduced to 12°C at the set cooling rate. After a
constant temperature of 24 h, it will also drop to the next level of
temperature at the set cooling rate. At each level of the constant
temperature, the sample will be measured by vernier calipers at
a predecided time interval (usually 2-4h), and the circum-
ference of the cutting ring will be divided into three parts. The
average value of the three measurements is taken as a result to
reduce error. After the test, the testing sample is immediately
put back into the incubator, and the environment temperature
is adjusted to the next temperature level after the deformation is
stabilized to ensure that the sample’s sodium sulfate is sufficient
during the cooling process crystallization.

2.5. 3D Salt Expansion Test of Small-Size Samples

2.5.1. Test Device. A liquid bath is more efficient compared
to an air bath as it can reduce the equilibrium time in the salt
expansion test. To study this effect, another device with a
liquid bath environment is used in the 3D salt expansion test,
as shown in Figure 6.



Advances in Materials Science and Engineering

(a) (b)

(©) (d)

FIGURE 5: 1D salt expansion test for the small-size sample under air bath condition. (a) Sample S1 after salt expansion; (b) vernier caliper;
(c) samples in the C4-600 programmable constant temperature test chamber; (d) C4-600 programmable constant temperature test

chamber.

2.5.2. Test Procedure under Liquid Bath Condition. The
three-dimensional salt expansion test procedure is as
follows. The sample was made at room temperature above
25°C, and then it was placed in a temperature-controlled
shaft chamber. The test was set up with an envelope
pressure of 0kPa, and the temperature of the specimen
was controlled by a Thermo cold bath. PT100 is placed
inside the chamber of the temperature-controlled body
changer. The DT85 was used to collect the data on the
internal temperature of the chamber. The test uses
200C— 12°C—8C—4’C—1°C as the cooling
gradient. When the drainage in the chamber is <0.2 mL/h,
the sample deformation is considered to be stable, and the
test reaches an equilibrium state. After reaching equi-
librium, total outflow, which is major caused by the
swelling of the soil sample, is recorded as AV ;. The volume
change of water and chamber caused by the temperature
change is calibrated in advance and recorded as AV,.
Hence, the volume change of salt swelling of the sample is
(AV, — AV,).

3. Test Results on the Equilibrium Time

3.1. Result Analyses. The test results of the 1D salt expansion
test for big-size samples are shown in Figure 7. The critical
crystallization temperature of the soil sample is 22°C,
calculated from the solubility of sulfate. It can be seen from
Figure 7 that the initial expansion temperature of the
sample is 22°C and the salt expansion height of the soil
sample increases with the decrease of the temperature. The
temperature and the salt expansion are both stable. It can
be concluded that after the salt in the soil sample solution
reaches saturation, the salt will precipitate as the tem-
perature decreases, and the crystallization is completed
when the temperature is stable; thereby, there is a good
correspondence between the deformation and the
temperature.

The test results of the 1D salt expansion test of small-size
samples are shown in Figure 8. It can be seen from Figure 8
that the salt expansion rapidly developed in the initial
cooling stage, that is, within 2-4 hours after the thermostat
reaches the predecided temperature level. As the time in-
creased, the salt expansion slowed down and gradually
stabilized.

The test results of the 3D salt expansion test of small-size
samples under the liquid bath are shown in Figure 9. The
volume change AV, caused by the temperature decrease is a
combined reflection of the sample’s salt expansion and the
water volume contraction within the axial chamber. The
volume change AV, (0mL-— -0.61mL— —1.06mL
—>—-112mL— -1.39mL) of the water inside the
chamber due to the  temperature  decrease
(20°C—12°C—8C—4°C—1°C) can be obtained
through the calibration test with iron instead of the sample.
The sample’s volume of salt expansion is AV, minus AV/,.
Figure 9 illustrates that the sample’s volume expands when
the temperature decreases and the deformation stabilizes
when the temperature is stable.

3.2. A Proposition on the Equilibrium Time and Its
Verification. In the last section, the test results in Figure 7 show
that the salt expansion (hence also salt crystallization effect) and
temperature equilibrium are cotranscriptionally occurring. In
this section, the point of salt crystallization effect and tem-
perature equilibrium cotranscriptionally occurring will be
proved through the crystallization test in solution.

