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Abstract

Frost heave induced by artificial freezing can be destructive to infrastructure. The fundamental physicochemical mechanisms
behind frost heave involve mainly the coupled thermal-hydraulic-mechanical (THM) behavior, ice-water phase transition, and
heat and fluid flow in porous media. Taking the soil skeleton, pore ice, and pore water as independent bodies to conduct the
mechanical analysis, we clarify the physical meaning of the effective stress principle of frozen soil with consideration of the
multiphase interactions (ice-water-mineral) and further improve the coupled heat and fluid flow equations. Taking into account
the coupled THM mechanism in freezing soils, a discrete ice lenses based model for frost heave is established with focus on
segregation and growth of the ice lens. Upon validation of the frost heave model, an intermittent freezing method is applied to
investigate mitigation of frost heave. Numerical results show that the intermittent freezing can significantly mitigate frost heave
and inhibit the potential frost susceptibility of freezing soil. Our research reveals that the narrowing of the frozen fringe induced
by the upward movement of the freezing front is the main reason for the slower growth of the ice lens. The THM behavior and
heat and fluid flow based frost heave model enable a better understanding of the geomechanical properties of freezing soil and
physical mechanism of frost heave mitigation in porous media (soil).

Keywords THM behaviors - Multiphase interactions - Heat and fluid flow - Frost heave model - Frost heave mitigation

Introduction

With the modernization of the cities and the need for econom-
ic development, the freezing method plays an important role
in the construction of tunnels and metros due to its reliable
performance for water proofing and strengthening soil (Hu
and Deng 2016). The Hong Kong-Zhuhai-Macao Bridge,
the world’s longest sea-crossing bridge (55 km) in China
consisting of an undersea tunnel (6.7 km) and four artificial
islands, was officially opened to traffic in October 2018. The
Freeze-Sealing Pipe Roof (FSPR) method has been
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successfully applied in the most technically demanding con-
struction of the Gongbei tunnel, and the innovative thermal
technology and experience in the construction of the undersea
tunnel greatly encourage scholars and engineers to carry out
further research and exploration on freezing theory and tech-
nology (Hu et al. 2017; Hu et al. 2018a, 2018b). Despite the
merits of artificial ground freezing, there remain still some
theoretical and technical challenges with the application of
artificial ground freezing. The upward movement of surface
caused by ice lens growth will affect the integrity of the infra-
structures. Therefore, frost heave and frost heave mitigation
are important research topics that have provoked great interest
from researchers (Zhou 1999; Hu et al. 2018a, 2018b; Wang
et al. 2018; Zhao et al. 2019; Zhang et al. 2019; Zhao et al.
2020), and a better understanding of the mechanism of frost
heave mitigation still needs to be developed.

The ice-water thermodynamics behavior, multiphase inter-
actions (ice-water-mineral), heat and fluid transport, and ice
lens growth are involved in the main physical processes dur-
ing freezing of a fine-grained porous media, which are the
fundamental research in the field of the freezing soils
(Zhang et al. 2016; Zhang et al. 2017; Li et al. 2018; Ji et al.
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2019). During freezing, the supercooled pore water (Dash
et al. 1995) forms seepage conduits in porous media allowing
the migration of external water to the freezing front via cryo-
genic suction induced by ice-water phase transition, which
facilitates the macroscopic growth of soil-free ice lenses,
resulting in frost heave. It should be noted that the study of
the frost heave theoretical model provides not only a method
for frost heave prediction, but it is also fundamental in our
understanding of the coupled THM processes in freezing soil.
An effective way to investigate frost heave mitigation may be
introduced by the theory of water migration and ice lens
growth under THM coupling scenario to reveal the ice lens
growth controlling mechanism. The corresponding frost
heave model research will provide valuable theoretical guid-
ance for implementation of engineering construction in cold
regions.

