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Abstract

This paper describes a field trial of artificial ground freezing (AGF) carried out in connection with the construction of Line C of Roma
underground. AGF was one of the options considered for the temporary stabilisation of the ground during the excavation of Colosseo-
Fori Imperiali Station. The field trial aimed at assessing the feasibility of AGF in the complex soil profile and groundwater regime of the
subsoil of the historical centre of Roma by establishing the response of the subsoil to the imposed freezing loads, the ability to create a
continuous frozen wall, and the associated coolant consumption. The extensive monitoring data were exploited to conduct a detailed
analysis of the transient freezing process in the stratified subsoil and used to develop and validate a three-dimensional thermo-
hydraulic numerical model. Special attention was given to defining and applying appropriate boundary conditions at the freezing pipes.
The paper discusses the main factors affecting the time-dependent freezing process and explores the applicability of simplified two-

dimensional models for the Fori Imperiali AGF field trial.
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1 Introduction

Artificial ground freezing (AGF) is used in underground
construction to improve the stability of the ground and
control the groundwater flow during excavation. The tech-
nique consists of driving freeze pipes into the ground and
then circulating a refrigerating medium until the ground
temperature around the pipes is below the freezing point
of the groundwater. The resulting frozen ground exhibits
improved mechanical and hydraulic properties, temporar-
ily supporting the excavation and preventing groundwater
inflow.
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The most commonly used refrigerating media are nitro-
gen (N»), liquid at about —196 °C and then exhaust in the
atmosphere (open circuit freezing), or a solution of calcium
chloride (CaCl,) in water (brine), inserted in the pipes
at —20 to —40 °C and re-circulated through a refrigeration
plant (closed circuit freezing) (Orth & Muller, 2013;
Alzoubi et al., 2020). Compared to brine, the advantages
of nitrogen freezing include a more straightforward site
setup and significantly lower temperatures, enabling a fas-
ter achievement of the target frozen body and better han-
dling of emergencies. However, nitrogen freezing comes
with much higher operating costs than brine freezing,
which is generally preferable for more extensive and long-
term freezing applications. Braun et al. (1979), Jessberger
(1980), Schmall and Braun (2006), and Chang and Lacy
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Nomenclature

outer annulus area of the pipe (m?)

effective cohesion (kPa)

specific heat capacity of ice (J/(kg - K))

specific heat capacity of nitrogen (J/(kg - K))
specific heat capacity of solid grains (J/(kg - K))
specific heat capacity of unfrozen water
(J/(kg - K))

water capacity (1/kPa)

external diameter of the perforation hole (m)
equivalent diameter of the outer pipe annulus (m)
external diameter of the inner pipe (m)

external diameter of the outer pipe (m)

diameter of affected soil (m)

diameter of the steady state threshold between the
frozen and unfrozen affected soil (m)

internal energy of ice (J/K)

internal energy of solid grains (J/K)

internal energy of unfrozen water (J/K)

gravity acceleration (m/s%)

small strain shear modulus (kPa)

convection heat transfer coefficient (W/(m?-K))
conductive heat flux (W/m?)

plasticity index

convective heat flux

relative permeability function

saturated hydraulic conductivity tensor (m/s)
unfrozen hydraulic conductivity tensor (m/s)
water latent heat of fusion (J/K)

pipe length (m)

van Genuchten parameter

mass rate of nitrogen (kg/s)

initial slope of the temperature variation with
time (K/s)

pressure of the ice (kPa)

pressure of the unfrozen water (kPa)

van Genuchten parameter (kPa)

Prandtl number

heat (J)

thermal power per unit length (W/m)

thermal resistance of the convection process be-
tween coolant and pipe (m-K/W)
thermal resistance of the conduction
across the pipe tube (m-K/W)

thermal resistance of the conduction
across the insulation cover (m-K/W)
thermal resistance of the conduction
across the mortar (m-K/W)

thermal resistance of the conduction
across the soil (m-K/W)

hermal resistance of the conduction
across the frozen SG layer (m-K/W)
thermal resistance of the conduction
across the frozen Tbla layer (m-K/W)

process

process

process

process

process

process

RYYIon thermal resistance of the conduction process
' across the unfrozen SG layer (m-K/W)

