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Evaluation of the Crystallization Pressure of Sulfate Saline Soil
Solution by Direct Observation of Crystallization Behavior
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ABSTRACT: We observed the growth of salt crystals in sulfate saline soil solution during evaporation at constant relative humidity
and temperature and studied the formation mechanism of soil deformation induced by salt crystallization. The growth of salt crystals
is recorded by images using a CCD camera under an optical microscope, and the solution supersaturation and crystallization
pressure are calculated taking advantage of digital image processing. The growth of sodium sulfate multilayer crystals is observed
conforming to the Kossel model. Moreover, it is estimated that the maximum growth rate in the longitudinal direction is almost ten
times that in the lateral direction in large pore contribution to the nucleation barrier during crystal formation. The crystals act on the
liquid film pushing away soil particles, achieving the “self-cleaning” effect finally. The liquid film shows elastic deformation property
in a short time during crystal growth, demonstrating that crystallization pressure is exerted by the liquid film. During mirabilite
crystal growth, the crystallization pressure values fluctuate within 0—12.57 MPa because the supersaturation of the film is consumed,
destroying pores in sulfate saline soil and eventually expressed by salt expansion.

1. INTRODUCTION

Crystallization of salt in pores and adhesion on the surface are
some of the focal issues in numerous applications. The
deterioration of porous materials (such as stone and brick) is
caused by weathering' and is responsible for road surface
cracking. In the field of building (cultural heritage), different
salts are naturally existent in the stone or mortar,” or salts are
from rain and underground water. As relative humidity (RH)
decreases and evaporation rate increases, salt crystals
precipitate inside (subflorescence) and on the surface
(efflorescence) of materials, resulting in white residues of
various shapes in old and new constructions.”> Numerous
ancient cultural heritages, such as the Mogao Grottoes in
China* and the Angkor temples in Cambodia,” are often
observed to be partially destroyed by salt attack under natural
environmental conditions.” In particular to sodium sulfate,
which is called the most deleterious salts on earth, its disservice
is mainly due to its various hydrates with different solubility.”
Under normal atmospheric conditions, two stable sodium
sulfate phases can be observed: the decahydrate (mirabilite,
Na,S0,-10H,0) and anhydrous phase (thenardite,
N2,50,).°7'® A metastable sodium sulfate phase (Na,SO,-
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7H,0) has been also observed during the cooling and drying
experiment,' "> and another metastable phase III of Na,SO, is
discovered in evaporation experiments at low RH.'” Some
previous studies' ™' attribute the destructive effect to sodium
sulfate hydration, which leads to an increase in volume (about
314%) as thenardite converts to its hydrate phase (mirabilite).
However, many studies”'>'® have demonstrated that this
transition occurs through the dissolution of anhydrous sodium
sulfate and the recrystallization of mirabilite crystals.
Compared with mirabilite, the dissolution of thenardite is
more likely to result in supersaturated solution.'” It is widely
recognized that supersaturation is the driving force for crystal
growth. The greater the driving force, the faster the crystal
nucleation and growth rate.'® Columnar habit crystals are
mainly produced in the lower supersaturation solution, but
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Figure 1. Nucleation and growth of crystals at the edge of soil solution (m; = 10%). The time sequence of multilayer crystal growth (a) t = 288 s,

(b) t =648 s, and (c) t = 949 s.

block habit crystals take the main advantage with super-
saturation increasing.'”*’ When microcrystal salt (thenardite)
dissolves in solution, they in part act as seeds to take shape into
plentiful hydrate crystals and then form grape-like structures
that expand rapidly.”' The surface free energy enhances the
solubility of sodium sulfate crystals, so that a tiny crystal is in
equilibrium with a higher concentration of salt than a
macroscopic crystal, which means that the solute will be
inclined to diffuse toward large pores because crystals are
prone to crystallize in large pores.'”** Hence, tiny crystals will
cause the sodium sulfate hydrated phase to grow rapidly in the
form of clusters. A stress is generated by the rapidly expanding
clusters of mirabilite, exceeding the tensile strength of most
porous materials.”’ What is more is that the chemical potential
required for crystallization in the large-pore material is
relatively small than that in small pores.”® Micropores less
than 0.0S ym (0.1 ym) have a significant impact on salt crystal
damage, and the synergistic effect of these micropores with
smaller ones generates greater crystallization pressure, inducing
severe damage to stone.”””" Besides, the development of
damage depends on additional factors, including the types of
salt, RH and temperature, and the interface energy between the
pore wall and the crystal.*®

