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Abstract: This study aimed to clarify the mechanism of the effect of surface charge of clay particles
on the separation pressure between adjacent frozen clay particles. A general mathematical model
of separation pressure between adjacent spherical clay particles was given based on the extended
colloidal stability (DLVO) theory; it was introduced into the frost heave process, and the functional
expression of separation pressure and freezing temperature between clay particles was derived by
using the relationship between the pore throat’s radius and freezing temperature, which was verified
by the existing experimental results. Finally, the effects of the freezing temperature, mineral species
and solution concentration on the freezing separation pressure and ice-lens growth were analyzed.
Our results show that the surface distance of adjacent charged bodies is a single-valued function of
their separation pressure, but the freezing temperature is the main factor affecting the separation
pressure between adjacent frozen clay particles; the separation pressure between adjacent clay
particles is proportional to its surface-charge density. For the same particle spacing, the separation
pressures of kaolinite and illite are not much different, but they are both about one order of magnitude
lower than montmorillonite; the separation pressure between clay particles is negatively correlated
with the solution concentration. When the solution concentration is less than 0.1 mol-m 3, the effect
of the solution concentration on the separation pressure between particles is negligible. The research
results can provide a theoretical reference for improving the existing geotechnical frost heave theory.

Keywords: clay particles; DLVO theory; electrical properties; separation pressure; freezing

temperature; ice lens

1. Introduction

In the negative temperature environment, the formation of frozen ice and the occur-
rence of water migration in the soil make the soil frost heave [1]. The occurrence of frost
heave usually leads to the destruction of buildings (structures), as well as infrastructure
such as roads [2] and underground pipelines [3], which seriously threatens their opera-
tional safety. The distribution area of permafrost and seasonally frozen soil in my country
accounts for 21.5% and 53.5% of the national area, respectively, making it the third largest
country in the world in terms of permafrost area distribution. Therefore, the research on
the mechanism of frost heave is the main problem in the design and construction of the
whole cold region.

Frost heaving can be divided into in situ frost heaving and segregation frost heaving,
of which segregation frost heave occupies the dominant position [4]. At present, when
domestic and foreign scholars [5-7] study the one-dimensional frost heave system, the soil
during the freezing process is roughly divided into three regions: the frozen area, the frozen
fringe and the unfrozen area (as shown in Figure 1). Among them, the freezing fringe refers
to the region between the warmer end of the ice lens and the freezing front [8], but the
freezing fringe does not exist forever [9], and its proposal has a milestone significance for
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the study of the frost-heaving mechanism. Xia [10] conducted a one-dimensional freezing
test on Devon silt through digital photography technology and found that there were cracks
at the frozen fringe, and the cracks appeared before the horizontal lens and vertical ice
vein. Lukas et al. [11], Konard and Duquennoi [12] also found that the formation of the
new lens was related to the cracking of the soil at the frozen fringe through experimental
observation. Based on this, Amatch et al. [13] proposed to take the crack initiation point
on the soil freezing characteristic curve (SFCC) as the ice-crystal invasion point (IEV) as
the criterion for the formation of new lens and verified the rationality of the hypothesis
through experiments. Zhou et al. [14] proposed that once the initial conditions of new
lenses at the freezing fringe are determined, the growth of a single ice lens can be extended
to the entire frost heave model. Therefore, clarifying the intrinsic relationship between soil
cracks and the formation of new lenses is the first step in studying the mechanism of frost
heave due to segregation.
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Figure 1. Theoretical model of freezing separation pressure, considering the effect of surface charge
on clay particles.

In the freezing process, the cracks of the soil are formed before the pore ice reaches
the maximum [15], which is mainly limited by the cohesion of the soil and the geometric
undercooling [16]. Miller et al. [17] used the Clapeyron equation to estimate ice pressure
based on the Harlan model [18] and found that, under certain conditions, the effective
compressive stress between soil particles is zero, which, in principle, can separate the clay
particles. This concept of soil separation pressure was first put forward by Gilpin, but
its concept is not clear and difficult to determine [19,20]. In subsequent studies, many
scholars [21] used the sum of the external pressure and the critical tensile strength of the
soil as the soil separation strength, ignoring the influence of the special electrical properties
of the clay particle surface on the soil separation pressure during the freezing process; it
is difficult to fully reveal the intrinsic connection between cracks and the formation of
new lens bodies. Therefore, it is of positive significance to improve and explore the theory
of frost heave to carry out research on the action mechanism of clay-surface electrical
properties on the separation pressure between clay particles.