In contrast to the capillary theory (Everett 1961) which
only depicts the growth of a single ice lens and
underestimates frost heave pressures, Miller (1972) proposed
frozen fringe theory (secondary frost heave) and indicated that
the stable ice particles are formed in the pores at the bottom of
the warmest ice lens. Moreover, the distinctive zone between
the freezing front and the ice lens is referred to as the frozen
fringe, and it is characterized with low fluid permeability and
low water content. Subsequently, many researchers applied
the frozen fringe theory as a basis to establish the frost heave
model and successfully predicted the discrete ice lenses in
freezing soils (Gilpin 1980; Nixon 1991; Rempel 2007;
Bronfenbrener and Bronfenbrener 2010; Lai et al. 2014;
Sheng et al. 2014; Zhou et al. 2018; Ji et al. 2018). Given
the importance of the real THM coupling environment for
discrete ice lens growth, we particularly need to understand
the heat and fluid transport in the porous media during freez-
ing. Additionally, the ice-water transition behavior during ice
crystallization does not only cause pore blocking and slow
down the flow rate of water migration, but it also affects the
thermophysical properties of the porous media which play an
important role in determining the heat and fluid transport
(Hansson et al. 2004; Lackner et al. 2005; Lyu et al. 2019).
The fluid permeability of partially frozen media is essentially
determined by the soil freezing characteristics curve (SFCC),
representing the relationship between unfrozen water content
and suction or temperature, and it is an analog to the soil water
characteristics curve (SWCC) (Koopmans and Miller 1966;
Spaans and Baker 1996; Azmatch et al. 2012a, 2012b). Ice
and water coexist in pores, and the mechanical behavior of the
partially frozen porous media under multiphase interactions is
similar to unfrozen and unsaturated media with replacement of
pore water by ice crystals (except the ice-water phase transi-
tion) (Black and Tice 1989). A reasonable effective stress
principle of frozen soil will benefit the development of the
fully THM coupled equations with considering the stress de-
velopment and ice-water phase transition in porous media.
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According to analogy with the effective stress analysis of
unsaturated soils (Shao et al. 2014; Shao et al. 2017), we have
clarified the physical meaning of the effective stress principle
of frozen soil and subsequently improved the governing equa-
tions of heat and fluid flow. Considering the coupled THM
interactions in freezing soils, a discrete ice lenses based model
for frost heave is established and developed under the corre-
sponding physical and mechanical criterion. After a quantita-
tive validation of this frost heave model, a frost heave model
dependent intermittent freezing method is applied to investi-
gate frost heave mitigation, and numerical simulation shows
that intermittent freezing can indeed mitigate frost heave.
Moreover, the numerical result demonstrates that the
narrowing of the frozen fringe will decrease the growth rate
of the ice lens and thus result in frost heave mitigation.

Effective stress of frozen soil

The continuum mechanics method is used to analyze the stress
equilibrium of multiphase and porous frozen soil and to derive
the equilibrium differential equation of each phase of the fro-
zen soil. By comparing the equilibrium differential equation
of soil skeleton stress with the equilibrium differential equa-
tion of total stress of the frozen soil, the effective stress of
frozen soil which has an explicitly physical meaning is given
and determined. The classical equilibrium differential equa-
tions of total stress of the frozen soil (ice-water-mineral coex-
istence system) are given in a Cartesian coordinate system:

80-13{ aT_xz +Xswx _ 0
a@x a@z (1)
sz Gtz
Xow =
ox 0 Xz =0

where o0, 0., and 7,, are, respectively, the orthogonal normal
stresses and the shear stress; Xj,,, and Xj,,, represent the spe-
cific weight of the soil mixture; and Xj,,, = 0 and X,,. = ¥,» Vim
stand for weight of frozen soil in the z-direction.

By selecting a representative element volume of saturated
soil, Shao et al. (2014) separately take the soil skeleton and
pore water as independent free bodies to study the effective
stress, and they point out that the pore water pressure gener-
ates the surface force and the flow of pore water exerts the
seepage force on the skeleton (Fig. 1a and b). Similarly, we
selected ice, water, and matrix skeleton as independent bodies
to conduct mechanical analysis of frozen soil and subsequent-
ly defined the effective stress of frozen soil in this paper. In
order to clearly present the definition of effective stress of
frozen soil, some basic results of Shao et al.’s theory (Shao
et al. 2014; Shao et al. 2017) are introduced first. When the
pore water in the granular media is removed, the effect of pore
water pressure on soil skeleton will be extracted (Fig. 1b).
Moreover, the pore water pressure exerted on the cross section
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Fig. 1 Soil skeleton stress induced by pore fluid pressure (Shao et al. 2014; Shao et al. 2017): (a) Saturated soil (b) Effect of pore water pressure on soil
skeleton (c) Particle stress on cross section (d) Pore water pressure on the cross section of the soil skeleton

of'the soil skeleton (Fig. 1d) is the same as the average internal
pressure of the particle caused by the pore water pressure (Fig.
1¢). Therefore, the area where pore water pressure acts upon is
the area of the soil skeleton. Furthermore, the internal force of
the soil skeleton induced by pore water pressure is the product
of the pore water pressure p,, and the soil skeleton area, i.e.,
pu(1 —m)A,, where n is porosity and A,, is the total area of soil.
In addition, the skeleton stress is the normal stress and
shear internal stress generated by all external stresses exclud-
ing pore water pressure that acts upon the total area of the soil
body, which are represented by o =N/A,, and T=S/A,, where
N and S represent normal and shear internal force (Shao et al.
2014). By using the similar method, Shao et al. (2014, 2017)
separately take soil skeleton, pore water, and pore air as inde-
pendent free bodies to study the effective stress of unsaturated
soil. Actually, the freezing phenomenon in frozen soil and
drying phenomenon in unfrozen soil are strikingly similar,
during drying; the replacement of pore water by air results in
a lower matrix potential; similar processes also occur in freez-
ing soils with replacement of pore water by ice (Spaans and
Baker 1996). The matrix suction that prevents the evaporation
of water also inhibits the freezing of water (Spaans and Baker
1996). Hence, the matrix suction and ice (air) pressure influ-
enced mechanical analysis are similar in both frozen media
and that of the unfrozen unsaturated media. Based on the
similarities between the SFCC and SWCC, Azmatch et al.
(2012a, 2012b) evaluated the temperature conditions of ice
lens segregation in the frozen fringe and the hydraulic perme-
ability of partially frozen soil, and the observed consistency
demonstrates the validity of this analogous method. The sur-
face tension formed at the matrix-pore water interface inside
the frozen soil is regarded as the interaction force between the
soil skeleton and the pore water (body force). Similarly, the
surface stress of the soil skeleton (Fig. 2) is presented accord-
ing to analogy with the analysis of unsaturated soil (Shao et al.
2014). Based on the analysis above, the area where pore ice
and pore water act upon is the soil skeleton area, (1 —n)A,.
Therefore, the corresponding proportions of each phase are (1