Sulfate saline soil is widely distributed in the northwest of
China, and with the rapid development of western exploitation
and infrastructure construction, the conservancy systems of
roads and water are increasingly being constructed in saline
s0il.”® The fundamental cause of salt expansion is the presence
of sodium sulfate crystals. Therefore, many studies’’ >" have
mainly focused on the salt expansion rate and deformation
mechanism macroscopically in sulfate saline soil. However,
under microscopic conditions, there is poor discussion on the
growth of sodium sulfate crystals and how the crystals push soil
particles away in the saline soil solution, although many
scholars™”'®*® have studied the crystal failure of sodium
sulfate from the aspects of crystal morphology, supersaturation,
and porous media characteristics. However, these research
results mostly rely on the crystallization data of pure sodium
sulfate solution or the destruction of pore materials before and
after the experiment. The effect of the solution supersaturation
in pores on the crystalline phase transition and the destructive
effect of the phase transition process on pore materials cannot
be directly detected.

In this paper, we report the nucleation and growth of sodium
sulfate crystals on a piece of glass during evaporation at
constant RH and temperature in a confined room. The sodium
sulfate crystallization process in soil solution with different soil
mass fractions is observed directly. It is found that crystal
growth is an accumulation process. The observed results
demonstrate the existence of a liquid film with elastic
deformation properties at a certain crystallization pressure to

achieve a “self-cleaning” effect. Then, we use crystallization
theory to investigate the effect of crystallization behavior on
saline soil particles and the interaction between salt
crystallization and the liquid film at normal temperatures.

2. EXPERIMENTAL METHODS

The test soil is silt sampled from Dashuigiao in Qinghai
province, China. The collected disturbed soil samples were
washed more than 10 times with deionized water (electrical
resistivity p ~ 7.8 uS/cm) to exclude crystallization
interference from other salt ions, and the washed soil samples
were prepared by drying at 105 °C and then crushed and
screened (<0.25 mm). After the screening, we adopt a clear
glass pestle to triturate silty soil particles again and again,
making the size of the particle uniform. We start out this
experiment with aqueous solutions of known initial concen-
tration ¢; = 1 mol/L Na,SO, (the purity >99.0% produced by
Tianjin Zhiyuan Chemical Reagent Co. Ltd). Different mass
fractions (m; = 10, 20, and 50%) of desalt silty soil are added to
a beaker containing 50 mL of 1 mol/L sodium sulfate solution.

™ % 100%, where

The soil mass fraction is defined as m; =

mg and m,, are the mass of soil and water, respectively. After a
fair oscillation, we use a dropper to absorb a certain amount of
sulfate saline soil solution and then spread it quickly and evenly
on a glass sheet and then place it on the optical microscope
stage for crystallization behavior observation. The properties of
glass sheets in the experiments are the same, ruling out the
influence of the surface on crystal growth. The crystallization
behavior is studied under isothermal conditions (T = 19 + 1
°C) and a constant RH of 70 + 2% in two cases: (1) observing
the nucleation and growth of crystals at the edge of soil
solution and (2) studying the interaction between crystals and
soil particles inside the soil solution. The constant RH and
temperature in a confined room can minimize the impact of
RH and temperature on the crystalline phase of sodium sulfate
solution. The whole process of crystallization during the
evaporation of the soil solution is recorded directly under an
optical microscope with ten times magnification. The optical
microscope has a CCD camera coupled with automated
camera software to obtain images of the crystal growth and
thin liquid film.”"

3. RESULTS AND DISCUSSION

3.1. Crystallization Behavior of Sulfate Saline Soil.
The saturated solution concentration (C,,) of sodium sulfate is
1.37 mol/L at a temperature of 19 + 1 °C, while the initial
solution concentration is 1 mol/L in our experiment. When a
few drops of unsaturated sulfate saline soil solution are
deposited on the glass surface after oscillation uniformly, the
edge of the soil solution begins to evaporate and reach the
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saturation concentration within a few minutes. Then, the
monolayer Na,SO, crystals begin to precipitate and continue
to grow. As the liquid solution evaporates, one side of the
crystal is surrounded by a black film of solution,”* which is
called supersaturation solution, as can be seen in Figure 1.
Recent researchers highlight the effect of supersaturation as the
driving force for the growth of crystals and the generation of
stress.”’ In the previous pre-experiment, we found that the
solution color where the crystals grew was varied under an
optical microscope (Nikon SmartvSSOD). Hence, we take
advantage of this difference to obtain the concentrations of the
unsaturation and supersaturation solution by digital image
processing technology, and the relationship between the gray
value and the solution concentration is determined (Figure 2)

gray = A + B*c (1)
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Figure 2. Relationship between the gray value and the solution
concentration.

