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Numerical simulation of artificial-freezing propagation for subsea-tunnel

construction: Effect of refrigerant temperature and ground water

D. Lee, H.-J. Choi, K. Pham, I.-M. Lee & H. Choi
Korea University, Seoul, Republic of Korea

ABSTRACT: When subsurface water pressure is highly excessive, generally observed in construction of a
subsea tunnel, it is difficult to prevent water inundation even with jet-grouting. The artificial ground freezing
technique has been rapidly developed in the past several decades as an alternative to such a highly performed
grouting technique. The freezing process involves the circulation of a refrigerated coolant through a series of
embedded pipes to convert soil water to ice, creating a strong and watertight zone (wall or ring). The design of
a frozen earth barrier is governed by thermal properties of the soils and pore fluids, response to the freezing
system, and groundwater flow around the cooling pipes. In this paper, the rate of freezing propagation and
the freezing range were numerically simulated with consideration of the refrigerant temperature as a cooling
boundary condition and the effect of groundwater flow to the frozen body shape. As a result of the simulation, it
is found that the freezing rate and range are considerably influenced by the refrigerant temperature. In addition,
the groundwater flow leads to an abnormal shape of frozen soil body and may alert the designer of artificial
freezing to underestimating the dimension of cooling pipes.

1 INTRODUCTION

Nowadays, linking countries and continents to global
transportation system becomes an utmost challenge so
the interest in undersea tunnel increases dramatically.
Among many components of undersea tunnel, cross
passages, connect the parallel tunnels, are required to
equilibrate the air pressure generated while high speed
train’s travelling, and as an emerging exists when disas-
ter occurs. The cross passage contributes an important
role that controls the costs and time of entire construc-
tion. Since the particular working environment, e.g.
the ground deformation, the extra groundwater dis-
charge due to the high water pressure and the difficulty
in emergency, it requires a special technique to con-
struct the cross passages safely and quickly. The jet
grouting method seems to be restricted because of the
high water pressure presence, and the artificial ground
freezing (AGF) method is considered as an efficient
alteration method. Moreover, the further advantage of
AGF method is able to establish a temporarily and
safely working environment to repair the disc cutter
of TBM under unexpected high water pressure.

In this study, numerical analysis is conducted to
determine the optimized freeze pipe configurations
of AGF method. The efficiency of AGF method
is assessed by the required freezing time. A series
of parameter studies is performed to study the
effect of refrigerant freezing temperature, ground-
water flow and freeze pipe configuration on the
freezing time. Two common coolant sources as brine
(temperature = −40◦C) and liquid nitrogen (LN2)

(temperature = −190◦C) are used as the refrigerant
source. A complete stage is defined when the thick-
ness of the frozen wall is more than 1m. Based on the
numerical analysis results, the effect of above factors
on the performance of AGF method can be evaluated
clearly.

2 MODELLING

Finite element analysis (FEA) is used as an approach
for numerical analysis. The optimized freeze pipe con-
figurations correlate to different flow rate of ground
water, temperature conditions can be obtained by
numerical analysis. A 20 × 20 m cross-section area
of a drilling cross passage between two parallel tun-
nels is applied in this numerical analysis. The model
domain and the geometric parameters used for numer-
ical analysis are shown in Figure 1 and the Table 1,
respectively.

The thermal and hydraulic properties of ground are
referred on Geo-Slope, 2007. The basic thermal and
hydraulic properties are both shown in Table 2 and
Figure 2. In addition, Figure 3 and Figure 4 are used
when the groundwater flow is taken into account of
the thermal and hydraulic properties.

In the first case of numerical analysis, the ground
water flow does not exist, the heat transfer mecha-
nism is thermal conduction, so the basic thermal and
hydraulic properties of ground are based on the Table
2 and Figure 2. According to Figure 2-(a), the ther-
mal conductivity of frozen soil is about 2.9 W/mK,
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Figure 1. Conceptual model for numerical analysis.

Table 1. Geometric parameters used in numerical analysis.