—n)A,0/n and (1 —n)A,0,/n, respectively (Fig. 2). Moreover,
0; and 6,, stand for volumetric content of pore ice and pore
water, and the relationship between volumetric content of pore
ice and pore water is determined with consideration of a sat-
urated frozen soil:

0W+9,':I’l (2)

We take the soil skeleton, pore water, and pore ice as inde-
pendent free bodies to carry out the mechanical equilibrium
analysis (Fig. 3). p; and p,, represent pore ice pressure and
pore water pressure, respectively; o, 0,, Ty, and 7, are, re-
spectively, orthogonal normal stresses and the shear stress of
soil skeleton; and f;, fisx fsir» and f;;, stand for the interaction
force (body force) between soil skeleton and pore ice in x-
direction and z-direction with a same value but opposite direc-
tion; similarly, the interaction force between soil skeleton and

pore water are fi,.., fruse fowe and fres Ve v and vy,are the
specific weight of the soil, ice, and water.
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Fig. 2 Schematic of the surface stress of the soil skeleton in the x-
direction
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Fig. 3 Stress analysis of the soil skeleton, pore ice and pore water for frozen soil: (a) Skeleton of frozen soil (b) Pore ice (¢) Pore water

The equilibrium differential equations of soil skeleton can
be written as (Fig. 3a):

ao—x aTZX 1-n a(gwpw) 1-n a(elpl) - -
7fsix7.fswx = O
ox 0z n ox n ox (3)
ory, 0o, 1-nd(byp,) 1-nd(0p;) ff =0
ox oz n 0z n og e e

Moreover, the equilibrium differential equations of pore ice

can be presented by (Fig. 3b):
o(0:p;
( pl) +fs1x — 0

(6 ?x )

8—Z+fsiz +0i7; =0

Similarly, the equilibrium differential equations of pore
water can be determined as follows (Fig. 3c¢):

@ Springer

9(0wp,,
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0z
Subsequently, by adding Egs. (3), (4), and (5) together, the
terms of interaction force can be eliminated, and the equilib-
rium differential equation of the frozen soil’s skeleton stress

can then be obtained by the following equation:

0o, Oty 10(0,p,,) 10(0p;)
_ + — =0
0z n Ox n ox (6)
0Ty, 00, 10(6yp,) n 1 0(0:p;) =0
ox 0z n 0z n 0z T =

Using S, to substitute 0,,/n in Eq. (6) to represent saturation
degree of liquid water, saturation degree of'ice is given as S; =
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1 —3S,,. Hence, the equilibrium differential equation of the fro-
zen soil’s skeleton stress can be rewritten as follows:

adx aTZ)C 6(Swpw) a[(lisw)pl]
= + =0
X 0z Ox Oox (7)
aTXZ % a(Spr) + 6[(1*Sw)pl] + _ 0
ox 0z 0z 0z T =

Comparing Eq. (7) with the equilibrium differential equa-
tions (Eq. (1)) of total stress, the relationship between total
stress, soil skeleton stress, pore ice pressure, and pore water
pressure can then be obtained:

0; = 0+ Suwp,, + (1=Sw)p; (8)
From Eq. (8), the soil skeleton stress is thus defined as:
o = 08w, ~(1=Sw)p; )

According to the derivations above, it can be found that the
soil skeleton stress results from all external forces excluding
pore ice pressure and pore water pressure. Moreover, the
stresses that act upon the soil skeleton, pore water, and pore
ice control their own equilibrium conditions, and the soil skel-
eton stress is therefore referred to as the effective stress which
controls the deformation and strength of the frozen soil, and it
corresponds to an objective stress and has an explicitly phys-
ical meaning. Furthermore, the classical Clausius-Clapeyron
equation (p,, = w,p; + va—T T, e.g., Sheng et al. 2014) de-
scribing phase transition in an equilibrium thermodynamics
condition is substituted into Eq. (9) to eliminate ice pressure
term; the effective stress of frozen soil is then given by the
following equation:

~p)Su + 1 L,Tp,
— o (pw pl) ppw+(1_Sw) ]}p (10)

Pw

where v,, and v; are the specific volume of the water and ice,
Py and p; stand for density of the water and ice, T represents
the temperature, 7, = 273.15K, and L,denotes the latent heat.
If water saturation degree S,, = 1, then Eq. (10) transforms to
Terzaghi’s effective stress for saturated soil (e.g., Terzaghi
1943). A specific clay (Hu 2011) having a saturated water
content of 0.24 and the dry density of 1650 kg/m’ is applied
for modeling of Eq. (10). Moreover, the soil freezing charac-

teristic of this clay (9, = 2£ p, A (—T - % pw) ') consider-

ing the water pressure (Zhou and Zhou 2012) is also used for
frozen soil’s effective stress modeling, p,; denotes the dry den-
sity, Av=v;—v,,, and A and B are 0.099 and —0.523, respec-
tively. Thus, if an overburden pressure o, pushing down on
the top of the soil sample is assumed to be 200 kPa, numerical
modeling shows that the effective stress of frozen soil de-
creases as temperature drops at a constant pore water pressure;
furthermore, the effective stress decreases with the increase of

the pore water pressure at a constant temperature
(Fig. 4).Therefore, both hydraulic water pressure and temper-
ature are necessary to estimate the effective stress of the frozen
soil. Interestingly, numerical results show that the negative
pore water pressure not only provides cryogenic suction for
water migration but also results in the consolidation of matrix
skeleton since effective stress of frozen soil can exceed the
overburden pressure under the effect of negative pore water
pressure (Fig. 4). The consolidation phenomenon induced by
the negative pore water pressure is also described and ana-
lyzed by Xia (2005). Moreover, the effective stress determines
the deformation of matrix skeleton and thus causes an inevi-
table effect on heat and fluid transport. The strong interactions
between the stress development and heat and fluid transfer
make frost heave modeling an interesting task. The effective
stress of the frozen soil (Eq. 10) is subsequently introduced
into the mass conservation and heat transfer equations to
mathematically develop a fully THM coupled frost heave
model and benefit the frost heave mitigation analysis.

A fully THM coupled frost heave model
The coupled processes in the active zone
During freezing, the active zone mainly experiences the

coupled thermophysical processes of heat transfer, liquid
transport, and stress development. Before the appearance of
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Fig. 4 The schematic of the effective stress of frozen soil under various
different temperatures and pore water pressures
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the ice lens during freezing, only the active zone exists in the
soil sample (Fig. Sa). However, after the appearance of the
latest ice lens, the bottom of the ice lens (z=z,,) can distin-
guish the freezing soil into two zones, i.¢., the active zone (z <
z,,) and the passive zone (z>z,), and the frozen fringe is
between freezing front (z=z,) and the bottom of the ice lens
(Fig. 5b). T.., T,,, T, and Tyrepresent the cold end temperature,
warm end temperature, ice lens temperature, and freezing tem-
perature, respectively (Fig. Sb).

The governing equations used for describing the mass con-
servation (Eq. (11)) and heat transfer (Eq. (12)) in our previ-
ous studies (Zhou 2009; Zhou and Zhou 2012; Zhou et al.
2018) were developed and improved according to Harlan’s
research (1973) on heat and fluid transport in porous media:

o [ ap 00, p, 06;
— k) = B 11
8z< az) 8t+pw6t ()
or o or 00,
o T & (%7) tLrigy (12)
Pa AvT,, )B
0, =LA (-1~ . 13
P ( L ” ()

where k= K/p,g, K represents the hydraulic permeability, ¢ is
time, C,, stands for the volumetric specific heat capacity, and A
represents the thermal conductivity; Eq. (13) describes the soil
freezing characteristic with considering the pore water pres-
sure, where A and B stand for both the soil parameters.
Moreover, by assuming that both ice and matrix particles
are rigid media and then considering that the effective stress of
partial frozen soil is the difference between the total stress and
the equivalent water pressure, the heat and fluid transport

Fig. 5 Schematic of freezing soil:
(a) before the appearance of the
ice lens and (b) after the
appearance of the latest ice lens
(revised after Konrad and
Morgenstern 1980)

Warm end
a
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Cold end

equations are improved to investigate frost heave (Zhou
et al. 2018). In this section, the effective stress of frozen soil
(Eq. (10)) is introduced into the heat and mass transport equa-
tions to mathematically improve a more complete governing
equations for the active zone, and a fully THM coupled frost
heave model is subsequently established by coupling the ice-
water phase transition, segregation criterion of the ice lens,
and fluid flow theory in the freezing soil.

Instead of considering a constant volume of soil skeleton,
Cao et al. (2007) proposed a relationship between the defor-
mation of soil skeleton and the effective stress if the deforma-
tion is small, and the correlation is given by:

on
— = 14
5~ (14)
where « is the compression coefficient of the soil.