Thus, the supersaturation ratio S can be roughly estimated
by

S =c/cy = (gray — A)/(B-cy,) )

where A and B are the fitting parameters. It should be noted
that the gray value is significantly affected by many factors
including the observation environments (temperature, RH, and
type of glass sheet) and the parameters of the optical
microscope (intensity of the light source, definition of the
eyepiece, etc.). The experimental conditions are strictly
controlled in our observations, and the fitting parameters are
A =30.80 and B = 111.58.

The calculated supersaturation ratios at the edge of the soil
solution (m; = 10%) are shown in Figure 3. It is revealed that
supersaturation also plays an important role in the process of
multilayer crystal growth. A new layer of crystals will grow
between the latest and bottom crystal layer (Movie S1), which
is surrounded by supersaturation solution. After the initial
crystallization of the crystal in sulfate saline soil solution, with
the diffusion of the solute and the effect of evaporation, the
solution concentration will reach the minimum supersatura-
tion, and the crystal cell will crystalize on the original
crystalline layer.

During the growth of multilayer crystals, the volume increase
of Na,SO, crystals is observed. The characteristics of
nucleation and growth of crystals at the edge of the soil
solution probably imply that no damage is caused at the onset
of crystal grecipitation in large pores despite high super-
saturation.” This is because crystals cannot fill the large pores
of saline soil at the beginning. With the evaporation of the
liquid solution, nuclei generated from a higher supersaturation
solution compared with the growth of crystals are observed.
Most crystals have more than one nucleation sites on the
original crystals, and then, a new layer of crystals is generated.

S S
14 14
1.2 1.2
1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
S
14 1.40 4
135 (d)
1.2 130
12 1.254
£ 120
0.8 -2 1.15
06 2110
21057 —— 22885
0.4 @ 1.00 —e—=648s
0.95 - —+—1=949s
0.2
0.90 4
0 0.85 +— ; T . : ; )
0 100 200 300 400 500 600
B Distance(pm) A

Figure 3. Calculated supersaturation ratios at the edge of soil solution (m; = 10%). (a) t = 288 s, (b) t = 648 s, and (c) t = 949 s; (d) variation of
the supersaturation ratio along the crystallization front AB. It is clear that the supersaturation ratio declines with the growth of multilayer crystals,

which increases gradually from the crystal corner point A.
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These crystals’ growth mechanism applies to the Kossel model,
since crystal growth becomes a multiple-step process.””> To
quantify the growth rate, we measure the crystal width as a
function of time from the second to sixth crystal layer (Figure
4). We find that the crystal growth rate depends very strongly
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Figure 4. Growth rates of multilayer crystals in Figure 1.

on the degree of supersaturation (Figure 3). The crystallization
rates for the second and sixth crystal layers are 5.52 and 0.80
um/s, respectively, while the corresponding average super-
saturation ratios are 1.27 and 1.09, respectively. The result
confirms that supersaturation is the driving force for crystal
growth. The greater the driving force, the faster the crystal
nucleation and growth rate.'

To study the interaction between crystals and soil particles,
we focus on crystal growth behavior inside saline soil (Figure
5). We find that some crystals grow on the substrate, which can

Figure 5. Crystal growth inside saline soil solution. Panels (a,b)
illustrate the evolution process of multilayer crystals and liquid film in
sulfate saline soil solution for m; = 50 and 20%, respectively.

cause various soil particles to move. It is surprising to note that
some crystals’ surface is very clean and others are covered with
soil particles in the early stage of crystal growth. However, as
water evaporates, the degree of supersaturation increases, and a
new crystal layer starts to grow on top of the original crystal.
With the continuous nucleation and growth of multilayer
crystals, soil particles are pushed together. Consequently, the
initial pore structure is destroyed by crystallization pressure, as
seen in Figure Sa (Movie S2). The cumulative destruction
process of pores in sulfate saline soil solution is contributed to

the “self-cleaning” effect of crystal generation, which needs
secondary or more nucleation of thin layer crystals to provide
different crystallization pressures. We also find that the
crystallization pressure pushes the film to spread on the
surface of crystals from 6899 to 7575 s, and the structure of
soil particles around the film is damaged in the end; this could
be an explanation for the damage caused by crystallization.