Parameter Dimensional value

Depth of domain ZD 20 m
Width of domain WD 20 m
Radius of the cross passage Rf 2∼3 m (parameter)
Spacing of the freeze pipes Tf 0.7∼1.3 m (parameter)

Figure 2. Thermal and hydraulic properties used in first
case.

two times higher than that of unfrozen phase (about
1.5 W/mK). It is caused of 3.7 times higher of ther-
mal conductivity of ice (about 2.2 W/mK) in frozen
soil than that of water (about 0.6 W/mK) in unfrozen
soil. The thermal conductivity of ground is assumed
as a function of temperature in range of −0.8◦C to
0◦C and be constant in the remaining range. In Fig-
ure 2-(b), the ice content appears when temperature
drops to below 0◦C and the corresponding unfrozen
water content decreases gradually with the decrease
of temperature.

In the second case of numerical analysis, which
takes the ground water flow into account, the heat
transfer mechanism consists of thermal conduc-
tion and thermal convection. Hence, the coupled

Table 2. The basic thermal and hydraulic properties.

Parameter Dimensional value

Unfrozen volumetric heat capacity 2900 kJ/m3
·
◦C

Frozen volumetric heat capacity 1450 kJ/m3
·
◦C

In situ volumetric water contents 0.5 m3/m3

Figure 3. Thermal properties used in the second case.

Figure 4. Hydraulic properties used in the second case.

parameters in Figure 3 and Figure 4 are used to
simulate the AGF method. According to Figure 3-
(c), the temperature decrease causes the proportion-
ally decrease of unfrozen water content and drives
the increase of matric suction and the decrease of
hydraulic conductivity simultaneously, these relation-
ships are shown in Figure 4-(b) and Figure 4-(a),
respectively. So, it is possible to establish the criteria
for ice formulation correlates to the hydraulic conduc-
tivity. In this reference, ice is assumed to appear when
the hydraulic conductivity bellows 10−7 m/day.

The optimized freeze pipe configurations correlate
to different refrigerant freezing temperature, ground
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Table 3. The number of freeze pipes according to freeze
pipe configuration.

Radius of Spacing of Number of
cross passage (m) the freeze pipes (m) freeze pipes

0.7 18
2 1 12

1.3 9
0.7 22

2.5 1 16
1.3 12
0.7 27

3 1 19
1.3 14

water flow conditions are obtained by parameter stud-
ies. The refrigerant freezing temperature is assumed to
be −40◦C and −190◦C as the brine and LN2 coolant
in the real field, respectively. Two models, in which the
flow rate of ground water is 1.125 m/day and the other
does not take into account, are conducted to consider
the effect of the ground water flow. In case of taking
ground water flow into account, using Darcy’s Law is
used to simulate the ground water flow; the difference
of total head between two horizontal boundaries is set
to be 0.15 m.

where the hydraulic conductivity is set to be the initial
value, 150 m/day, and the hydraulic gradient is calcu-
lated by the ratio of the total head difference and the
distance between two horizontal boundaries.

In turn of freeze pipe arrangement, the parameter
study is conducted based on the radius of cross passage
(Rf ) and the spacing of the freeze pipes (Tf ).The radius
of cross passage is assumed to 2 m, 2.5 m and 3 m
refer on the general design, respectively. In additional,
there are also three Tf values as 0.7 m, 1 m and 1.3 m
with respect to each Rf . The information of models is
shown in Table 3.

3 RESULT OF NUMERICAL ANALYSIS

Required freezing time to construct the frozen wall can
be estimated by numerical analysis. Generally, the tar-
get thickness, the minimum overlapping frozen zone
thickness between freeze pipes (Giuseppe Colombo,
2008), is set to be 1 m. In this study, the calculation
process with the time interval as 0.1 day is consid-
ered to be complete when the target thickness obtained.
The numerical analysis results respect to the brine and
LN2 refrigerant coolant are shown inTable 4 and Table
5, respectively.

3.1 Effect of cross passage radius on required
freezing time

In this section, the radius of cross passage is ranging
from 2 m to 3 m while the interval spacing is fixed as
1 m to study the effect of cross passage radius on the

Table 4. Required freezing time according to freeze pipe
configuration (Brine).