By substituting Egs. (2), (10), and (14) into Egs. (11) and
(12), the following new equations governing the mass conser-
vation and heat transfer can be presented as:

o (, o 2, W P)Sw + p;0p  (1=8,)Lyp; OT
(kL>=(pW*p,~)—+ap,-[(p Pi)Sw + p; 0Py _ (1=Sw)Ls _]

Mo \" o or o ot T o
(15)
or o (,oT\ , @b, (Pw=p1)Sw + p; Op,, _ (1=Sw)Lsp; OT
Sa & ()\ 6z> Lipigy T L ap"[ o o T, ot
(16)

It should be noted that the external pressure o, is regarded as
a constant value; the term o, in Egs. (15) and (16) is eliminated
during derivation process because of 00/0t = 0. Furthermore,
Eqgs. (13), (15), and (16) describing the heat and fluid flow
constitute the new governing equations of the active zone.
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Ice lens segregation, growth, and frost heave
The formation criterion of the ice lens

The formation criterion of the ice lens in this paper is
determined based on Gilpin’s thermodynamic equilibri-
um research (1980) of ice and liquid water near a solid
matrix. As the frozen fringe (intense phase transition
zone) temperature decreases, the liquid water film
absorbed onto the surface of solid matrix gradually be-
comes thinner. This physical process not only increases
the liquid pressure pj, but also facilitates the intrusion
and approach of the ice-water interface to the surface of
matrix particles and thus causes the separation of soil
particles. The physical process implies that the disjoining
pressure pj;, near the solid matrix will balance the exter-
nal pressure. Therefore, the new ice lens will emerge if
the disjoining pressure exceeds the external pressure.
However, the tensile strength characteristics that main-
tain the mechanical integrity of the soil during this seg-
regation process cannot be neglected (Gilpin 1980;
Nixon 1991; Lai et al. 2017). Considering the resistances
of both external pressure and tensile strength on ice lens
formation, the ice lens formation criterion can be written
as follows (Gilpin 1980):

pliq 20, + Gt*ensile ( 1 7)

*

rensile 15 the tensile strength of the soil in the
frozen fringe, the disjoining pressure is pj, = (Vypy, —
ViOiwk = LA/T,,)v;, 04, stands for the ice-water interfacial
tension, and x represents the curvature of the ice-water
interface (Zhou et al. 2018).

By coupling Egs. (13), (15), and (16) with the boundary
conditions, we can determine the pore water pressure and
temperature in the active zone, then Eq. (17) can be used to
calculate the disjoining pressure of p;;, and define the location
of the newly formed ice lens and thus re-divide the active zone
and the passive zone in the freezing soil.

Mageau and Morgenstern (1980) indicated that the thermal
conduction is the major thermophysical process in the passive
zone with insignificant phase transition and water migration:

or 0 oT
CV§_6_1<)\6_1)

where o

(18)

The growth of the ice lens

After the appearance of the newly formed ice lens, the hori-
zontal soil-free ice lens will block the migration of water to the
previous ice lens, the fluid flow driven by the cryogenic suc-
tion will feed the growth of the latest ice lens near the frozen

fringe (Fig. 5), and the corresponding growth rate of the ice
lens V; can be determined by combing the principle of mass
conservation:

, ,0
V[ — p_wvw - — _kpw pW

pi pi 0z

(19)

=75

where V,, is the migration rate of water at the base of the latest
ice lens. In addition, if the overburden pressure o, acts upon
the top of the soil, the macroscopic ice pressure at the bottom
of the ice lens equals o, and the cryogenic suction at the base
of the ice lens can then be transformed to this form: p,, = %

Vi Oy + va—T T),. It can be found that the pore water pressure

(negative pressure) becomes less negative as the overburden
pressure increases, thus causing a negative impact on the driv-
ing force for water migration. Given the intense phase transi-
tion at the base of the latest ice lens, the energy conservation
equation applied to determine the temperature of the ice lens is
given by:

oT .

p Wi

P (20)

= prwVW |z:zs

=Zs T 1=

where “+” and “—” represent the active zone and passive zone,
respectively.

Frost heave in freezing soil

The thickness of the ice lens (segregation frost heave) can be
obtained by integrating Eq. (19) during freezing, and the de-
formation caused by in situ frozen water (in situ frost heave)
can be determined by considering the volume expansion
caused by phase change of the local water. Additionally, the
consolidation deformation incurred by the effective stress in
the active zone should be calculated separately since the active
zone is constituted by the frozen fringe (intense phase trans-
formation zone) and the unfrozen soil. The formation of the
ice lens at the top of the frozen fringe causes the separation of
soil particles; hence, the macroscopic ice pressure p; equals the
overburden pressure o,. The effective stress for the frozen
fringe can be simplified as follows:

(21)

It can be seen from the Eq. (21) that the effective stress in
the frozen fringe depends upon the saturation degree of water,
which is governed by the temperature and pore water pressure
at a specific position (Eq. 13). In the unfrozen zone, the water
saturation degree S, =1, Eq. (21) can be transformed to the
classical effective stress of saturated soil:

o= O—t_Spr_(l_Sw)o-t = SW(O—t_pw)

o= (0 p,) (22)
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Equations. (21) and (22) control the consolidation defor-
mation of the frozen fringe and the unfrozen soil, respectively.
Besides the deformation in the active zone, the total frost
heave can be obtained by considering the segregation frost
heave and in situ frost heave.