The specific work is as follows. We prepare a sodium sulfate
solution with a concentration of 1.6 mol/L (the concentration is
the concentration of sodium sulfate saturated solution at 22°C),
as shown in Figure 10(a). Then, we seal it with the cling film and
place it in a thermostat at 12°C to cool down. A thermometer is
used to measure the temperature of the solution every few
minutes and record the crystallization of the solution with
photos, as shown in Figures 10(b)-10(d). When the solution’s
temperature reaches 12°C, the clear solution obtained by the
filtration is shown in Figure 10(e), and the crystals are shown in
Figure 10(f). The filtered material is weighed and dried to obtain
the salt and water quality in the filtered material at this time.
When the solution temperature reaches 12°C, the crystallization
completion rate is 99%. The calculation table is shown in Ta-
ble 2. The filtered solution was sealed under plastic wraps and
placed in a thermostat at 12°C. The reproduced crystals were
low.

It can be seen that when the temperature of the solution
reaches the saturation temperature, as the temperature
decreases, crystallization occurs, the temperature is stable,
and the crystallization is completed. It further explains why
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FIGURE 6: 3D salt expansion test for the small-size sample under liquid bath condition. (a) Sample; (b) sample in chamber; (c) test equipment

diagram; (d) data acquisition interface.
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FIGURE 7: Variation of sample height and temperature at the sample center (big-size sample).

the salt expansion is also stable when the soil sample tem-
perature is stable in Section 3.1. Figure 11 illustrates that, during
the cooling process, the supersaturation of the solution is
relatively high, and the crystals formed are in the shape of small
rods. When the solution’s temperature is constant, the solu-
tion’s supersaturation is small, and the resulting crystals are
lumpy. As shown in Figure 11, when the cooling rate of the soil
is low, the crystal form will be more stable, and its salt ex-
pansion rate will be comparatively larger.

3.3. Effect of Cooling Gradient on the Expansion Rate.
Qinghai silty clay was used for the salt swelling test to ex-
plore the effect of cooling rate on salt swelling. The water
content was maintained, and the cooling rate of the incu-
bator was controlled at 1°C/min and 1°C/h. The test results
are shown in Figure 12.

When the water content and the degree of compaction
are under the same level, the salt expansion rate of the
Qinghai silty clay shows an increasing tendency with the
decrease of the cooling rate. Wan et al. [8] found that the
salt expansion rate of sulfate saline soil increased with a
reduced cooling rate through the one-dimensional salt
expansion test under closed conditions. As the cooling
rate decreases, the water and salt migration behavior
become more distinct. The migration of salt and water
leads to the accumulation of crystals and more significant
salt swelling and deformation. On the microscopic level, it
is the change of soil pore structure [37-40]; secondly, the
smaller the cooling rate, the more stable the crystal
morphology [41, 42]. In summary, the lower the cooling
rate, the greater the salt expansion rate. Hence, to avoid
water and salt migration and to obtain a uniform unit, it is
recommended to cool down quickly.
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3.4. Effect of Cooling Gradient on the Equilibrium Time.
From the salt swelling deformation curve with time, we
derive the time to obtain the soil sample’s salt swelling rate
with the time curve, taking 8°C and 1°C as examples, as
shown in Figures 13-16. Then, the salt swelling stability
standard and the salt swelling stability time can be obtained.

Because the salt swell test is similar to the consolidation
test, the salt swelling test’s deformation stability standard
can be formulated by analogy with the consolidation test.
The consolidation test’s loading method is unidirectional,
and the sample size is 61.8 mm in diameter and 20 mm in
height. The consolidation test’s stability standard [43] is as
follows: the deformation per hour in each pressure level is

not more than 0.0l mm, or the consolidation time is 24
hours. The salt expansion test is a two-way expansion under
confined conditions, and the sample size is 61.8 mm in
diameter and 40 mm in height. Therefore, the salt expansion
test’s stability standard is as follows: the deformation per
hour at each temperature is not more than 0.02 mm, or the
temperature is stable for 24 hours.

Figures 13 and 15 show that the soil sample is deformed
and stabilized at 12°C and then cooled to 8°C. The critical
crystallization temperature of the soil sample is 12°C. The
temperature completion rate is the ratio of the difference
between the soil sample’s central point temperature and the
initial ambient temperature to the difference between the set
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(d) (e) ()

F1Gure 10: The crystallization process of 1.6 mol/L sodium sulfate solution. (a) 0 minutes, 25°C; (b) 12 minutes, 20°C; (c) 50 minutes, 16°C;
(d) 120 minutes, 12°C; (e) clear solution after filtration; (f) crystalline after filtration.

