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Abstract: In order to reveal the frost heaving mechanism of void water behind the lining of high-speed railway
tunnels in cold regions, the voids were first classified according to the positional relationship between voids
and waterproof panels, and then the water supply and discharge conditions of different types of voids were
investigated, then the influence of the excretion conditions on the frost heave force was experimentally
studied. Based on these conditions, circular wedge-shaped and flying saucer-shaped void freezing models
were established to analyze the evolution process of accumulated water frost heave. Then, according to the
relative position of the excretion channel and the void, the excretion coefficient was introduced, and the
calculation method of the frost heaving force of the voided water was proposed, and the influencing factors
and laws of the frost-heave force were revealed. The results are shown as follows: 1) The blockage of the
excretion channel will lead to the generation of frost heaving force; 2) The freezing and thawing process of the
water within the cavity develops from the thinnest part of the void edge to the thicker part, and the process
of frost heave-thaw, water replenishment-re-freeze heave of the water within the cavity leads to greater and
greater frost heave force; 3) The frost-heaving force of the water within cavity is controlled by the void height
and the position of the excretion channel. The larger the cavity height is or the closer the excretion channel is
to the bottom surface of the void, the greater the frost-heave force is.

Keywords: high-speed railway tunnel in cold regions; lining void; stagnant water; excretion coefficient; frost
heaving force

1. Introduction

High-speed rail tunnels in cold areas are a special type of tunnel that are very difficult to
construct, operate and maintain. Due to the obvious piston wind effect in high-speed rail tunnels, the
temperature fluctuations in high-speed rail tunnels in cold areas are more severe [1]. The length and
extreme value of the negative temperature section are significantly longer than those of ordinary
railway tunnels and highway tunnels. In addition, high-speed rail tunnels are faster and safer to
drive. The requirements are better, and the problem of freezing damage to tunnels in cold regions is
more complex and harmful. The main manifestations of frost damage to tunnels in cold regions
include ice accumulation on the tunnel bed, ice hanging on the lining, surface peeling, cracking and
loss of blocks, etc. [2]. The harm of collapse is particularly serious. Understanding the mechanism of
frost heaving force caused by water accumulation in the backing and establishing its calculation and
analysis model are the key prerequisites for the prevention and control of this type of frost damage.

The accumulation of water in the cavity of the lining arch is restricted in drainage during the
freezing process, and the volume expands to generate frost heave force [3]. Therefore, the formation
and magnitude of the frost heave force are related to the size and shape of the cavity, water drainage
conditions and temperature. The positive and negative fluctuation processes are directly related, their
formation mechanism and mechanical model are extremely complex, and relevant research is still
lacking [4,5]. Current research on frost heave due to water accumulation in the lining mainly focuses
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on the damage mechanism of the lining structure caused by frost heave force. There is a lack of in-
depth understanding of the formation mechanism and magnitude of the frost heave force, and most
of them use empirical or idealized hypothetical models. For example, Fan Lei [6] used the semi-
formula and semi-empirical method of "elastic equivalent coefficient method" to calculate the
magnitude of the frost heave force of water accumulated between the lining structure and the
surrounding rock. Wang Yawei [7] targeted a specific circumferential elongated cavity and simplified
the lining structure into a semi-circular arch model constrained by hinge supports and elastic fixed
ends, and conducted a quantitative analysis of the frost heave force behind the lining.

In view of the above limitations in the research on the frost heaving of tunnel linings in cold
regions, this paper uses numerical simulation methods to study different types of voids and frost
heaving in combination with the location and morphological characteristics of void formation in the
lining arch and the supply and discharge conditions of groundwater. The evolution characteristics of
frost heave can be studied to study the formation conditions of frost heave force, and then establish
a calculation model of frost heave force to provide support for research on frost heave prevention
and control.

2. Lining void form and water temperature conditions

2.1. Lining void form

The reasons for the formation of voids in the secondary lining of tunnels are very complex [8],
which mainly include: the excavation contour surface or the surface of the primary support is uneven,
and the waterproof board is laid to form a cavity; the margin of the waterproof layer is insufficient,
and the waterproof board cannot adhere to the surface of the primary support. [9]; The workability
of concrete is poor, the density of lining steel bars is too high, the pumping pressure is insufficient,
and the concrete cannot flow to the edge of the formwork [10]; The dry shrinkage of concrete and the
influence of the longitudinal slope of the tunnel [11].

Type Ivoid

board

Type Il void

Figure 1. Void classification behind the lining.