Implementation of frost heave model

Using the finite difference method, the corresponding simula-
tion program compiled by the Matrix Laboratory (MATLAB
R2017a) software was applied to carry out the numerical sim-
ulation of frost heave. Validation of this fully coupled THM
frost heave model is demonstrated through comparison of the
simulated results with the freezing experiment of saturated
clay. The frost heave result predicted by this model is referred
to as Frost heave-I. In addition, frost heave models established
by our previous studies (Zhou et al. 2018; Zhou and Zhou
2012) are also applied to simulate frost heave, and the corre-
sponding predicted results are referred to as Frost heave-II and
Frost heave-III, respectively. Zhou and Zhou’s (2012) frost
heave model (Frost heave-III) primarily focuses on describing
the characterized growth behavior of the ice lens under the
thermal-hydraulic environment. Hence, the volume expansion
(in situ frost heave) caused by the phase transition of the local
water is not taken into account in this model. As discussed in
section 3.1, an improved frost heave model (Frost heave-II)
considering the in situ frost heave and the segregation heave
was proposed by coupling the deformation of soil skeleton
(Zhou et al. 2018). In this paper, it should be noted that the
deformation of soil skeleton is determined by the effective
stress of frozen soil (section 2). Furthermore, the stress devel-
opment incurred by external pressure is taken into account to
present a fully coupled THM frost heave model, and the main
differences between the coupled heat and fluid governing
equations in each model are shown in Table 1.

Hu et al. (2011) conducted the frost heave tests with satu-
rated clay samples having a dry density 1.65 g/cm® and an
inner dimension of 0.1mx0.1mx0.15m. The mass fraction of
clay is 0.37 and that of silt is 0.53, and the vacuum saturated
water content is 0.24. The overburden pressure pushing down
on the clay sample is 50 kPa, and the critical separation

Table 1

%

pressure 0, is simplified as 25 kPa according to Nixon
(1991). The compression coefficient v is 17 x 108 Pa !, and
the soil parameters A and B used to determine the soil freezing
characteristic are 0.099 and —0.523, respectively. During
freezing, the constant cold end temperature is —20 °C, and
warm end temperature is 12 °C, and the freezing time is set to
3480 min.

The unfrozen bulk water in the frozen fringe provides seep-
age conduits for water migration, and the hydraulic permeabil-
ity in the frozen fringe can be determined as K = K,.(0./n)°
(O’Neil and Miller 1985), K, denotes the hydraulic perme-
ability of the saturated soil (Tarnawski and Wagner 1996), and
it can be presented as follows:

0.5 \ 3(d+020;)
l_esat>

~6.88m,~3.63m,—0.025)

Koy =4 x 10‘5(

x el (23)
where m,; and my; denote the mass fraction of clay and silt,
respectively, and d, and o, are the geometrical mean diameter
and standard deviation of the matrix particles.

During freezing, the component contents of each phase
(water and ice) vary with temperature and pore water pressure
(Eq. 13) and thus cause an inevitable effect on the heat con-
ductivity A and heat capacity C, of the soil. The volumetric
heat conductivity and heat capacity can be written as A = A?”
)\fv“‘ )\f and C,=(C#;+ C,0,,+ Cy,), respectively (e.g., Lai
etal. 2014). 6,=1—n, and it represents the volumetric content
of soil skeleton. The \;, A,,, and A\ denote the heat conductiv-
ity of the ice, water, and solid matrix, and the corresponding
values are 2.32 W/(m - K), 0.58 W/(m - K), and 1.95 W/(m -
K). The C;, C,,, and C; represent the volumetric specific heats
of'ice, water, and soil matrix, and the corresponding values are
2.09 x 10° kJ/(m*-°C), 4.18 x 10° kJ/(m>-°C), and 2.2 x
10° kJ/(m’-°C).