The purpose of this study was to establish a theoretical model of separation pressure
between frozen clay particles, considering the interaction of clay surface forces, to reveal
the intrinsic relationship between soil cracks and the formation of new lenses and to pro-
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vide theoretical references for improving the research on frost heave mechanism. This
study starts from the special electrical properties of the clay particles. Firstly, the general
expression of the mathematical model of the separation pressure between adjacent clay
particles was established based on the extended DLVO theory. Secondly, the relationship
between the pore throat’s radius and intergranular separation pressure during ice separa-
tion was taken as the connection point, and then the characterization relationship between
intergranular separation pressure and freezing temperature was established; then the ice
pressure was used as the destructive force of the contact between frozen clay particles,
and the generalized expression of the separation pressure between frozen clay particles
was obtained through the meso-mechanical equilibrium relationship of soil. The effects
of freezing temperature, mineral species and solute concentration on freezing separation
pressure and ice-lens growth were analyzed. The research results provide a theoretical
reference for the in-depth understanding of the frost heave characteristics and mechanism
of soil.

2. Theoretical Model of Freezing Separation Pressure, Considering Surface Charge of
Clay Particles

2.1. Theoretical Model of Freezing Separation Pressure

Due to the surface force interaction caused by the charge overlap at the interface
of charged particles, the water film pressure between two charged particles is different
from the pressure at the same depth in the reservoir containing these particles. This
difference in pressure is referred to as the separation pressure [22]. Among them, the
surface forces involved mainly include the Van der Waals forces, P}’f ; the electrostatic forces,
Py; and the structural forces, P;. Among them, P; and P} are considered to be positive for
clay/clay systems, and P} is positive forces. Corresponding to the suction and pressure
in the mechanical sense, respectively, the equilibrium relationship between the two forces
determines the symbol of the separation pressure [23]. When the net separation pressure
is negative, it means that the gravitational component dominates in a small distance, and
when it is positive, it means that the repulsive component dominates. However, for large-
aperture charged media, because there is no charge overlap between the adjacent interfaces,
the water-film-pressure variable is the same as that in the equilibrium solution, so this
separation pressure is effective only in the presence of microcracks [24].

For the one-dimensional freezing system, the soil skeleton is compressed in the process
of ice segregation. When the pressure inside the pore reaches the local maximum at the
pore diameter, the unfrozen water film on the clay surface is no longer thinned with
the occurrence of freezing, and the slow flow velocity can be regarded as a quasi-steady
state [10]. In order to meet the further occurrence of freezing, the thermal molecular force
between the ice—soil interface pushes the clay particles to the warmer end to provide space
for further growth of ice crystals [25]; at this time, tiny cracks are formed between adjacent
clay particles [26]. When the curvature of the ice crystal is K > 2/R;, the ice crystal can
further grow to the crack, forming a new ice lens [27]. It was therefore concluded that
the separation pressure, Py, between adjacent clay particles during freezing was closely
related to the critical pore throat’s radius, R,, and ultimately affects the formation of new
ice lenses. Therefore, when considering the surface electrical properties of clay particles,
the separation pressure between frozen clay particles can be equivalent to the ice pressure
that can resist the interaction of surface forces and external loads.

To clarify the influence mechanism of the surface electrical properties of clay particles
on the separation pressure between frozen clay particles, in this study, a group of adjacent
clay particles surrounded by ice was selected as the object of study. It was assumed that
there was an external pressure acting on the cross-section of the particles, ignoring the
influence of the surrounding clay particles, as shown in Figure 1.

2.2. Basic Assumption

In this study, the following assumptions were made to control the model equation:
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Clay particles are uniform and incompressible spheres;

2. The surface charge of the clay particles is uniformly distributed, and the ion-diffusion
law obeys the Boltzmann distribution;

3. The positive and negative ions in the solution have the same number of charges, and

the whole system is electrically neutral.