An important observation from the CCD camera images on
the original crystal layer is that the thin film has the property of
elastic deformation in a certain range of crystallization
pressure, demonstrating the existence of a thin liquid film
(Figure Sb). The thin film undergoes a process of expansion—
shrink—expansion because of crystal growth when crystal-
lization pressure is not enough to support the film dilation
(Movie S3). After the formation of a new crystal layer, the salt
solution evaporates on the surface, and a new film will be
formed to drive soil grains away from crystals to get the “self-
cleaning” effect.

Furthermore, remolded saline soil samples are prepared with
17% water content and a salt content of 4% in mass to study
the morphology and location of crystal precipitation. The
remolded saline soil samples are evaporated under the same
environmental conditions along with the sulfate saline soil
solution. After 12 h, we select topsoil samples and flocculent
crystals to observe by scanning electron microscopy (SEM)
and an optical microscope, respectively (Figure 6a,b). These

Multilayer crystal

Figure 6. Existence of multilayer crystals in remolded sulfate saline
soil with a mass salt content of 4%; panels (a,b) are, respectively,
observed by SEM and optical microscopy.

images show the extraordinary similarity between the crystal
structures in Figure Sa,b, namely, multilayer crystals, and the
surface “self-cleaning” effect has also formed. Observation on
sulfate saline soil shows that the mechanical mechanism of
crystal growth in the edge of sulfate saline soil solution is
similar with sulfate saline soil.

It is also interesting to note that the growth of crystals in a
large pore does not destroy the pore structure (Figure 7a).
This phenomenon may be attributed to the insufficient driving
force supplied by supersaturation solution for crystal growth to
fill the large pore; in other words, the crystallization pressure
generated by crystals is not always destructive. Moreover, the
crystal grows vertically at first and then horizontally, showing
the directional difference of growth rate during crystal
generation. The longitudinal and lateral growth rates of
crystals A, B, C, and D are indicated in Figure 7b,c. As can
be seen, the maximum growth rate in the longitudinal direction
for crystal B is ten times that in the lateral direction. In this
regard, the explanation given by the previous research is as
follows: (1) whenever possible, a crystal will tend to grow in a
direction where it does not encounter resistance and spread
vertically'* and (2) if the crystallization pressure exerted by an
acicular crystal exceeds its yield strength, then, the crystal will
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Figure 7. Growth of crystals is not always destructive in large pores.

growth rate of crystals A, B, C, and D.

(a) Growth of crystals in a large pore; (b,c) Directional difference of the

Figure 8. Tiny cells and crystallization pressure in the liquid film. (a) At the edge of soil solution (T = 20 °C, RH ~ 70%, m; = 10%); (b) porosity
zonation left by the liquid film is obvious between the tiny cells and soil particles inside saline soil with a mass salt content of 4%; and (c)

illustration of crystallization pressure.

spread laterally.”> From our observation, nuclei are formed
from a relatively high supersaturation solution, which implies
that the crystalline nuclear energy is very higher before
breaking through the nucleation barrier.

3.2. Crystallization Pressure Exerted by the Liquid
Film. Our observations raise a question of mechanical
mechanisms for the “self-cleaning” effect of crystals and
deformation of saline soil. To gain further insight into the
crystal growth mechanism, we pay close attention to the
variation in solution concentration, especially at the liquid—
crystal interface. In the beginning, we observe many tiny cells
in the front of the crystal (Figure 8a). These tiny cells are also
found inside saline soil (Figure 8b). This means that tiny cells
consist of nucleation sites when nucleating species already exist
in the crystal front. The nucleation process reduced the energy
of the liquid film, which implies that crystals grow at lower
supersaturation.34 From Figure 8a,b, we can conclude that the
crystallization process from nuclei to crystals is the same
whether in soil or solution. There is a crystallization pressure
(illustrated by Figure 8c) between the crystals and the thin
liquid film, causing the moving of soil particles and spreading
of the liquid film front.