The soil parameters are used to conduct numerical simula-
tions of frost heave. The result of Frost heave-II is close to the
measured result, but the result of Frost heave-I matches the
measured result much better (Fig. 6). The disparity between
Frost heave-I and the experimental observation is 5.4%, while
the difference between Frost heave-II and the experimental

The critical governing equations for describing the mass conservation and heat transfer in the active zone

Different models Frost heave-I

Frost heave-II

Frost heave-III

Governing equations
2 (e = (p,—p) L
Pw a2 & Pw=Pi) 5
+ap, F,}f,}/,ls“ 0 0 (1ZSw)Lyps ﬂ]

ot T ot

CF =2 (M) Lyp

ot

(pu=p)Swtpi Opw _ (1=Sw)Lypi oT
+i ”f’z[ oo T,

) .\ _ 3, ap,,
Pw ﬁ% (k %;) - (pw_p[) A + ap; %

or _ 2 or 0P _ el
CE=2(VE) +Lyap %Ly 0%

Sl

Pu) _ 0w 0, 0
<k57>—6r+ Pw 5

QI =2(AZ) 1, 0

o
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Fig. 6 Comparison of frost heave between experimental observation and
numerical simulation

observation is 15.6%. The improved governing equations pro-
vide a more accurate quantitative evaluation of the thermal
and hydraulic state of the freezing soil, and this will benefit
thermal parameters calculation and further facilitate and im-
prove the frost heave prediction. The disparity between the
predicted result (Frost heave-III) and the measured result in-
creases to 33.2%. At the initial stage of freezing, the predicted
result of Frost heave-III is smaller than that of Frost heave-I
and 11, and this implies that the in situ frost heave caused by
the phase transition of local water is necessary for frost heave
prediction (Fig. 6). Furthermore, both results of Frost heave-I
and Frost heave-II present a similar trend, and the heaving rate
decreases with time (Fig. 6). Actually, the thermal gradient
induced water pressure gradient drives the continuous flow
of water into the frozen fringe. The cold end temperature
propagates rapidly toward the warm end at the initiation of
freezing due to thermal diffusion; the decreasing rate of tem-
perature subsequently slows down (Fig. 7a and b). The prop-
agation of cold temperature gradually decreases and stabilizes
the temperature gradient. Additionally, the stable ice crystals
formed in the frozen fringe cause pore blocking and thus re-
duce the seepage conduits and affect the flow of liquid in the
freezing soil. Both of the two physical processes decrease the
velocity of water migration and frost heave. Furthermore, the
comparison between the results of Frost heave-I and the mea-
surement verifies the fully THM coupled frost heave model,
and it is subsequently applied for a specific study of frost
heave mitigation.

Frost heave mitigation

In order to mitigate the detrimental effects of frost heave and
to find an optimal scheme of FSPR for Gongbei undersea

tunnel project of Hong Kong-Zhuhai-Macao Bridge, Hu
et al. (2017) proposed a technical concept and method
(“freeze-up, anti-weakening, frost heave control”) for frost
heave mitigation. This method can effectively limit and con-
trol the thickness of frozen soil by circulating a higher tem-
perature brine in the limiting tube. The monitoring results
from an actual construction indicate that this method can ef-
fectively control the development of the freezing soil and en-
sure the quality of the undersea tunnel project. This innovation
of the freezing technique will provide engineering experience
and a method for large-section engineering construction (e.g.,
tunneling and shaft sinking) under complex geological and
geographical environments for water proofing and strengthen-
ing soil. In order to reduce frost heave, some chemical and
physical methods (e.g., salinization treatment (Sarsembayeva
and Collins 2017) and engineered structure for frost heave
prevention (Li et al. 2012; Zhao et al. 2020)) can be used to
mitigate frost heave. It is noted that the cold end temperature is
still a critical parameter that can be controlled for the artificial
freezing process if the construction environment and condi-
tions are difficult to change for a specific engineering project.
The boundary temperature dominates the temperature gradient
and freezing rate in the soil and affects the crystallization,
phase transformation, and water migration process, resulting
in a difference in distribution and growth of discrete ice lens.
Zhou’s research team (Zhou 1999; Zhou et al. 2006; Hu et al.
2011) applied the intermittent freezing method to investigate
the physical process of frost heave and found that this method
can mitigate frost heave efficiently, whereas the correspond-
ing mitigation mechanism still needs to be explored and
addressed.

In order to observe and discuss the effects of intermittent
freezing on frost heave, a sinusoidal function (Eq. (24)) is used
as an example at the top of the soil to simulate the intermittent
temperature (— 10 to —20 °C) and to show the mitigation
effect caused by intermittent freezing (Fig. 8), and the newly
established THM frost heave model in section 3 is applied to
investigate and explore frost heave mitigation and its physical
process.

To() = —15 + Ssin (% t) (24)
where the amplitude and the period of intermittent freezing are
5 °C and 30 min, respectively.

The same soil parameters and frost heave model
established in this study (section 3.3) are applied to simulate
frost heave under intermittent freezing. The corresponding
frost heave result is referred to as the Frost heave-IV, and
the Frost heave-I obtained under the continuous freezing (sec-
tion 3.3) is used to compare with frost heave under the inter-
mittent freezing. Numerical results show that intermittent
freezing can significantly reduce frost heave, the simulation
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Fig. 7 The temperature distribution and variation in different times (Frost heave-I): (a) temperature distribution during freezing (5 to 3480 minutes) and