2.2. Conditions for supply and discharge of empty accumulated water behind the lining

For Type I voids, because it is located outside the waterproof layer, the supply and discharge
channels of groundwater are open, and groundwater can penetrate from any direction of the voids,
leaving the voids in a state of water accumulation; when the water inside the voids freezes and
expands At this time, part of the accumulated water will be discharged along the drainage channel.

For type II hollowing, it is located inside the waterproof layer, and the supply and discharge
channels of groundwater are fixed. The groundwater must pass through the waterproof layer
through specific channels before it can flow into the hollowed cavity; when the water in the hollow
freezes and expands, If the supply and discharge channels are not frozen, part of the accumulated
water will also be discharged; if the channels are frozen first, the accumulated water in the cavity
cannot be discharged, and the frost heave of the water body will cause a large frost heave force [12,13].
Therefore, the magnitude of the frost-heaving force of voided water is closely related to the freezing
time of the excretion channel.
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2.3. Short-period fluctuation model of lining surface temperature

In this study, the temperature field monitoring work of high-speed railway tunnels in cold areas
was carried out based on the Harbin to Mudanjiang high-speed railway, and the Hufengling Tunnel
and Zhishan Tunnel, which had the highest altitude on the line, were selected for monitoring. In
previous studies, the sine function with an annual cycle has been widely used to express tunnel
temperature changes, and has been used as a temperature load or boundary condition in model tests
and numerical simulations, such as Hongfu Tunnel [14] and Galongla Tunnel [15] all use the
temperature load function in the form of equation (1).

T=T,+T, sin(2nt /365 + @) 1)

However, continuous measured results of the temperature field show that the diurnal
temperature fluctuations caused by the alternation of day and night are very significant and
widespread [16-18]. In on-site measurements, when the temperature difference in a day reaches more
than 10°C, it is considered that the temperature change on that day has obvious short-period
temperature fluctuation characteristics. The temperature fluctuations at the entrance and exit of the
Hufengling Tunnel reached 90 times in half a year, and the entrance and exit of the Zhishan Tunnel
The temperature fluctuated 130 times in half a year.

Therefore, a sine function with a daily period is used to characterize the short-period fluctuations
of the tunnel temperature field, as shown in Equation (2).

T=T, +T, sin(2nt /365 + @) (2)

In the formula: t is time, h; Tb is the amplitude of short-period temperature change, ‘C; Tmb is
the daily average temperature, 'C; ¢, is the daily initial phase, rad.

3. Simulation analysis of the formation mechanism and evolution process of frost heave force

3.1. Effect of excretion conditions on frost heave force

In order to explore the freezing process of the voided water behind the lining and the formation
mechanism of frost heave force, a frost heave test of voided water behind the lining was carried out.
The test model is composed of two concrete specimens with dimensions of 0.4 m x 0.4 m x 0.2 m, and
the size of the hollow cavity is set to 0.2 m x 0.2 m x 0.1 m, as shown in Figure 2. A temperature sensor
is embedded in the model to monitor whether the water in the cavity is frozen; a film pressure sensor
is also installed to test the frost heave force.

Initial support model Temperature Sensor

Pressure Sensor -

" NFasten and seal

" \Evacuated cavity

\Sprnndag lining model
Figure 2. Frost heave test model for water accumulation in cavity.

Set the test conditions according to the tunnel emptying form, that is:

Working condition 1: During the freezing process of type I emptying water, the water supply
and discharge channels do not freeze;

Working condition 2: During the freezing process of type Il emptying water, the water supply
and drainage channels are frozen first, and the water body in the model freezes later.

By freezing the bottom of the specimen, it was found that: in working condition 1, the freezing
process of the water body in the cavity develops from the bottom upward, and the frost heave force
in the cavity is almost zero; in working condition 2, the freezing process of the water body in the
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cavity Also developing upward from the bottom of the cavity, a large frost heave force is generated
in the cavity, with the average pressure reaching 0.16 MPa.

3.2. Frost-heaving mechanism of voided water behind lining under short-period fluctuation conditions

1)  Numerical simulation plan

This article uses FLUENT simulation software and based on the Solidification/Melting model to
analyze the process of freezing of the dewatered water behind the lining under the condition of short-
period fluctuations in lining surface temperature. Considering that tunnel vault voids often occur at
the highest point of each mold lining near the end formwork, and the void cavities formed by concrete
pouring are mostly circular wedge and flying saucer shapes, circular wedge and flying saucer shaped
void models were established.