3. Separation Pressure between Clay Particles
3.1. Separation Pressure between Parallel Plates

Based on the colloidal stability (DLVO) theory, the electrical properties of the adjacent
charged surfaces in the equilibrium solution can form a parallel-plate capacitor with a
distance, /1, and the total separation pressure generated by the interaction of the surface
force between the charged parallel clay platelets can be expressed as follows [28]:

Pt =P"+ Pt + P} 1)

where P/*! is the total separation pressure of the charged parallel clay platelets, Pa.
Although the strength of Van der Waals force, P}, is not as strong as the Coulomb
force or hydrogen-bond interaction force, it is widespread and plays a major role when the
spacing is both small and large. The Van der Waals force per unit area can be expressed
as follows:
AH

Py = 6mhd )

Corresponding to the weak gravitational force between adjacent clay surfaces, it plays
a central role in the intermolecular attractive force. The value h is the distance between
parallel platelets. Ay is the Hamaker constant that depends on the mineralogic nature of
the surface; usually, the value range of it is 1071°~102 J. For clay in aqueous solution,
5 x 10720 7 [29] was used as the Hamaker constant.

The electrostatic component of the separation pressure can be accounted for by using
the following relationship:

k2

P = EZe’kh 3)

where Z is the interaction constant that just depends on the mineralogic nature of the
surface, ]-m~!. It can be expressed as follows:

2
7 = 64rmeeg (kBeT) tan 2 ( ;f"’;) @)
B

where k! is the Debye length, which provides the diffuse layer thickness, m~!. It depends
on the properties of the equilibrium solution and is independent of the surface properties
of the charged object (such as charge and potential). It can be expressed as follows:

1
2.2\ 2
P (2NACOZ e > 5)

eeokgT

where N, is the Avogadro constant (N4 & 6.022 x 102 mol~!); g is the concentration the
equilibrium solution, mol-m~3; ¢ is the elementary electric charge (e ~ 1.602 x 10~ C);
z is the absolute value of ionization valence in symmetrical electrolyte solution, z =1
for NaCl; ¢ is the relative permittivity of the electrolyte solution (¢ ~= 78.4); g is the
permittivity of a vacuum (go = 8.854 x 10~!2 F-m~!); and kg is the Boltzmann constant
(kg ~1.38 x 10728 J.K1).

When the distance between charged parallel plates is very small (1.5~5 nm), the
structural component of the separation pressure needs to be introduced. Compared with
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the Van der Waals force and electrostatic force, the theory of structural force has not been
fully developed, and the exponential relation can be expressed as follows [30]:

Pj = koexp <—fl\> (6)

where kg is the structural force coefficient (kg ~ 1.5 x 100 Pa), and A characterizes the
range of structural forces” action (A ~ 0.05 nm).
Therefore, we have the following:

A kpT\? ze h
tot _ _ 4H B 2 %o . _h
plot = B +32k880( . ) tanh <4kBT>exp( kh) +k0exp( )\) (7)

For smaller electrical potential, tanh (zegq/4kpT) is approximate to the function itself,
and we can obtain the following:

zepo \ _ ze@o
tanh(élkBT) ~ Ty T &
Equation (7) can be simplified as follows:
pot = — An + 2222 kPegpexp (—kh) + koexp _h 9)
h 67th3 A

3.2. Separation Pressure between Spherical Clay Particles

Under the same applied force, the relationship between the two surfaces and the
two planes is obviously different [31]; therefore, when the particle radius is much larger
than the particle spacing, in order to improve the accuracy of calculation, it is necessary
to transform the above parallel plate model to obtain the separation-pressure calculation
formula between adjacent spherical particles.

In order to solve the separation pressure between adjacent clay particles, it is necessary
to determine the effective contact area between the adjacent clay particles in the ideal model.

The geometric relationship of clay particles with a distance of is shown in Figure 2,
where R; and R, represent the radius of adjacent clay particles, respectively. The hypothesis
is Ry = Ry = R > h, where R is the radius of a uniform spherical clay particle. Using the
Pythagorean theorem, the geometric relationship between adjacent clay particles can be
expressed as follows:

12 =13 ~2Rx; 2
x=h+x+x :h+l (10)
Ags = 11?2 = 7112 R
1 2
where x1 and x; are the measurable ranges of force (usually the same dimension as particle
size), and As; is the effective contact area between adjacent clay particles:

—2n
dx = Fdry (11)
dAss = 2mtr1dry =~ mRdx

According to Derjaguin et al. [32], the transformation relationship between the surface
force of the distance between objects of any shape and the surface force f(x) per unit area
between two flat plates is proposed as follows:

dAss
T (12)

P = [ ()



Crystals 2022, 12, 1304

6 of 15

Figure 2. Geometric relationship of spherical clay particles with spacing.