Several anhydrous and hydrate polymorphs of sodium
sulfate may precipitate out of the saline soil. The phase
diagram is useful to study the phase transformations in the

0.6 — Stable equilibria curve 3
—— Metastable equilibria curve |
0.5 | 1 | L | 1 | L | 1 |
0 20 40 60 80 100
T/C

Figure 9. T/RH diagram of the Na,SO,~H,O system.'® The black
and red curves, respectively, represent the stable and metastable
equilibria. The solid-solution equilibrium (1—5) curves are,
respectively, (1) Na,SO,10H,0 (mirabilite), (2) Na,SO,(V)
(thenardite), (3) Na,SO,(III), (4) Na,SO,-7H,0O (metastable), and
(5) freezing temperatures; (6) Solution—vapor equilibrium curve
(boiling temperatures); the solid—solid equilibrium curves are (7)
N2,80,(V)—Na,$O, 10H,0, (8) Na,$O,(V)—Na,$0,7H,0, and
(9) Na,SO,(II1)—Na,SO,-10H,0.
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Figure 10. Crystallization pressure is exerted through the liquid film; (a) Distribution of crystallization pressure around crystals 1 and 2 in Figure
8a; (b) diagram of the distance of point A at the corner of crystal 1 and angle variation of crystal 2 and (c) distance variation and angular deflection
of crystals 1 and 2; and (d) variation of crystallization pressure at points A, B, and C in panel (b).

Na,$0,—H,O system.'®"” Thermodynamic data of aqueous
Na,SO, and crystalline phases which are available by a careful
review of the phase diagram of the Na,SO,—H,0 system
including the metastable phase are provided in Figure 9."" At
the room temperature of 20 °C, mirabilite is observed by X-ray
diffraction and ESEM during evaporation of sodium sulfate
solution droplets at relatively high RH (RH = 60%).”" In
contrast, only thenardite (phase V) and metastable Na,SO,
phase III were found in droplet evaporation at low RH (RH <
50%).”* Our experiments are carried out at constant RH and
temperature (T = 19 + 1 °C and RH = 70 + 2%). The high
concentrations required for the crystallization of phases III and
V could not be achieved.'® Therefore, we can ignore the
influence of anhydrous phases (III and V) during crystal-
lization pressure evaluation.

Studies by many scholars have shown that the force
generated by crystal 3growth is large enough to destroy the
porous materials.">'”>>™>” For low supersaturation of sulfate
saline soil solution, an equation for calculation of the
crystallization pressure is expressed by the following form>**”

B,=P — P =YK —ﬂln(s)
cr c 1 ol Vm (3)

where k4 and y, are, respectively, the curvature and free energy
of the crystal/liquid interface; T is the absolute temperature
and R is the gas constant; V,, is the molar volume of the
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respective solid phase; and v is the total number of different
ions per dissolved molecule.

With V,, = 219.8 cm®/mol and v = 3 for Na,SO,-10H,0, the
range of supersaturation S is from 1 to 1.46 (Figure 3). Here,
we calculate the value of crystallization pressure distribution
around crystals, as can be observed in Figure 10a. The
crystallization pressure of the mirabilite crystal in contact with
the solution is relatively high, pushing the thin film to spread
outside. On the contrary, the crystals are moved in the
opposite direction by the reacting force of crystallization
pressure if the crystallization pressure is not enough to expand
the film. The moving and rotation processes of crystals 1 and 2
in Figure 10b are shown in Figure 10c. The principal direction
of crystal 2 decreases from 77.49 to 43.85°, which increases to
91.10° following a second decreasing tendency. Correspond-
ingly, the distance between the original point and point A at
the corner of crystal 1 decreases from 2369.58 to 1444.13 pm.
Displacement of these mirabilite crystals further validates our
previous discussion that crystallization pressure is a key factor
to influence the diffusion of the liquid film and moving of
crystals, reflecting that the dynamical variation of crystal-
lization pressure can cause serious damage to porous materials
such as brick and concrete. The upper limit crystallization
pressure of mirabilite is 13.9 MPa for Na,SO,-10H,0 at 20 °C
and RH > 40%,'° which is 14.3 MPa at 25 °C.*® As shown in
Figure 10d, we calculate the variations of crystallization
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Figure 11. Crystallization pressure is exerted by the liquid film. (a) Moving of crystals due to the declined crystallization pressure in the process of
growth (t = 1505 s) and (b) spreading out of the liquid film during crystallization pressure accumulation (¢ = 1710 s). Images are adopted by sulfate

saline soil solution m; = 10%.