R‘S‘f%v{)‘ffn thermal resistance of the conduction process
' across the unfrozen Tbla layer (m-K/W)

RsG overall thermal resistance in the SG layer (m-K/W)

Rtpla  overall thermal resistance in the Tbla layer (m-K/W)

R; thermal resistance of the i-layer (m-K/W)

Re Reynolds number

s suction (kPa)

Su undrained strength (kPa)

S storage term (1/kPa)

S; ice water degree of saturation

Stes residual unfrozen degree of saturation

Sw unfrozen water degree of saturation

t time (s)

4 thickness of the insulation elastomer (m)

tpin thickness of the inner freezing pipe (m)

thou  thickness of the outer freezing pipe (m)

T temperature (K)

T temperature of the circulating fluid (K)

Ttin inlet temperature of the circulating fluid (K)

T, temperature at the boundary of the freezing pipes
(K)

Ty steady state temperature at the boundary of the
freezing pipes (K)

Ts surface temperature of the outer tube (K)

To undisturbed soil temperature (K)

u velocity of the unfrozen water (m/s)

VN average velocity of nitrogen (m/s)

w water content

Wi, liquid limit

Xp length coordinate of the pipe (m)

z the vertical coordinate (m)

AT coolant—soil vVariation of temperature at the boundary
with the soil (K)

Y specific unit weight of soil (kN/m?)

equivalent thermal conductivity for the multi-

phase soil (W/(m-K))

A thermal conductivity of ice (W/(m-K))

Ains thermal conductivity of the insulation (W/(m-K))

Am thermal conductivity of the mortar filling (W/
(m-K))

AN thermal conductivity of nitrogen (W/(m-K))

Ap thermal conductivity of pipe (W/(m-K))

As thermal conductivity of solid grains (W/(m-K))

250%™ thermal conductivity of frozen SG layer (W/

. mK))

ot thermal conductivity of frozen Tbla layer (W/
(m-K))

jaafrozen thermal conductivity of unfrozen SG layer (W/
(m-K))

Jaafrozen thermal conductivity of unfrozen Tbla layer (W/
(m-K))
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Jow thermal conductivity of unfrozen water (W/
(mK))

UN dynamic viscosity of nitrogen (Pa-s)

¢ porosity

10y friction angle (°)

0i density of ice (kg/m?)
ON density of nitrogen (kg/m?)
05 density of solid grains (kg/m?)

Py density of water (kg/m?)
(pcp)eq equivalent volumetric thermal capacity (J/(K-m?))

(2008) provide a comprehensive overview of the practical
and critical aspects of the AGF technique.

Monitoring should be implemented at all stages of
AGF. Immediately after installation, the as-built positions
of the freeze and secondary holes are generally checked by,
e.g., inclinometers for vertical holes and three-axis magne-
tometers/accelerometers or fibre optic-based techniques for
horizontal holes (Noureldin et al., 2000). Temperature sen-
sors installed in secondary holes are used to measure the
temperature of the ground at different positions around
the freezing pipes. The frozen wall continuity and water
tightness may be checked by controlled pumping and
piezometric head measurements inside and outside the
excavation area. Finally, the displacements of the ground
around the surface and at depth during freezing and thaw-
ing are measured to evaluate and control potential adverse
effects on existing structures. Among other reasons, insuffi-
cient monitoring or inadequate data reduction, leading to
poor interpretation (Viggiani & Casini, 2015), have
induced significant issues, often associated with over- or
under-sizing of the frozen body, in extreme cases leading
to flooding of the excavation (Czaja et al., 2020).

AGF is a highly coupled thermo-hydro-mechanical
(THM) process (Nishimura et al., 2009; Alzoubi et al.,
2020). The application of a cooling thermal load induces
a heat transfer process and redistributes the temperatures
in the soil according to the thermal properties of the con-
stituent materials. It also modifies the groundwater flow,
especially during ice formation, and induces mechanical
deformation (Sopko, 2019; Zhao, 2019). The volumetric
deformation is related not only to the expansion of water
on freezing by about 9% of its volume but also to
temperature-driven water migration, resulting in larger
than initial water contents in the frozen body. During

thawing, the excess water accumulated as ice must be
expelled with transient excess pore water pressures and
final contraction that may be larger than the initial expan-
sion due to irreversible modifications to the soil structure
(Chamberlain & Gow, 1979). Finally, high seepage veloci-
ties can pose significant challenges to the formation of a
continuous frozen wall of the required thickness
(Pimentel et al., 2012; Huang et al., 2018).