By substituting Equations (10) and (11) into (12), the actual separation pressure acting
between two equal-radius clay particles can be obtained as follows:

P(h) = mR ;" P (x)dx

= — 434222 g Rkecqexp(—kh) + TRAkoexp( — 4 ) -

12h2

Therefore, the forces and energies of all surface interactions can be derived from
the local radius of the surface through a scaling factor, which has been experimentally
verified [30].

Furthermore, the surface electrical potential, ¢y, can be represented by the surface-
charge density, p, [31]:

pe = €€k (14)

Therefore, Equation (13) can be sorted out, and the separation pressure caused by the
interface action of adjacent clay particles with a distance of can be expressed as follows:

P(h)=R —é—th—l—angzzexp(—kh) + nAkOexp<—i>} (15)

Obviously, in a given electrolyte solution, the separation pressure between adjacent
clay particle interfaces is a single value function of the water film thickness between
particles and is proportional to the particle radius.

Cheng et al. [33] obtained the initial pore size distribution of saturated silty clay
through low-field NMR test, of which about 96.91% is less than 0.3 um in pore size. When
the particle spacing is 0.3 um, the surface force to be overcome for separating clay particles
per unit area is —9.83 x 1072 Pa; when the particle spacing is 0.03 um, the surface force
to be overcome for separating clay particles per unit area is —98.3 Pa; when the particle
spacing is 0.003 um, the surface force to be overcome for separating clay particles per unit
area is —9.83 x 10* Pa. Therefore, the separation pressure between particles gradually
decreases with the increase of the distance.

4. Separation Pressure between Adjacent Frozen Clay Particles during Segregation
4.1. Meso-Mechanical Equilibrium Equation between Frozen Clay Particles

During the separation, with the continuous growth of ice crystals, the interaction
between the surface force of ice and clay gradually increases, which reduces the ice point
of the convex surface of ice crystals near the adjacent clay particles, so the ice crystals
will not be filled to the wedge-shaped apex [34]. According to the principle of continuum
mechanics, pore water always exists at the apex of wedge, forming undisturbed pore
water pressure, p;. With the occurrence of freezing, when the ice pressure reaches the local
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maximum, as shown in Figure 3, the mechanical equilibrium relationship between the ice
crystal and the pore wall surface satisfies the following equation:

ps — p1 = 0gK (16)

where p; is ice pressure, Pa; p; is water pressure, Pa; oy is the ice-water interfacial tension

(0yg ~29 x 1073 J-m~2); and K is the curvature of the ice-water interface, m .

O e O A

Clay particle
P
l{ P 1 &

Ly -« K
P $ ZRP unfrozen
t 1&ﬁater film
e
Clay particle

Figure 3. Micromechanical equilibrium relationship between adjacent clay particles during segregation.

The density difference between ice and water was neglected. It can be known from
the Clapeyron equation that, when the local phase equilibrium is satisfied at the interface,
the relationship between ice pressure, ps, and pore water pressure, p;, can be expressed
as follows:

T,
Ps =1 = pn—r (17)
m

where p is density (0 ~ 917 kg:m~3); g, is latent heat of phase transition per unit mass
(Gm =~ 3.35x10° J-kg'); T is freezing temperature, K; and T,, is the melting temperature
(T =~ 273.15 K).
By combining (16) and (17), we can obtain the following wedge-shaped area
curvature expression:
0qm T — T
K — (18)
Since the separation pressure, P, between adjacent clay particles during the freezing
process is closely related to the size of the pore throat’s radius, Ry, in the critical state,
when the equilibrium curvature, K, of the separated ice is greater than the pore throat’s
radius, 2/Ry, the ice crystal can further grow and form a new ice lens. Therefore, the
functional relationship between the pore throat’s radius and the freezing temperature can

be expressed as follows:
2 2 T,
p=== Ol Am (19)
K ogmTyu—T
where Rp is the characteristic radius of the pore’s throat, m.

From the simultaneous Equations (18) and (19), the temperature at which the ice
crystals enter the pores at the critical point for further growth of ice crystals can be obtained
as follows:

. ZTm g1
Os Qme

Moreover, the above equation is consistent with the temperature expression of ice
crystal entering the pore at this critical point obtained by Pepper et al. [35] according to the
Gibbs Thomson equation.