TaBLE 2: Calculation of crystallization completion rate when the solution temperature reaches 12°C.

The mass of water The mass of salt Qualityof drysalt  The quality of

The mass of The quality of Actual
in the initial in the initial in the filter =~ water in the filter sodium sulfate in theoretical crystalline crystallization
solution (g) solution (g) material (g) material (g) the crystal (g) sodium sulfate (g)  completion rate
228.26 51.86 37.90 103.26 30.34 30.63 0.99

(a) (b)

F1GURE 11: Crystalline diagram. (a) Rod-shaped crystals during two hours of cooling process from 25°C to 12°C; (b) block crystal after twelve
hours of constant temperature process at 12°C.
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temperature and the initial ambient temperature. Taking the
temperature completion rate of 95% (8.2°C) as the temper-
ature stability standard and taking the salt expansion rate less
than 0.02mm/h as the deformation stability standard, the
temperature curve and the salt expansion rate curve under
this stable standard can be obtained. So the salt swelling and
deformation stability time can be obtained. Similarly, Fig-
ures 14 and 16 show that the soil sample is deformed and
stabilized at 4°C and then cooled to 1°C. In this case, the
critical crystallization temperature of the soil sample is 4°C.

The salt expansion rate curve with a cooling rate of
1°C/min is more stable than the one with a cooling rate of
1°C/h, and the error is relatively small. The reasons are as
follows: (1) When the time is fixed, the faster the cooling
rate, the greater the soil sample’s temperature change, the
larger the corresponding crystallization amount, the
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FIGURE 13: Soil sample swelling rate versus time at 8°C with a
cooling rate of 1°C/min.
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FIGURE 14: Variation soil sample expansion rate with time at 1°C
with a cooling rate of 1°C/min.

greater the salt expansion, and the smaller the relative
error during measurement. (2) The sample’s expansion
height with a cooling rate of 1°C/min is measured every 4
hours, and the sample with a cooling rate of 1°C/h is
measured every two hours. When the crystallization is not
completed, the longer the measurement interval, the more
considerable the amount of crystallization, the larger the
salt expansion, and the smaller the relative error during



10

Advances in Materials Science and Engineering

8.0 — 0.28
H0.24
88| =
H10.20 £
—~ IS g
e A ~
— L
s 96( 1016 &
=
= o
g H0.12 .8
E* 104 + g
o
ks 40.08 &
12t H0.04 &
S ————y 40.00
12.0 1 1 1 1
0 8 16 24 32 40
Time (h)

—a— The temperature of the thermostat
—e— Temperature at the center point of the soil sample

Salt expansion rate of soil sample
—o— Test S5 RC=0.84,w=15.5%
—o— Test S6 RC=0.89,w=15.5%
—4— Test 7 RC=0.93,w=15.5%
—v— Test S8 RC=0.97,w=15.5%

FIGURE 15: Soil sample swelling rate versus time at 8°C with a cooling rate of 1°C/h.

0.28

H0.24
1.6 =
10.20 &
o )
e 10.16 &
> 2
S 24f &
g 1012 8
5 < 0.08 §
= 10.08 &
32F \v -
H0.04 3

al
~g——7 40.00
=}
4.0 1 1 1 1
0 8 16 24 32 40
Time (h)

—a— The temperature of the thermostat
—e— Temperature at the center point of the soil sample

Salt expansion rate of soil sample
—o— Test S5 RC=0.84,w=15.5%
—o— Test S6 RC=0.89,w=15.5%
—v— Test S8 RC=0.97,w=15.5%

FiGURE 16: Variation soil sample expansion rate with time at 1°C with a cooling rate of 1°C/h.

measurement; the smaller the number of measurements,
the more minor the disturbance to the sample and the
smaller the error.

The variation curve of the sample’s expansion rate with
time under the liquid bath condition is shown in Figure 17.
Under the temperature gradient,
20°C— 12°C—> 8°C —4°C —> 1°C, taking the expan-
sion rate less than 0.2mL/h as the deformation stability
standard, the deformation stability time is 0.86h, 0.50h,

0.72h, and 0.67h, respectively. After taking the average
value, the deformation stability time is 0.7 h.