pressure at points A, B, and C in Figure 10b. The
crystallization pressure P, ~ 0—12.57 MPa is generated by
the Na,SO,10H,0 crystals at room temperature. The
calculated crystallization pressure of mirabilite is located in
the upper limit obtained by previous studies. It should be
noted that the calculated crystallization pressure may slightly
be less than the upper limit because the soil particles will
accelerate the crystal nucleation and consume supersaturation
in our experiments. The crystallization pressure decreases
simultaneously in stage I due to the growth of crystals
consuming the supersaturation of solution, which increases
after the stagnation period II (Figure 10d). The variation
characteristics of crystallization pressure imply that more
severe damage could be caused by the growth of the multilayer
crystals.

We also find that crystallization pressure between crystals
and the thin liquid film plays an important role in the process
of film spreading (Figure 11). The crystallization pressure acts
on the liquid film to push the solution diffusion outward, thus
making the edge of the solution become meniscus (convex
surface). The direction of crystal growth is always consistent
with the outward expansion direction of the film, and the
boundary of the sulfate saline soil solution eventually forms an
“S” curve with the substrate (Figure 11a). The larger perimeter
and the fastest evaporation are caused by the formation of the
film, meaning that the crystal growth rate also becomes very
high.*® As a consequence, the abovementioned tiny crystal cells
generated at the liquid—crystal interface decrease the
interfacial tension during crystallization and evaporation,”®
leading to the rapid diffusion of the partial solution in contact
with a crystal. Subsequently, the crystal begins to crystallize
again when the film continues spreading. The more surprising
correlation is that the supersaturation of the liquid film
declines rapidly during the growth of the previously generated
tiny cells and crystals, and the crystallization pressure
generated by the crystal growth is not enough to push the
film outward. Conversely, the crystal moves in the opposite
direction (Movie S4). The results demonstrate that the

crystallization pressure is a critical factor to influence the
diffusion of the liquid film and moving of crystals.

3.3. Discussion. From eq 3, the development of
crystallization pressure is significantly affected by the super-
saturation in the liquid film and pore size in porous materials.
The crystallization pressure is roughly proportional to the
supersaturation at a low supersaturation degree. As can be seen
from Figures 4 and 10, the variations of crystallization pressure
and growth rate for multilayer crystal formation share the same
tendency with time. A power function-type empirical equation
is adopted to represent the growth rate without considering the
influence of crystal size®®

G =kS" (4)

where G is the crystal growth rate and k and » are the
crystallization rate parameters.

Thus, we can roughly get the relationship between
crystallization pressure and crystal growth rate from egs 3
and 4

p = vRT ln(g)
nV, \k

©)

Equation 5 implies that the greater the crystal growth rate,
the greater the crystallization pressure. This phenomenon is
confirmed by Figures 4 and 10, indicating that the rapid
generation of crystals contributes to soil destruction. It shows
that the result from the present model is in good agreement
with experimental results obtained by Espinosa et al. (2008)."*

Momentous differences in the degree of damage under the
various RH conditions were discovered after the crystallization
of sodium sulfate. As the RH decreases, rapid evaporation will
promote higher supersaturation, ensuing larger crystallization
pressure and causing severe damage because mirabilite and
thenardite tend to form subflorescence in porous materials.”"”
Besides, under low RH (40%) and low temperature (20 °C)
conditions, the crystallization of anhydrous sodium sulfate is
the main cause of damage to porous materials. This is because
the solubility of thenardite is greater than that of mirabilite,
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forming supersaturation solution easily and generating high
crystallization pressure.” An increase in humidity will cause
thenardite hydration in pores, and the volume change of
sodium sulfate is more than 300% during hydration, causing
expansion of saline soil.”” When RH is very low, such as 20%,
hydration does not usually occur; however, the direct
precipitation of thenardite is observed in the droplets, and
the crystallization pressure of mirabilite is smaller than that of
thenardite for equal supersaturation, leading to pore
destruction in the saline soil.***’

It is noted that the solubility of sulfate is very sensitive to
changes in temperature and humidity.'” Sodium sulfate suffers
a decrease in solubility at temperatures above (slow decrease)
and below (rapid decrease) 32.4 °C.*" As the temperature rises
and the solubility increases, salt expansion will be decreased
because numerous salt crystals dissolve. On the contrary, once
the temperature drops, a large amount of salt will crystallize
and generate high crystallization pressure in soil pores,
resulting in severe salt expansion and inflicting damage and
expansion of the soil surface structure.