@ Boundary conditions

According to the monitoring results of the tunnel temperature field, considering the situation
where the short-period temperature amplitude of the tunnel reaches 15 C under extreme
conditions, the short-period fluctuation function of To=-5+15xsin(2mt/24+¢) is used as the temperature
loading on the lining surface function, the lining surface adopts a convective boundary.

@ Supply and excretion conditions

Based on the supply and discharge conditions of groundwater, two working conditions of top
channel and lateral channel are designed. As shown in Figures 3 and 4, the left side shows the shape
of the hollow cavity, and the right side shows the location of the supply and excretion channels. In
the x-y cross-sectional view of Figure 6, the drainage channel is located at the top of the hollow cavity,
which corresponds to the working conditions in which water seeps into the cavity after the
waterproof panel on the tunnel vault is damaged; in the y-z cross-section of Figure 3 and Figure 4,
the drainage channel is located on the side of the cavity, corresponding to the tunnel arch waist and
other parts. Water seepage, water seepage enters the vault cavity along the waterproof board.

Evacuated cavity -
— - supply and excretion chagnels XY section view
_— >
==
=3 \

z s ,\_, e

y-z section view

Figure 3. Replenishment and discharge conditions for accumulated water in the circular wedge-
shaped cavity.

Eacuated cavity e —
— /—supp]y and excretion channels x-y section view

y-z section view

Figure 4. Replenishment and discharge conditions of water accumulation in the flying saucer-shaped
cavity.

® Grid and parameters

The concrete and water-filled cavity within the void range of the vault are selected as the
research object. The longitudinal length of the circular wedge-shaped and flying saucer-shaped voids
is 2.0 m, and the maximum height of the void is 20 cm. The parameters selected for simulation are
shown in Table 1.
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Table 1. Simulation parameters.

Material name

Parameter Unit Water Concrete

Density kg/m3 998.2 2400

Specific heat capacity J/(kg-C) 4183 970

Thermal Conductivity W/(m-C) 0.60 1.28
Viscosity kg/(m-s) 0.001 —
Enthalpy J/(kg-mol) -2.58e8 —
Heat of fusion J/kg 798 —
Solid phase temperature T -3 —
Liquidus temperature C 2 —

Note: "—" means does not exist.

2) Freezing and thawing analysis of empty accumulated water
(O  Freezing process of water inside the void

Figures 5 and 6 show the freezing process of water accumulation in circular wedge-shaped voids
and flying saucer-shaped voids in the tunnel lining respectively.

Excretory channels
.~ finally freeze

[Ep -

m =
L 4 10203040506070808 1
L
Already frozen 7
— &
\ & 53
02
. Pyt
\ T <5 l & x-y section view
- Excretory channels
- freeze first
Freeze direction @ L
N

y-z section view

Figure 5. Freezing process of circular wedge-shaped cavity.

. Location of
5 0.10203040508070808 1 excretory passage
- .
Levukd Fracton -
o053
x-y section view
Excretory channels
are frozen first
- .
3 y-z section view  Location of
Already frozen excretory passage

Figure 6. Freezing process of flying saucer-shaped cavity.

It can be seen from Figure 5 that during the cooling process, the freezing of the voided water
behind the lining starts from the edge of the voided cavity and develops from the thinnest part of the
voided cavity to the thicker part; during the freezing process, the freezing of the voided water at the
side of the voided cavity The excretory channels (y-z cross-section) freeze first, and the channels at
the top of the void freeze last (x-y cross-section).

It can be seen from Figure 6 that the freezing process of the voided water behind the lining also
starts from the edge of the voided cavity and develops from the thinnest part of the voided cavity to
the thicker part; during the freezing process, the freezing process is located at the side of the voided
cavity (x-y cross-sectional view ) and the excretory channels at the top (y-z section view) are frozen
first.

In general, the freezing sequence of water in the cavity is related to the height of the cavity and
has nothing to do with temperature fluctuations. The smaller the thickness of the water body in the
cavity, the easier it is for the water body to freeze. Under short-period fluctuation conditions,
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temperature fluctuations only affect the freezing rate of water and have no effect on the sequence of
frozen parts.

@ Melting process of water inside the void

Under short-period fluctuation conditions, when a positive temperature occurs in the lining
structure, the ice formed starts to melt from the thinnest part, and then develops to the thicker part.
This is the same as the freezing development process, that is, the ice that freezes first when cooling.
place, it is also the first to melt when the temperature rises, as shown in Figure 7.