It can be obtained from Figures 13-17 that taking the
expansion rate less than 0.02mm/h as the deformation
stability standard, when the incubator’s cooling rate is
1°C/min and 1°C/h, the deformation stability time is 7 h and
10 h. Under the liquid bath condition, taking the expansion
rate less than 0.2 mL/h as the deformation stability standard,
the deformation stabilization time is 0.7 h. It can be obtained
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FIGURE 17: Variation curve of sample’s expansion rate with time under the liquid bath condition.

that the test efficiency under liquid bath conditions is 10
times higher than that under air bath conditions.

4. Numerical Simulations on the Thermal
Equilibrium Time

From Section 3, it can be concluded that the temperature of
the sample is synchronized with the development of de-
formation; therefore, the salt expansion and deformation
stability time of the sample can be obtained according to the
temperature stabilization time of the sample. It is necessary
to determine the reliability of the numerical simulation. This
research establishes a numerical model based on the sam-
ple’s actual size and the actual physical parameters of the
sample and compares the numerical simulation results with
the actual measured values.

4.1. Numerical Simulation Method. A two-dimensional ro-
tating model is used to establish a cylindrical specimen. The
study uses a triangular mesh and controls the mesh through
physics.

According to the soil type, dry density, and moisture
content of the salt expansion test sample, refer to Wang et al.
[44] and Bai et al. [45, 46], determine the model’s param-
eters, and determine the heat transfer coefficient based on
the cooling method. The sample’s dry density is 1700 kg/m®.
The sample’s moisture content is 15.50%. The thermal
conductivity and the specific heat capacity are 0.8 W/(m-K)
and 1600 J/(kg-K), respectively. In the air bath conditions,
the heat transfer coefficient is 5 W/cm?K. In the liquid bath
conditions, the heat transfer coefficient is 200 W/cm*K.

A simple example is used to verify the reliability of the
numerical model. The ambient temperature is 12°C, the
initial temperature of the sample is 25°C, and the sample size
at 0.2h is r=8.95cm and h=11.59 cm. The temperature

simulation cloud diagram of the sample is shown in
Figure 18.

The temperature distribution of the sample at this
moment can be obtained from Figure 18, and the temper-
ature at the center point of the sample and the maximum
temperature of the sample at this time can be read. The
temperature statistics in the following text refer to the
temperature at the center point of the sample.

The numerical simulation cooling process is consistent
with the actual soil sample cooling process. The initial
temperature of the sample is 25°C, and the temperature is
reduced according to 25°C — 12°C — 8°C —4°C. The
temperature of the center point of the sample is collected
every 0.1h during cooling.

Test process: first, we put the sample in a constant
temperature box and set the temperature of the constant
temperature box to 25°C — 12°C — 8°C — 4°C cooling
gradient. The cooling rate of the constant temperature box is
1°C/min. Enough time is distributed at each temperature
level to ensure the sample temperature reaches the ambient
temperature. Then, we place the PT100 temperature sensor
in the center of the soil sample and use DT85 to collect the
soil sample’s center temperature in real-time (collection
frequency: 1 min/time). The collective result is shown in
Figure 19.

The numerical simulation results are in good agreement
with the experimental results, as shown in Figure 19. During
the test, due to the exothermic of salt crystallization, the
sample temperature curve with time has slight fluctuations,
and the influence of salt crystallization is not considered in
the numerical simulation process, resulting in error.

Numerical simulation tests for samples of different sizes
under the same cooling conditions are carried out to de-
termine the temperature stabilization time. The parameters
of the numerical simulation are mentioned in Section 4.1.
The test plan is shown in Table 3.
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FIGURE 19: Soil temperature with time in the cooling stage.

TaBLE 3: Numerical test plan.

Test number

Radius r (cm)

Height h (cm)

Cooling method

Test 1 3.09 4.00

Test 2 6.18 8.00

Test 3 8.95 11.59

Test 4 30.90 40.00

Test 5 10.00 20.00 Air bath
Test 6 20.00 20.00

Test 7 20.00 40.00

Test 8 30.00 60.00

Test 9 40.00 80.00

Test 10 1.96 8.00

Test 11 2.50 10.00

Test 12 10.00 20.00

Test 13 20.00 20.00 .

Test 14 20.00 40.00 Liquid bath
Test 15 30.00 60.00

Test 16 40.00 80.00

Test 17 25.00 80.00

The numerical simulation cooling process is consistent
with the actual soil sample cooling process. The initial
temperature of the sample is 25°C, and the temperature is
reduced  according to 25°C—12°C—8C—
4°C— 1°C. The temperature of the center point of the
sample is collected every 0.1h during cooling.