(b) temperature variation during freezing (5 to 3480 minutes)

results of frost heave under the intermittent freezing and con-
tinuous freezing are 7.64 mm and 9.38 mm, respectively
(Fig. 9a). Moreover, the frost heave ratio (frost heave divided
by frost depth) as the normalized data are 7.84% and 8.77%,
respectively; this implies that the intermittent freezing can not
only mitigate frost heave but also limit the frost susceptibility
of the soil. By selecting the frost heave data from 1950 to
2250 min, we find that the patterns of frost heave under the
two freezing modes present a different trend (Fig. 9b). The
pattern of frost heave under the condition of Frost heave-IV
increases intermittently rather than continuously, and an obvi-
ous step pattern of frost heave is presented under intermittent
freezing (Fig. 9b). The interesting macro-behavior of frost

period of 30 minutes intermittent temperature |

Intermittent temperature / °C

20 \ \ \
amplitude of 5 °C

20 1 1 1 1 1
0 50 100 150 200 250 300

Time / min
Fig. 8 The profile of the intermittent temperature
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heave demonstrates that intermittent freezing can significantly
mitigate the continuity growth of the ice lens and thus de-
crease frost heave.

During freezing, the intense phase transition in the frozen
fringe provides the driving force for water migration, and
further exploration on the physical properties of the frozen
fringe and the growth mechanism of ice lens will potentially
enable a better understanding of frost heave mitigation and
facilitate further development of the artificial freezing tech-
nique. During intermittent freezing, the frost heave rate sig-
nificantly decreases with the narrowing of the frozen fringe,
and it increases with a thickening frozen fringe (Fig. 10).
Thus, the geometrical structure of the frozen fringe has an
inevitable impact on frost heave. The narrowing of the fro-
zen fringe reflects the upward movement of the freezing
front, and the corresponding temperature of the ice lens
increases during this physical process and decreases the
driving force for water migration, resulting in a limitation
of ice lens growth and frost heave (Fig. 10). The intermittent
increase of frost heave implies that the existence of the
frozen fringe is a necessary condition for the stable and
rapid growth of the ice lens (Fig. 10). Moreover, taking
account of force balance between the thermomolecular
force, hydrodynamic force, and overburden, Rempel et al.
(2004) proposed a relationship between the growth rate of
the ice lens and its boundary position. The growth charac-
teristic shows that the heave rate of the ice lens depends
strongly on the ice lens boundary position and decreases
when the freezing front approaches the ice lens. Therefore,
when the engineering geological conditions have been de-
termined, using the flexible cold end temperature to control
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Fig.9 Frost heave under the intermittent freezing and continuous freezing: (a) freezing period: 0 to 3480 min and (b) freezing period: 1950 to 2250 min

the thickness of the frozen fringe will effectively decrease
the growth of the ice lens and mitigate frost heave in an
actual freezing engineering construction. In the construction
of the Gongbei tunnel, a high-temperature brine circulated
limiting tube was applied to induce the backward movement
of freezing front and to control the development of freezing
soil (Hu et al. 2017), which limits the propagation of the
freezing front and reduces the in situ frost heave, which
reduces the thickness of the frozen fringe and thus results
in reduced frost heave.

In conclusion, the presence of the frozen fringe is signifi-
cant for hydrodynamics and thermodynamics physical pro-
cesses in freezing soil and thus in enabling a stable growth
of the ice lens. Therefore, using the new THM coupled frost
heave model, the intermittent freezing is evaluated and ana-
lyzed as an effective artificial freezing method. Numerical
results show that intermittent freezing causes the narrowing
of the frozen fringe and thus benefits frost heave mitigation.

Conclusions

(1) Taking the soil skeleton, pore ice, and pore water as the
independent bodies to conduct the mechanical equilibri-
um analysis, the pore water pressure and temperature-
dependent effective stress of frozen soil are proposed in
this paper by considering the multiphase interactions
(ice-water-mineral). Considering the effect of soil skele-
ton deformation on heat and fluid transport, the
governing equations describing mass conservation and
heat transfer are improved. By coupling the ice-water
phase transition, the formation and growth of the discrete
ice lenses, and the thermal conduction in the passive
zone, a fully coupled THM frost heave model is subse-
quently established.

The fully coupled THM frost heave model provides a
quantitative method to predict frost heave and to analyze
frost heave mitigation under the intermittent freezing
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condition. Numerical simulations show that intermittent
freezing results in a characterized step pattern of frost
heave instead of a continuous increasing pattern of frost
heave under a continuous freezing. Furthermore, the in-
termittent freezing can significantly mitigate frost heave
and inhibit the potential frost susceptibility of freezing
soil.

(3) During intermittent freezing, the simulated results indi-
cate that the cryogenic structure of the frozen fringe is
significant for the ice lens growth, and the intermittent
freezing induced upward movement of the freezing front
results in the narrowing of the frozen fringe and thus
decreases the growth rate of the ice lens and enables
the mitigation of frost heave. Accordingly, when the lat-
est ice lens is formed, a meaningful artificial freezing
technique which can induce the backward movement of
freezing front will mitigate frost heave and engineering
damages in cold regions.
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