Therefore, two conditions of the growth of the segregated ice can be obtained: firstly,
when T), > T > Tj,, the ice lenses grow before entering pores of clay particles. In this
case, the ice lens does not fill the whole pore, the water migrates to the frozen fringe easily,

Tice =Ty (20)
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and the ice lens grows rapidly; secondly, when T < Tj,,, the ice lens enters the clay pores
forming a frozen fringe [27]. In this case, the growth rate of the ice lens is slow because
the entry of the ice lens into the clay pore hinders the migration of water to the growing
lens. Thus, the purpose of this study was to investigate the separation pressure between
adjacent clay particles during the freezing process; only the situation before ice crystals
enter the clay cracks was considered.

Since the aqueous solution in the saturated clay is a continuous medium, it can be
considered that the thickness of the stable water film between adjacent clay particles is
equal to two times that of the pore throat’s radius. As shown in Figure 3, the relationship
between the pore throat’s radius, Rp, and the distance, 4, of adjacent clay particles can be
expressed as follows:

h = 2R, (21)

By substituting Equation (21) into (15), the characteristic relationship between the pore
throat’s radius, Rp, and the separation pressure, Py, is obtained as follows:

P(Ry) = ISR, +27Rp;z°exp (—2Rpk) + mRAkoexp — (22)
Equation (19) shows that R, decreases with the increase of freezing temperature, T.

In order to reduce unknown parameters, the temperature function of separation pressure

between adjacent clay particles prepared by Equations (19), (21) and (22) is as follows:

ApR 40y T
P(T) — —%+2ﬂRpgzzexp(_kpgn€ Tm*T)
lz(PﬂfVIl Tn:ﬁT) (23)

+mRAkoexp (— f;;ﬁn T,ZTT>

4.2. Separation Pressure between Frozen Clay Particles

The concept of separation pressure between soil particles during freezing was first
put forward by Gilpin [36], and it is considered that the separation pressure is the critical
pressure causing soil failure, similar to the “internal” pressure measured by Williams and
Wood [37]. The French Geotechnical Laboratory [38] obtained the total stress range of the
frozen soil from 20 to 80 kPa by testing the frozen soil stress in the free state; Mackay [39]
proved that the total stress of typical seasonal frozen soil ranges from 50 to 150 kPa.
When considering the surface electrical properties of clay particles, the separation pressure
between frozen clay particles can be defined as follows: in the one-dimensional freezing
process, when the unfrozen water film on the clay surface is no longer thinned with the
freezing, we can obtain the sum of the separation pressure between particles and the ice
pressure triggered by the interaction of the surface forces of adjacent clay particles. In this
case, the meso-mechanical equilibrium between particles can be expressed as follows:

ps + P(Rp) = Py, + 05Ko (24)

where K| is the curvature of spherical clay particles; Ky = 2/R. At the beginning of freezing,
the external pressure is mainly borne by the clay skeleton. With the growth of the ice lens,
the ice pressure in the freezing fringe can reach the local maximum value. When the clay
particles are separated, they replace the clay skeleton to bear the external pressure to form
a new ice lens. When the ice pressure, p;, is used as the destructive force to separate the
frozen clay particles, let the following be:

Ps = Psep (25)
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where Ps,p is the frozen-clay-particle separation pressure, Pa. By substituting Equation (25)
into (24), we can obtain the following;:

2
Psep = Pob + ﬁo'sl - P(RP) (26)

In order to reduce the calculation parameters, Equations (20) and (22) are substituted
into (26) to obtain the separation-pressure expression of the adjacent frozen clay particles:

Psep = Pop + %0'51 - P(Tice)

Apg -2 ( 4kay Ty )
—=H z%ex ==l
127_[(4175, T ) pe p 09m Tim—Tice

eqm Tm—Tice

(27)

= Pop + 0-5177-[R

4k 51 T,
—AkoeXP< Aoqm T mTzce)

4.3. Validation Analysis

According to the review of Gilpin’s [36] separation-pressure theory, Gilpin proposed
that the separation pressure in the freezing process refers to the critical pressure causing soil
damage. The particle shape (such as particle radius and interface curvature) and interface
curvature (such as external pressure and temperature) were considered. Gilpin obtained
the following expression of separation pressure between adjacent frozen clay particles:

20’51

PGsep_Pob+ R

— f(Pr) (28)
where 0y, is the solid-liquid interfacial tension, N-m~!; and Py is the geometric characteris-
tic parameter of unfrozen water film, which can be expressed as follows:

Pi1gmRAT

P:
R 20y T

(29)

where p; is the density of water, (o; ~1000 kg-m~3). The approximate value of f(Pg) can

be expressed as follows:
Pr 7.5
(o) = 38 [1-ewp (-2 )| @)

Azmatch et al. [13], based on the similarity between the soil-water freezing charac-
teristic curve and the soil-water curve, it was proposed that the initial value of the lens
is close to the ice entering pore value, and then through the one-dimensional freezing
test of the open system, it was obtained that the pressure to be overcome when the ice
enters the pore of Devon silty clay under the external pressure of 100 kPa, 200 kPa and
400 kPa is 175 kPa, 250 kPa and 450 kPa, respectively. The temperatures of ice entering the
pores are —0.16 °C, —0.19 °C and —0.40 °C, respectively. In this paper, the surface-charge
density of clay is 0.133 C-m~2, and the particle size of clay is 7.7 x 10~7 m. The main
calculation parameters were substituted into the theoretical calculation model of the Gilpin
interparticle separation pressure and the theoretical calculation model of this study, and
the relevant calculation results are shown in Table 1. The theoretical value obtained in
this study is in good agreement with the Azmatch’s test value, but there is a certain error
with the Gilpin theoretical value. The reason is mainly composed of two parts. Firstly,
this study assumes that the clay particles are uniform spheres and ignores the geometric
characteristics of the clay particles when considering the contribution of the surface tension
at the pore’s throat to the separation pressure between the clay particles. Therefore, when
the characteristic parameters of the clay-surface geometry are added to this research model,
it can show a good agreement with the predicted value of Gilpin theory. Second, the
influence of surface force on the separation pressure between particles is smaller than the
external pressure and the surface tension of the solid-liquid interface, it is usually ignored
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in the study of separation pressure between particles. In this study, based on the surface
electrical properties of clay particles, the contribution of the interaction of surface forces
between adjacent clay particles to the separation pressure between clay particles was taken
into account. Therefore, it can be considered that the theoretical model of this study is
reasonable and feasible.

Table 1. Comparative analysis table of experimental values and theoretical calculation results.

Temperature VE1 VE2 VE3 EC1 EC2 EC3
Q) (MPa) (MPa) (MPa) (%) (%) (%)
—0.16 0.175 0.175 0.122 0.2 30 43
—0.19 0.250 0.275 0.222 10 11.2 23.8
—0.40 0.450 0.475 0.422 55 6.2 12.6

Annotation: VE1 = Azmatch’s test value, VE2 = the theoretical value of this study, VE3 = value calculated by
Gilpin theory; EC1 = the percentage error between the theoretical value in this study and the Azmatch test value,
EC2 = percentage error between the theoretical value of Gilpin and the experimental value of Azmatch, EC3 = the
percentage of error between the theoretical value of this study and Gilpin’s theoretical value.

When the value of Py is larger, f(Pr) =~ 1. Therefore, we obtain the following:

PGsep = Lop + —— 31)
The simultaneous Formulas (27) and (31) can obtain the following:
PGsep - Psep = P(Tice) (32)

From Equation (32), it can be considered that, when R is large, the error between the
separation pressure between clay particles proposed by Gilpin, Pgse, and the theoretical
formula of frozen clay separation pressure obtained in this study, Psp, is the separation
pressure caused by the interaction of surface forces. The author discusses the error in detail
in Section 5. Because the separation pressure between clay particles caused by surface
force only acts on microcracks, when the distance between adjacent clay particles exceeds
a certain threshold, Pesep = Psep, the theoretical model proposed in this study is in good
agreement with the proposed model by Gilpin. Therefore, this study can be regarded as a
generalized form of the theoretical formula of separation pressure between adjacent frozen
clay particles proposed by Gilpin.