Various authors have used monitoring data collected
from real case studies to develop numerical models to sim-
ulate different aspects of the process with various levels of
complexity. Purely mechanical analyses (M) are regularly
carried out to evaluate the stability of the excavation under
the protection of the frozen wall. Often, the analyses are
simply carried out by changing the mechanical properties
of the design soil body affected by freezing (Russo et al.,
2015). If the viscous nature of the frozen ground is mod-
elled explicitly, a finite time to failure is predicted for rela-
tively high load levels (Schindler et al., 2023, 2024). Afshani
et al. (2015) have modelled the effects of freezing and thaw-
ing using a thermo-mechanical (TM) approach, in which
the mechanical properties of the soil are linked to the com-
puted temperature obtained by heat propagation analyses.
Thermal analyses (T) are suitable for optimisation studies
to define, e.g., the layout of the freezing pipes and the
extension of the frozen body during AGF operation
(Gioda et al., 1994; Levin et al., 2021; Sancho Calderon,
2022). As the thermal properties of the ground depend
markedly on temperature, particularly across 0 °C, and it
is necessary to include the latent heat release on phase
change, the partial differential heat equation must be inte-
grated numerically. Coupled thermo-hydraulic (TH) analy-
ses are required if there is significant water seepage, and
convective heat transport cannot be ignored. TH analyses

% - Secondary field trial
Y %

P ® Thermometric rods

e/ ® Freezing pipes

Fig. 1. (a) Plan view of the area of the Colosseo-Fori Imperiali station (https://metrocspa.it/stazione/fori-imperiali/), and (b) particular of the AGF field

trial area.
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Fig. 2. (a) Plan, and (b) lateral configurations of the primary and secondary AGF field trials. (Unit: m).
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require additional constitutive relationships governing the
dependency of the unfrozen water content and permeabil-
ity on temperature (Meschke et al., 2015; Li et al., 2020;
Casini et al., 2023). Ground heave on freezing and subse-
quent settlement on thawing, particularly relevant in tran-
sition soils, can only be predicted by fully coupled THM
analyses (Zhou et al.,, 2013; Viggiani & Casini, 2015;
Zhelnin et al., 2022). However, THM analyses are still
not widely used in practice due to the complex system of
non-linear, time-dependent, coupled partial differential
equations that must be solved and the often intricate layout
of the freezing works that make the simulations computa-
tionally prohibitively intensive.

This work was motivated by the collection of extensive
monitoring data from a field trial of AGF in central Rome.
Their interpretation permitted to gain insight into the tran-
sient freezing process in stratified subsoils. The data also
supported the development and validation of a three-
dimensional thermo-hydraulic numerical model including
an innovative procedure to define the thermal boundary
conditions at the freezing pipes. In previous studies, these
boundary conditions have often been simplified as a con-
stant temperature, equal to a fraction of that of the circu-
lating coolant. In this study, a simplified approach that
solves the heat transfer problem between the coolant and
the surrounding soil was developed to establish a physically
grounded definition of the thermal boundary. Moreover,
equivalent 2D models are examined to reduce complexity
and computational demands, achieving results comparable
to those of the 3D model.

2 Case study: Colosseo-Fori Imperiali Station

The preliminary design of the third line of Roma Under-
ground, or Line C, was approved in October 2002 by the
Municipality of Rome, and the tender for detailed design
and construction was awarded in February 2006. Once
completed, the line will cross the city centre from the north-
west to the southeast, intersecting twice with the existing
metro Line A and once with Line B, and reaching out to
the eastern suburbs for a total length of about 26 km and
29 stations. To date, twenty-two stations and 19 km of line
are operational. The construction of the stations included
in the stretch of the line passing the historical centre is
ongoing; Porta Metronia Station and Colosseo-Fori Impe-
riali Station are expected to open in 2025, and the works at
Venezia Station have just started. All three stations

mentioned above fall within an area of great archaeologi-
cal, historical and artistic value and construction is facing
significant challenges connected to the presence of archae-
ological remnants, the geotechnical characteristics of the
soil, excavation below the water table, and the necessity
of minimising the effects on the historical and monumental
heritage.