Some researchers”'” have found that sodium sulfate
heptahydrate is generated during temperature drops to 10
°C by nuclear magnetic resonance and in situ X-ray diffraction.
As the temperature continues to drop, they find that
heptahydrate is more easily converted to mirabilite at
temperatures around or below 0 °C. In general, the
crystallization pressure generated by sodium sulfate heptahy-
drate did not cause damage; however, mirabilite exerts a high
crystallization pressure on the pore wall, leading to the
destruction of the saline soil.'"*”

In addition, the pore size distribution is crucial for us to
understand the crystallization pressure. The existence of
micropores and macropores can drastically change the pressure
for crystallization in the pore size regions.”” Many studies”"*’
have demonstrated that the crystallization pressure generated
by the crystal growth in the small pores is greater than in the
large pores, meaning that micropores have a significant impact
on salt crystal damage. In the small pores, the needle-shaped
sodium sulfate crystals probably tend to increase their
destructive force due to the crystallization pressure being
concentrated on a small surface area.”' Under equilibrium
conditions, greater stresses are expected when crystals grow
either in small pores or try to grow into small pores from larger
pores that are completely filled with crystals.”” However,
crystals preferentially crystallize in large pores because the
chemical potential required to crystallize in large-pore
materials is small.>® Therefore, less destruction is observed
during the growth of crystals from large pores (Figure 7a),
demonstrating that small crystallization pressure exists in large
pores.

It is well known that various porous materials (especially
saline soil) have low tensile strength. Crystallization pressure
exerted on the pore wall acts as tensile stress, strongly affecting
the stability of these porous materials. The estimated
crystallization pressure (0—12.57 MPa) for mirabilite is
much larger than the tensile strength of numerous porous
materials, causing serious damage to the microporous
structures (Figure 5). Moreover, the variation of temperature
and RH probably may cause the repeated emergence of the
“self-cleaning” effect of crystals because of the accumulation of
high supersaturation, and the corresponding crystallization
pressure will push the soil particles away from their original
place, expressing salt expansion eventually.
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The temperature and RH are difficult to control in the field.
Fortunately, from the abovementioned discussion, blocking up
the migration of moisture and increasing the pore size scale are
feasible ideas to prevent salt crystallization destruction.
Consequently, several measures, such as raising the foundation
height, digging a salt ditch, and replacing fillers with rock
block, are useful when engineering constructions build in saline
soil regions.

4. CONCLUSIONS

In summary, we reported on the crystallization behavior in
sulfate saline soil solution under constant evaporation rate in a
confined space. By capturing the images of Na,SO,-10H,0
crystal growth, multilayer crystals are observed to conform to
the Kossel model, that is, the crystal growth process is the
result of extrapolation of layers of crystal planes. This
phenomenon is discovered both in soil solution and saline
soil. During the accumulation of supersaturation, we find that
crystals act on the liquid film, pushing away the soil particles
and achieving the “self-cleaning” effect finally. The liquid film
shows an expanding—shrinking—expanding phenomenon in a
short time during crystal growth, which implies that the liquid
film has elastic deformation property under a certain
crystallization pressure. Moreover, the directional difference
of growth rate during crystal generation is determined by the
nucleation barrier. The maximum growth rate in the
longitudinal direction is almost ten times that in the lateral
direction. To gain further insight into the crystal growth and
destruction mechanism of sodium sulfate, the liquid—crystal
interface is studied in detail. Many tiny cells are observed in
the front of crystallization, which act on the film to generate
crystallization pressure. During the growth of each layer of
crystal, the evaluated pressure value varies from 0 to 12.57
MPa because the supersaturation of solution is consumed in
this process, resulting in the destruction of pores in sulfate
saline soil and eventually expressed by salt expansion.
However, the observation revealed that the crystallization
pressure is not always destructive in large pores. Results from
this research help us to understand the growth mechanisms of
crystals and the complex variation of crystallization pressure,
providing a theoretical guidance to solve the problem of salt
heaving and ensuring the safe operation of foundation
engineering and related buildings in sulfate saline soil regions.
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