Required
Radius of Spacing of freezing time (day)
cross passage the freeze pipes
(m) (m) 0 m/day 1.125 m/day

2 0.7 8.3 12.9
1 13 22
1.3 21.5 47.8

2.5 0.7 8.4 12.9
1 13 22
1.3 21.5 47.8

3 0.7 8.4 13
1 13 22.1
1.3 21.6 48.2

Table 5. Required freezing time according to freeze pipe
configuration (LN2).

Required
Radius of Spacing of freezing time (day)
cross passage the freeze pipes
(m) (m) 0 m/day 1.125 m/day

2 0.7 1.7 1.7
1 2.7 2.7
1.3 4.6 4.7

2.5 0.7 1.7 1.7
1 2.7 2.7
1.3 4.6 4.7

3 0.7 1.7 1.7
1 2.7 2.7
1.3 4.6 4.7

efficiency of AGF method. Figure 5 shows the cor-
relation of the required freezing time with the cross
passage radius. The results of numerical analysis show
that the required freezing time was not affected by the
variation of the cross passage radius.

Figure 5 also shows that the required freezing time
is 8.7 times higher when the coolant source is brine
to compare with LN2 coolant source in case of taking
ground water flow into account, and 4.5 times higher
in the remaining case. This means that the required
freezing time to construct can reduce approximately
4.5 to 8.7 times by altering the brine coolant source to
the LN2 coolant source.

Furthermore, according to the numerical analysis
results the flow rate of ground water does not influ-
ent on the required freezing time in case of LN2
coolant source. Meanwhile, the required freezing time
increases about 80% in case of brine coolant source.

Hence, when the construction time is short and
the ground water flow exits the LN2 coolant source
is suggested to be the more advantage method when
comparing with the brine coolant source.
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Figure 5. Required freezing time vs. Cross passage radius.

3.2 Effect of freeze pipe spacing on required
freezing time

In this section, the radius of cross passage is fixed as
3 m, and the spacing of the freeze pipes (Tf ) is ranging
from 0.7 m to 1.3 m to study the effect of Tf on the
efficiency of AGF method. Figure 6 shows the directly
proportional relation of the required freezing time to
the spacing of the freeze pipes. Hence, the freeze pipe
spacing is an important factor in AGF method.

In general, the numerical analysis results show that
the effect of the coolant source on the required freezing
time has almost similar trend with the above section.
However, when the brine is used as the coolant source,
the effect of the ground water flow is more dominant
when the interval spacing increases but this trend is
not significant in the case of LN2. This means that the
brine coolant source is more susceptible with the flow
rate of ground water than the LN2.

3.3 A real case analysis

In order to evaluate the effect of refrigerant freezing
temperature and groundwater flow on the performance
of AGF method, this study conducts a numerical anal-
ysis based on the geometric parameters of general
designs, 3 m for cross passage radius and 1 m for
freezing pipes interval spacing.

In Brine coolant source case, the difference between
Figure 7-(b) and Figure 8-(b) shows the effect of the
groundwater flow on AGF method. After 15days, the
frozen wall thickness still has not obtained the target
thickness when the groundwater flow existed. How-
ever, in LN2 coolant source case, there is not difference

Figure 6. Required freezing time vs. Freeze pipes interval
spacing.

Figure 7. Don’t take groundwater flow into account, Brine.

Figure 8. Take groundwater flow into account, Brine.

between Figure 9 and Figure 10 even though there is
the presence of groundwater flow or not.

Moreover, comparison between Figure 7-(a) and
Figure 9-(a) shows the LN2 coolant source makes
the frozen wall thickness get the target thickness
faster than the Brine coolant source. This phenomenon
occurs because the temperature difference between
freezing pipes and soil, 60◦C in Brine case and 210◦C
in the LN2 case, enhances the thermal conduction in
heat transfer mechanism.
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Figure 9. Don’t take groundwater flow into account, LN2.

Figure 10. Take groundwater flow into account, LN2.

4 CONCLUSION

Parameter study is conducted to determine the effect
of refrigerant freezing temperature, ground water flow
and freeze pipe configuration. The following results
can be derived:

1) The effect of cross passage radius is not significant.
2) The interval spacing is one of the most important

factors needs to be considered in design process.

3) The LN2 coolant source is suggested to be an effi-
cient method when the ground water flow exists and
the required construction time is short.
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