Colosseo-Fori Imperiali Station plays a strategic role in
the mobility plan supported by Line C; besides being in one
of the most visited monumental areas in the world, it is a
fundamental interchange with the existing Line B, as out-
lined in Fig. 1(a). The station has an irregular layout with
a maximum length of 150 m and a maximum width of
34 m. It develops under the Via dei Fori Imperiali, close
to the archaeological complex of the Colosseum (1) and
Basilica of Maxentius (2). The station box was excavated
top-down between diaphragm walls with a thickness of
1.20 m and a length of 48 m within the boundaries of the
area left barren of archaeological remnants by the demoli-
tion of the Velia Hill in the 1930s (Perrone, 1955). Since the
required length of the platforms for the trains of Line C is
110 m, and the maximum available length of the archaeo-
logical barren area on the north side of the station is lim-
ited, to create the platform tunnel, it was necessary to
widen the north running tunnel by conventional mining
on either side of the station box.

At the design stage, two alternative ground treatment
methods were considered to ensure the safe completion of
the tunnel enlargement works, namely chemical and
cement injections, and AGF. In both cases, the design of
the ground improvement works was based on the results
of field trials. For the first method, which was the one even-
tually adopted for construction, the field trial was used to
define the composition of the injection mixtures and vari-
ous injection parameters. For AGF, the field trial was cru-
cial to establish the response of the subsoil to the imposed
freezing loads, verify nitrogen consumption, and check the
volumetric response at the ground surface.

3 AGF field trials

As shown in Fig. 1(b), two field trials were carried out
close to the north running tunnel, immediately above the
station tunnel enlargement. The primary field trial included
42 freezing pipes (FP1 to FP42) and 19 thermometric rods
(TR1 to TR19) to measure the temperature in the ground.
The secondary field trial consisted of only four freezing

Table 1

Main physical and mechanical properties of the soil layers.

Soil layers w Y wr Ip 103 c Su Gy
(%) (kN/m?) (7o) (7o) ) (kPa) (kPa) (MPa)

MG - 17.0 - - 34 - 75 -

Tbla 27.0 19.3 25 15 31 20 110 209

SG 28.0 20.0 - - 35 - - 1371

APL 21.5 20.4 46 21.5 26 50 250 463
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(sensors S7) in the Tbla layers, respectively.

pipes (FP43 to FP46) and three thermometric rods (TR20
to TR22). Figure 2 shows a plan and a lateral view of the
field trial configurations. In the primary field trial, the 42
pipes were arranged in two rows, 0.92 m apart of 21 pipes
each, installed vertically from the ground surface. The
spacing between the freezing pipes of each row was
0.8 m, except for the last three freezing pipes on the left,
which are spaced at 1.1 m. The secondary field trial con-
sisted of three freezing pipes arranged in a row, with a
spacing of 0.75 m, and a fourth pipe placed 3 m away along
the transversal direction.

To simulate ground freezing around the tunnel perime-
ter in a hypothetical enlarged section of the station tunnel,
the freezing pipes of the primary field trial were insulated
along the portions that did not require freezing. Specifi-
cally, the freezing pipes along the abutments (FPI-FP6
and FP37-FP42) were activated only between 18 and
33.5 m below ground level (BGL) and thermally insulated
elsewhere. Instead, the central freezing pipes (FP7-FP36)
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Fig. 5. Minimum temperature registered from the sensors of the primary
field trial in the SG and Tbla layers at all 21 thermometric rods as a
function of the average as-built local distance between the thermometric
rods and the two closest freezing pipes.

were activated along two depth intervals of only 2.5 m to
form the crown and the invert, as shown in Fig. 2(b).
The freezing pipes of the secondary field trial were acti-
vated only between depths of 12.5 and 32.5 m BGL for
direct comparison with the primary field trial in a more
straightforward configuration.