5. Discussion

In recent years, the global surface temperature has increased due to climate warming,
and the removal of surface vegetation or buildings will also affect surface temperature,
thereby accelerating the degradation of permafrost [40]. These surface changes have had
a severe negative impact on the thermal stability of transportation infrastructure in high-
altitude and high-latitude permafrost regions [41]. Therefore, analyzing the influencing
factors of the separation pressure between frozen clay particles has a positive effect on the
further study of frost heave mechanism. In the actual engineering environment, there are
many factors that affect the separation pressure between frozen clay particles, such as freez-
ing temperature, mineral types, solute concentration and so on. Due to the difference in
mineral composition and formation conditions, each fine-grained soil will form a different
average density and particle orientation. The common mineral components in clay are
montmorillonite, illite and kaolinite. Through experimental analysis, Gee et al. [42] showed
that the charge density, p., of the clay surface can be estimated by the cation exchange
capacity (CEC) and specific surface area (S) of clay minerals, namely p, = —CEC/S. Table 2
shows the basic parameters and basic calculated value distribution obtained according to
the existing literature [43]. Since the thermodynamic temperature has no significant influ-



Crystals 2022, 12, 1304

110f15

ence on the electric potential of the double layer, the values of 1/k and ¢y that are calculated
according to the data in the Table 2 are also applicable to the range of 0~25 °C [44].

Table 2. Clay mineral composition and main calculation parameters.

Clay (m(e:c]il(l:iv- S pe_ Uk 0
Mineral (100)-1) (m2.g—1) (Cm—2) (nm) V)
Kaokinite 5 15 0.322 3.02 3.16 x 1073

Illite 25 84 0.287 3.02 2.84 x 1073

Montmorillonite 100 800 0.121 3.02 1.25 x 1073

Annotation: T = 293 K. NaCl: ¢y = 10 mol-m 3.

Since the proportional enlargement or reduction of the function dependent variable in
the calculation process does not affect the discussion of its change trend [45,46], for a more
intuitive expression, this paper used the same proportional reduction of the separation
pressure between clay particles to obtain P;, /R in the following discussion. This indicates
the effect of different factors on the separation pressure between frozen clay particles.

5.1. Effect of Freezing Temperature on Separation Pressure between Adjacent Clay Particles

Substitute the relevant parameters in Table 2 into Equation (23) to obtain the variation
curve of separation pressure between frozen clay particles with temperature, as shown
in Figure 4. With the increase of freezing temperature, the separation pressure between
frozen clay particles shows gravitational action and increases exponentially, which is in
good agreement with the research results of Watanabe et al. [47]. This is because, in the one-
dimensional freezing process, with the continuous development of the freezing process, the
thermal molecular force between the ice and the clay wall pushes the clay particles to the
warmer end, causing the adjacent clay wall to form microcracks, and the clay particles are
rapidly surrounded by the liquid. The diffusion layers from the surface of each clay particle
will overlap and generate a repulsive force. These repulsive forces can effectively reduce
the cohesion between adjacent clay particles, thereby reducing the normal component
between contact particles and promoting the development of soil cracks [44]. Finally, the
surface forces between adjacent clay particles appear as weak gravity and increase with the
decreases of freezing temperature.

0 L
0 _2_
E .
X L
g -4
3 i
& —6br
(=B .
_8-
_10_
0.0 -0.5 -1.0 -1.5 -2.0

T(C)
Figure 4. Effect of temperature on separation pressure between frozen clay particles.

5.2. Effect of Mineral Types on Separation Pressure between Adjacent Particles

Figure 5 shows that the different mineral types of clay vary with the distance between
particles when the freezing temperature is —0.68 °C. When the particle spacing is equal
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to 2 nm, the separation pressures between kaolinite, illite and montmorillonite are 0.335R,
0.266R and 0.047R, respectively; When the particle spacing is equal to 4 nm, the separation
pressures between kaolinite, illite and montmorillonite are 0.173R, 0.137R and 0.024R,
respectively; and when the particle spacing is equal to 6 nm, the separation pressures
between kaolinite, illite and montmorillonite are 0.089R, 0.071R and 0.013R, respectively.
Therefore, the separation pressure of the three mineral components increases with the
increase of the particle spacing. However, when the particle spacing is constant, the
separation pressure of kaolinite and illite is not different; instead, it is about one order of
magnitude lower than that of montmorillonite. This is mainly due to the different charge
densities on the surface of the minerals. From Equation (22), it can be seen that the influence
of the surface force on the separation pressure between particles is proportional to the
charge density on the surface of the minerals. This conclusion is confirmed by the existing
literature [48].