4.2. Numerical Calculation Results. The numerical simula-
tion process and parameters are shown in Section 4.1. Only
the sample size is changed, and the sample’s center point’s
temperature value is recorded every 0.1 h. The curve of the
temperature of the sample’s center point with time is shown
in Figure 20.

4.3. Thermal Equilibrium Time Analysis. Determining the
sample’s temperature stability standard is necessary for
determining its stabilization time. Therefore, the tentative
temperature completion rate (0.99), the temperature
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completion rate (0.95), and the error of 0.1°C are uniformly
controlled for the test of different sizes. Finally, compre-
hensively considering the test temperature control accuracy,
the acceptable temperature error range, and the test effi-
ciency, the sample’s temperature stabilization time with
different sizes and different temperature gradients is given.
The details are shown in Table 4.

When the cooling conditions are the same and the
sample size is different, the temperature gradient inside the
sample is different, and the temperature equilibrium time is
also different. The effective radius r, characterizes different
sizes, and its expression is

re=— (1)

where V is the sample volume and S is the sample surface
area.

The temperature completion rate of 95% is taken as the
sample temperature’s stability standard, comprehensively
considering the test efficiency and the test accuracy. As the
temperature stabilization time is minimal when the tem-
perature difference differs, the average value of the tem-
perature stabilization time at all levels is taken as the
temperature stabilization time of the sample. The relation-
ship between the sample’s temperature stabilization time
and the effective radius is shown in Figure 21.

4.4. A Determination Method on Thermal Equilibrium Time.
The temperature completion rate of 95% is taken as the
sample temperature’s stability standard, comprehensively
considering the test efficiency and test accuracy. Results
from Section 3.4 indicate that when the temperature com-
pletion rate reaches 95%, the equilibrium time is the same as
the deformation stability standard.

Based on the test results in Figure 21, a formula for
calculating the thermal equilibrium time (or the salt ex-
pansion equilibrium time) can be established as follows.

In air bath conditions,
= 0.05r +2.02r,. (2)

te,air
In liquid bath conditions,

tojiquia = 0.067% +0.02r,, (3)

where ¢, and t
radius.

The list of deformation stability time of samples with
different sizes and different cooling methods is shown in

Table 5.

e.air eliqud are the time and r; is the effective

5. A Standard Experimental Procedure for Salt
Expansion Test

5.1. Test Process Description. Under closed conditions, when
there is a temperature difference between the soil sample and
the environment, as time increases, the soil temperature
decreases, and sodium sulfate’s solubility decreases. The
sodium sulfate in the pore solution crystallizes to form
Na,SO,10H,0, and the volume of the soil expands.
Therefore, the salt expansion process refers to when the
volume changes with time and finally stabilizes after the
temperature difference between the soil sample and the
environment is sufficiently small. This process is similar to
the consolidation process. The salt expansion is tempera-
ture-driven salt crystallization, which leads to volume de-
velopment over time. The consolidation involves the water
out driven by load and the volume development over time.
Thus, the one-dimensional salt expansion test method can be
compared to the consolidation test method [43].
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TABLE 4: Stability standard and stabilization time of sample temperature under gas bath conditions.

Stable Stable Stable

Initial temperature Ambient Temperature Control Judgment . . . Stable time
. time (test time (test time (test

of a sample temperature difference standard temperature 1) 2) 3) (test 4)
25 12 13 0.99 12.13 9.9 20.0 30.0 130.1
12 8 4 0.99 8.04 11.6 20.6 33.0 130.3
8 4 0.99 4.04 11.5 20.6 33.0 130.3
4 1 3 0.99 1.03 11.5 20.6 32.7 127.5
25 12 13 0.95 12.65 5.8 11.8 18.5 86.2
12 8 4 0.95 8.20 6.6 13.3 20.5 88.6
8 4 0.95 4.20 6.5 13.3 20.9 88.6
4 1 3 0.95 1.15 6.5 13.2 19.9 88.6
25 12 13 0.1°C 12.10 10.3 20.9 31.2 135.7
12 8 4 0.1°C 8.10 8.0 16.5 24.9 106.9
8 4 4 0.1°C 4.10 7.9 16.5 254 106.9
4 1 3 0.1°C 1.10 7.4 14.6 24.2 99.6

Note. The temperature unit in the table is °C; the unit of time in the table is the hour (h).
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FiGURre 21: The relationship between the temperature stabilization time and the effective radius.