[ | N |
ol 03 08 07 09

Liquid Fraction

Already melted

frozen state

& a2
o )
\ frozen state L LN
73, s % 1
N dg 03 >

%)
& s
4y =

Figure 7. The melting process of ice in the empty cavity.

3 The formation mechanism of frost heave force within the void

For Type I voiding, the freeze-thaw cycle basically does not produce frost heave force. Since the
hollowed-out top surface is the initial support, it can be considered that the entire top surface is a
drainage channel. Under the condition of short-term temperature fluctuations, whether it is freezing
or thawing, the groundwater supply and drainage channels will remain open, and frost heaving will
basically not occur. force.

For type II voiding, the frost-heaving force in the cavity will gradually increase under freeze-
thaw cycles. Since the top surface of the hollow is a waterproof layer, the water accumulated in it is
the seepage of groundwater flowing through the contact surface of the lining and waterproof layer
into the hollow cavity. The groundwater infiltration channels are located at the edge of the hollow
cavity, where the thickness of the water body in the cavity is the largest. Thin, it is the first part to be
frozen during the freezing process. Therefore, under the condition of short-term temperature
fluctuations, when the temperature drops and freezes, the drainage channel freezes first, causing frost
heaving force in the cavity; when the temperature rises and melts, the drainage channel melts first,
and the cavity volume increases due to frost heaving of accumulated water, and the new water body
along the channel into the cavity. When freezing again, the excretion channel is also frozen first,
causing frost heaving force in the cavity and causing the cavity volume to increase again. That is,
under the condition of short-term temperature fluctuations, the water body in the cavity will undergo
a cyclic process of frost heaving - melting, water supply - and then frost heaving. This will lead to the
frost heaving force of the structure under the conditions of short-term temperature fluctuations
gradually increasing, and lining cracks will occur. , or even blockage, collapse and other diseases.

4. Calculation and analysis model of frost heave force

After the formation mechanism and evolution process of frost heave force are obtained through
numerical simulation, a more widely applicable frost heave force calculation method should be
proposed, that is, an analytical model that considers the calculation and analysis of frost heave force
under different drainage conditions.

4.1. Frost heave force calculation model

At present, the frost-heaving force of local water-retaining cavities is mostly calculated by
referring to the theoretical definition of the tunnel's overall freeze-thaw circle. The field test frost
heave force ranges from 0.06 to 0.30 MPa [19], and the frost heave force calculated analytically can
reach more than 10 MPa [20]. The results of the two are quite different. There is currently no reliable
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basis for calculating the frost-heaving force due to the freezing of trapped water behind the tunnel
lining.

Some scholars have conducted research on the frost heave force of the local water storage space
around the tunnel [21]. Based on the cavity caused by the uneven early excavation surface of the
tunnel, a frost heave force calculation model considering the elastic resistance of the lining has been
proposed. On this basis, Fan Lei et al. [6] modified and re-derived the original local water frost heave
model by considering the elastic resistance of ice body deformation, as shown in Figure 8. This model
uses three series-connected springs to simulate the deformation of the cavity after the frost heave
force is generated, so that point O does not shift, sets the deformation coordination conditions for the
simultaneous displacement of the surrounding rock and lining structure after the frost heave, and
derives the frost heave force. Calculation formula:

Surrounding rocks Ice Lining

K, A, K. B . K

Figure 8. Calculation model of frost heaving force.

In the formula: «a is the frost heave rate of ice; t is the thickness of the cavity, m; Kr is the elastic
resistance coefficient of the surrounding rock, MPa/m; Ki is the elastic resistance coefficient of the
lining, MPa/m; *Ki is the elastic resistance coefficient of the ice, MPa/m.

However, the above models all ignore the freezing process of water in the cavity and the supply
and discharge conditions of groundwater during freezing. They believe that the water-retaining
cavity is closed, which is different from the actual situation. Therefore, a frost heave force that
considers the discharge conditions of the empty cavity is proposed. Computational model. Since
tunnel vault voids often occur at the highest point of each mold lining near the end formwork, and
the void cavities formed by concrete pouring are mostly circular wedge-shaped, the frost heave force
is calculated based on the circular wedge voids.

4.2. Frost-heaving force of circular wedge-shaped voiding without considering drainage conditions

Assuming that the surrounding rock has the same properties and the gravity of the lining and
surrounding rock is not considered, the water storage space is formulated as a circular wedge shape.
Referring to the calculation model in Figure 9, first calculate the frost heave force caused by the
voided water without considering drainage conditions.