2 —=— Kaokinite P/R
—o— Illite P/R

—— Montmorillonite P/R

35+

P/R (N/m)x10°2
—_ N
(6} S
P/R (N/m)x1077

=
o
T

0 10 20 30 40 50 60 70
h (nm)

Figure 5. Effect of different minerals of clay on separation pressure between particles.

5.3. Effect of Solution Concentration on Separation Pressure between Adjacent Clay Particles

It can be seen from Table 2 that, although the surface potential of kaolinite is about
three times that of montmorillonite, it has no effect on the Debye length k~!. Therefore, it
can be considered that the influence of solution concentration on the separation pressure
between particles is mainly realized by affecting the Debye constant. Taking the NaCl
solution as an example, by substituting the relevant parameters in Table 2 into Equation (22),
the effect of different solute concentrations (0.01 mol-m~3, 0.1 mol'm~3, 1 mol-m 3 and
10 mol-m~3) on the separation pressure between adjacent clay particles is calculated, the
results are shown in Figure 6.

It can be seen from Figure 6 that, with the increase of solution concentration, the
separation pressure between particles caused by surface force decreases significantly and
finally tends to move toward a stable value. This phenomenon is consistent with the
conclusion obtained in the literature [49]. Taking the adjacent clay particles with a spacing
of 2 nm as an example, when the solution concentration is lower than 0.1 mol-m~3, the
solution concentration expands by 10 times, resulting in a separation pressure change rate
of only 0.037% between clay particles due to surface forces. However, when the solution
concentration is higher than 0.1 mol-m 3, the solution concentration increases by 10 times,
which leads to the change rate of interparticle separation pressure caused by surface force
up to 0.37%. It can be seen that when the solution concentration is less than a certain
threshold, the effect of the solution content on the separation pressure between particles
can be ignored.
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Figure 6. Effect of different solution concentration on separation pressure between adjacent
clay particles.

It can be seen from Figure 6 that the variation trend of the inter-particle separation
pressure with the increase of the inter-particle distance with the high solution concentration
is more stable than that of the low solution concentration with the increase of the inter-
particle distance. The main reason is that the higher the concentration of the solution, the
smaller the k! value; that is, the thickness of the diffusion layer formed by the charged
particles in the solution is smaller, which makes the thickness of the water film between the
particles thinner. As a result, the separation pressure between particles changes rapidly and
tends to be stable at first. Therefore, during the freezing process, it can be considered that
the higher the solution concentration, the more unfavorable the formation of soil cracks.

6. Conclusions

In this study, the generalized colloidal stability theory was applied to the frost heave
process. Through the relationship between the pore throat’s radius and the freezing
temperature, the separation pressure expression between adjacent frozen clay particles
was established and the intrinsic connection between soil cracks and the formation of new
ice lenses was revealed. Through our theoretical analysis and verification, the following
conclusions can be drawn:

1. We considered the effect of the surface charge of the clay particles and took the ice
pressure as the destructive force of the connection between the frozen clay particles; a
generalized expression of the separation pressure between the frozen clay particles
was obtained through the soil meso-mechanical equilibrium relationship. From the
molecular point of view, the effect of the separation pressure between clay particles
on the crack development and the formation of new lenses was revealed and verified
by experiments.

2. The surface spacing of adjacent charged particles is a single-valued function of their
separation pressure, but temperature is the main factor affecting the separation pres-
sure between frozen adjacent clay particles. In the process of soil freezing, the repul-
sive force caused by the overlap of diffusion double layers is formed on the surface
of adjacent charged clay particles in aqueous solution, which makes the microcracks
between soil particles take precedence over the formation of a new lens and provides
a channel for the migration of water in soil to the ice lens.

3. The effect of surface force on the separation pressure between clay particles is propor-
tional to the surface-charge density of minerals. The separation pressure of different
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kinds of minerals shows a similar trend with the increase of spacing, but due to the
difference of surface-charge density, the separation pressure of kaolinite and illite
are close to each other at the same space, but their values are about one order of
magnitude lower than montmorillonite.

4.  The separation pressure between adjacent clay particles is negatively correlated with
the solution concentration. When the solution concentration is less than 0.1 mol-m 3,
the effect of the solution content on the separation pressure between particles can be
ignored. During the freezing process, the higher the solution concentration, the less
conducive it is to the development of soil cracks.
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