TaBLE 5: List of deformation stability time.

Experiment type Sample size Equivalent radius (cm) Cooling Balance time (h)
method
D=6.18cm and H=4.00cm 2.61 7
. . . D=17.90cm and
tCotnﬁned one-dimensional salt expansion H=11.59 cm 7.59 Gas bath 20
es D=61.80cm and 26.10 38
H=40.00cm :

D=391cm and H=8.00 cm 2.37 0.5
D=5.00cm and H=10.00 cm 3.00 0.7

Three-dimensional salt expansion test Liquid bath

D=50.00cm and 28.56 46

H=280.00cm
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For this, the following test procedures are adopted:

General provisions of one-dimensional salt expansion
test method: the soil sample should be fine-grained soil with
moisture content less than the liquid limit moisture content.

The experimental equipment should meet the following
requirements: (a) salt expansion container: cutting ring
(height 4 cm and diameter 6.18 cm) and constant temper-
ature box (temperature control range —10-65°C and tem-
perature fluctuation +0.1°C); (b) deformation measuring
equipment: vernier caliper (graduation value 0.01 mm).

The one-dimensional salt expansion test should be
carried out based on the following steps: (a) According to the
project’s needs, cut samples of undisturbed soil or prepare
samples of disturbed soil with given density, water content,
and salt content. The salt content is thoroughly mixed with
soil in the form of salt solution to prepare samples. The
ambient temperature during the sample preparation is not
lower than the temperature corresponding to the salt so-
lution’s solubility to ensure that the salt does not crystallize
during the sample preparation process. The preparation
method shall be carried out according to the standard
geotechnical test methods. (b) Seal the sample well, and then
put it in a thermostat for 24 h (set the thermostat temper-
ature as the initial temperature of the test program). (c)
Measure the height of the sample (divide the circumference
of the cutting ring into three equal parts, and calculate the
average of the three measurements), and weigh the sample
mass. (d) Set the temperature of the incubator according to
the test plan, and measure the height of the sample when the
temperature is stable for 7 hours. (e¢) Change to the next
temperature level (generally, the temperature interval is not
less than 3°C) and repeat step “d” until all the test plan
temperatures are completed.

5.2. Determination of Salt Expansion Rate. The measured
height of the sample minus the height of the sample mea-
sured after curing for 24h is regarded as the salt swelling
height, which is recorded as 2h,,,x. The salt expansion test
directly measures the sample’s maximum expansion height;
thereby, the salt expansion volume should be calculated
according to the maximum expansion height, and the salt
expansion volume is calculated by the following formula
[47]:

hrﬂa){ hmax —
AVI:,[Q n[(x—R)z]dyzﬂjo (hn}llax y)dy
B (nthmax)
=

where R is the radius of the cutting ring (3.09 cm); hy,.x is the
maximum expansion height of the sample side.

When the cutting ring is freely expanded with no re-
striction at both ends, free expansion, assuming that the
expansion at both ends is symmetrical, the total expansion
volume is 2AV,. In practical problems, it can be solved by
using the relevant constitutive models [14, 15], analytical
method, and numerical simulation [3, 46].
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6. Conclusions

Through the laboratory and numerical tests, the following
conclusions are obtained.

In the sulfate saline soil, the salt crystallization, the salt
expansion, and the temperature equilibrium are cotran-
scriptionally occurring.

The salt expansion and deformation stability standard
(expansion rate <0.02 mm/h) can be used to determine the
equilibrium time, and the temperature stability standard
(temperature completion rate >0.95%) can be used to de-
termine the equilibrium time.

The sample’s temperature stabilization time has a par-
abolic relationship with the sample’s effective radius. The
calculation formulas for the deformation stability time of
samples using different sizes are derived.

Compared to the air bath, the liquid bath apparatus can
significantly reduce the equilibrium time. For example,
under air bath conditions, with the cutting ring sample
(diameter 61.8 mm and height 40 mm), the one-dimensional
salt expansion test’s deformation stability time is 7 h. Under
liquid bath conditions, with standard triaxial specimens
(diameter 39.1 mm and height 80 mm), the deformation
stability time is only 0.5 h.
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