4 A

Lining

Frost heave foré%
|

L

Figure 9. Cross-sectional view of the void position.

According to the local deformation theory, under the action of unit frost heave force, the
deformation displacement value of the surrounding rock is:
1
K +K, @)

The deformation displacement value of the lining is:
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1
K, +K, ®)
Since the frost heave forces acting on the lining structure and surrounding rock are the same:
O(K, +K,)=A(K, +K)) (6)
Let,
0 K +K,
A K +K, 7)
The calculation formula for the volume expansion of water in the cavity is:
Vi=a¥, ®)

In the formula, V» is the cavity volume or the volume of water in the cavity.

Now assume that the outer radius of the lining is ro, the maximum height of the lining void is
¢, the plane angle at the corresponding position is the void length, zo, the center of the arc of the
tunnel arch is the origin, and the longitudinal direction of the tunnel is the z-axis to establish a
coordinate system. Its spatial model is as follows As shown in Figure 10.

Z

Figure 10. Calculation Model of Frost Heave Force in circular wedge-shaped cavity.

The geometric equation of the cavity boundary curve is:

y==tz+n -4,
% 9)

Then the volume of the cavity:

20 V2r0{0—§02 ;
VV:2.[0 IO N Z—§z+r0—§0 dxdz
:Zor02490 - Zo’b\lzroé/o - é/oz

\/2”04,0_;02 (11)

(10)

In the formula,

6, = arcsin
T
Cavity bottom area:
2(22+¢2
S. =2z2+{ -0 20" 12
Ji 0 0 3 21‘0;0-;02 ( )
Cavity top surface area:
4
Sy = 5201”000 (13)

The amount of expansion caused by the freezing of water is equal to the volume deformation of
surrounding rock and lining, that is:

V=S A+ S50 (14)

2(Z2+¢)) 4
oV =22+ 2H-Z 20 20" A4z Q115 15
v |: 2, %6, 32%410_;02 320’60 (15)
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Combining equations (9)-(15), the deformation value of the lining under unit frost heave force
is:
3 Ot(zorfeo —zy 21,8, = &)
- 24 e K +K, 16
2<Z§+§oz)'gM+ﬁZo’66’o¥ (16)
32,66y 3 K, +K,
The frost heaving force on the lining structure is:
a(zorozﬁo —zy0y 21,8, = &)
2 2\2 17
2(z§+§02)-%7(20 e )2 +ﬁzor090 K+ (17
32560-¢y 3 K, +K,

Class IV surrounding rock conditions were selected for calculation, the outer radius 10 of the
lining was taken to be 6.81 m, and the frost heave rate a was taken to be 9%. The elastic resistance
coefficient of the surrounding rock is taken according to the "Railway Tunnel Design Code" [22]. As
shown in Table 2, the elastic resistance coefficient of the lining is 75 MPa/m, and the elastic resistance
coefficient of the ice body is 50 MPa/m[23].

P=(K, +K,)

Table 2. Elastic resistance coefficient of surrounding rock at all levels.

Surrounding rock

I I I I\ v
grade

Elastic resistance ¢ 7600 12001800 500-1200 200-500  100-200
coefficient

4.3. Considering the frost heaving force of circular wedge hollowing under drainage conditions

When there is a groundwater drainage channel in the cavity, part of the groundwater is extruded
and discharged during the frost heaving process of the water body in the cavity, and then the
drainage channel is frozen, and the remaining water body freezes and heaves to generate frost heave
force. The volume of discharged water is mainly related to the location of the drainage channel and
the shape of the cavity. The frost heave force when there is a drainage channel is analyzed using a

circular wedge-shaped cavity. As shown in Figure 11, the height of the emptying cavity is So , and

the drainage channel is located in the range of 0~ & . The water body freezes from the bottom of the
cavity. As the freezing front moves upward, the drainage channel is frozen, and the water body in
the cavity cannot be drained, resulting in Frost heave force is generated.

“vacualed cavity Y Freezing front (location

E d cavity g

Location of of excretory passage) z Zz
FX(I'PFOI’Y passage 1 VA 0

ﬁ\ AT
%

Figure 11. Calculation Model of Frost Heave Force in circular wedge-shaped cavity.

Select the instantaneous state, the height of the freezing front and the excretion channel are the
same, and when they are located at {, — f,, the excretion channel freezes. When there is an excretion
channel, the frost heave force in the cavity is P-, let:

P =pP (18)

In the formula, is the discharge coefficient. When the water body in the cavity frost heaves, the
ratio of the frost heave force when there is water discharge to the frost heave force when there is no
discharge is determined according to the relative position of the discharge channel and the void.

When the water body below the drainage channel is frozen, the volume of water body that will
generate frost heave force during the subsequent freezing process is:

Vi=a¥, (19)
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Vv7:Z1r02¢o_ero\/Zro(go_ﬁo)_(go_ﬂo)z (20)
(00=arcsin \/2"0(;0 _ﬁo)_(go _ﬁo) @1)
Ty
Zl=—§°é;0ﬂ° z (22)

At this time, the drainage channel has frozen. According to the calculation results of (4-14), the
frost heave force generated by the remaining water body is:
P =(K,+K,)x

oz, =220 (G0 = B) = (€0 = B
2 _ 2 _2 (le+(§o_ﬁo)2)2 i KV+K,
2(21 +(g0 IBO) ) 3 2”0(;0 _ﬂo)'(go _ﬂo)z ’ 3 AT K,- +K,
Comprehensive equations (17), (18), and (23) show that:
B :E _ (z]ruzq)ﬂ _21%\/276(§o _ﬁn) —(_{0 _ﬁo)2> «

P (Zorozeo _Zo%Vzrogo - {02 )

2 2 _z(zg+§02)2 ﬁ K’+K’v 24)

[2<ZO+§O -3 S ) X +K1] (

2 a2 2+, - B 4 K, +K,
[2(21 & - B)D VoG- fie B +3 21,0, X +K,]

(23)

When By =0, that is, when the volume of water discharged during the freezing process is 0, the
frost heave force =P . When A 02(0, the volume of discharged water is equal to the volume of

water expanded when freezing, and the frost heave force P=0 The B values of the excretion channel
at different positions of the cavity height are obtained. During actual engineering use, the value can

be determined by referring to the relative position BlS of the excretion channel and the emptying
cavity, as shown in Table 3. The graph of the relationship between the excretion coefficient and
excretion channel position is shown in Figure 12.

Table 3. Elastic resistance coefficient of surrounding rock at all levels.

B,/S 0 0.2 0.4 047  0.53 0.6 0.67 0.73 0.8 0.87  0.93 1

B 1 0.85 0.69 0.63 0.57 051 0.44 0.37 0.3 0.21 0.12
1
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Figure 12. Value curve of groundwater excretion coefficient.

It can be seen from the figure that the magnitude of the frost heave force is directly related to the
location of the excretion channel. When the excretion channel is located at the top of the void, the
water in the cavity is squeezed out during the freezing process, and there is basically no frost heave
force in the cavity; when the excretion channel is located at the bottom edge of the void, the excretion
channel is frozen first during the freezing process, and the void The cavity becomes a closed space,
and a large frost heave force will be generated in the cavity; both the discharge coefficient and the
frost heave force decrease as the distance between the discharge channel and the hollow bottom
increases.
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5. Conclusions

(1) Based on the positional relationship between voids and waterproof panels, two types of void
definitions are proposed, and the water temperature conditions of voids are revealed. That is,
type I voiding with open drainage conditions is located on the outside of the waterproof board;
type II voiding is located on the inside of the waterproofing board with semi-open drainage
conditions; and the short-period fluctuation characteristics of the tunnel temperature are
characterized by a sinusoidal function with a daily period.

(2) Experiments combined with numerical simulations analyzed and summarized the formation
mechanism and evolution process of the frost heaving force of deconcentrated water. Through
experiments, the influence of different drainage conditions on frost heave force was found. On
this basis, short-period fluctuations in temperature were considered, and the circular wedge-
shaped and flying saucer-shaped voiding models were proposed. Through numerical
simulation, it was found that the freezing and melting of voided water all started from the
voiding The thinnest part of the edge develops towards the thicker part. During the freezing
process of devoured water, type I devacuation will not produce frost heave force, while type II
devacuation will produce greater frost heave force due to the freezing of the drainage channel.
The process of frost heaving-melting, water replenishment-re-frost heaving of Type II
devacuated water causes the frost heaving force to become larger and larger.

(3) According to the relative position of the drainage channel and the void, the drainage coefficient
is introduced, and an analytical model for the calculation and analysis of frost heave force is
proposed. Taking the ratio of the frost heave force when there is water discharge and the frost
heave force when there is no discharge as the discharge coefficient, it is found that the closer the
discharge channel is to the relative position of the hollow bottom, the greater the discharge
coefficient and the greater the frost heave force.
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