All the freezing pipes and the thermometric rods were
assembled on-site and placed in the 34 m long perforation
holes supported by steel casings with a diameter of 168 mm
and a thickness of 10 mm. Before installing the freeze pipes
and the thermometric rods, the as-built positions of the
perforation holes were measured using inclinometers. The
freezing pipes consisted of an external tube made of stain-
less steel with a diameter of 60 mm and a thickness of
3 mm, in 6 m long joined together by threaded and welded
sleeves and an 18 mm diameter copper inner tube with a
thickness of 1 mm. Along the non-active portion, a
25 mm thick cover made by an insulating elastomer pro-
tected by PVC provided the thermal insulation for the
freezing pipes. The thermometric rods consisted of steel
tubes with a diameter of 25 mm, in 6 m lengths joined using
threaded sleeves. Eight temperature sensors (S1 to S8) were
placed along each thermometric rod of the primary field
trial between the depths of 32.6 and 13.7 m, for a total of
152 sensors. Eleven temperature sensors (S1 to S11) were
placed for each thermometric rod of the secondary field
trial between the depths of 32.0 and 22.0 m, with a regular
spacing of 2.0 m, for a total of 33 sensors. Additional tem-
perature sensors were installed in the nitrogen exhaust tow-
ers to monitor the discharge temperature, ranging
between —75 and —130 °C.

Figure 2 also shows the soil profile at the location of the
AGTF field trials, as obtained from the boreholes carried
out to install the freezing pipes and thermometric rods
and perform cross-hole testing. Starting from the ground
surface, the soil profile comprises a layer of made ground
(MG), consisting of heterogeneous sands and silts, with a
thickness of about 3 m, underlain by a layer of fine silty
sand (Tbla) including discontinuous clayey lenses, with
significant vertical and horizontal variability and a
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thickness of about 24 m, extending to a depth of about
27 m BGL. This is followed by an 8 m thick layer of sand
with gravel (SG) and, from a depth of 35 m, a base deposit
of stiff over consolidated silty clay (APL). These ground
conditions are consistent with the general soil profile in
Colosseo-Fori Imperiali Station, as defined by the exten-
sive geotechnical investigations carried out between 1995
and 2011 (Viggiani et al., 2022; Metro C S.c.p.A., 2011a).

Pore water pressure measurements show that the
hydraulic regime within the Tbla layer is almost hydro-
static, with a piezometric head of 14.8 m above sea level
(ASL); a slightly lower piezometric head of about 13.4 m
ASL is observed in the SG layer (Metro C S.c.p.A.,
2011b). The recorded regime of pore water pressure is com-
patible with downward seepage and head dissipation
through the finer-grained lenses in the Tbla layer.
Viggiani et al. (2022) also observed a slight decrease in
the piezometric head in the SG layer moving from the
southeast to the northwest.

Table 1 summarizes the physical and mechanical prop-
erties of the soil layers, derived from extensive and repeated
ground investigations (GIs) conducted since the prelimi-
nary design phase (1995). The physical properties of the
soils were determined from both disturbed and undisturbed
samples collected during successive GlIs. The small-strain
soil stiffness was evaluated from cross-hole tests. For the
coarse-grained soils (MG and SG layers), the mechanical
properties were estimated mainly from in situ test data,
including standard penetration tests (SPTs) and cone pen-
etration tests (CPTs). In contrast, the strength parameters

s -10

VLo y(m)

1020~ x(m)

for the finer-grained soils (Tbla and APL layers) were
derived from laboratory triaxial tests (Viggiani et al.,
2022; Metro C S.c.p.A., 2011a).

4 Monitoring data

Trevi S.p.A carried out the field trial of AGF in July
2011. The set-up included an open-circuit nitrogen distri-
bution system fed by two silos, with capacities of 30 and
5 m>. During activation, liquid nitrogen circulated at an
average flow rate of 3.5 m>/h for 16 days. The total liquid
nitrogen consumption during activation was about
1.28 x 10* m?® (or 80 m?/d).

Figrue 3(a)—(f) shows the profiles of the recorded tem-
perature at different times along six thermometric rods in
the primary field trial, namely TR3 and TR4 near the left
frozen abutment, TR8 and TR11 in the central area, and
TR17 and TR18 near the right frozen abutment. Figure 3
(g)—(1) shows the as-built distance between the six thermo-
metric rods and the neighbouring freezing pipes, which can
be larger or smaller than the design value due to deviations
from the design position of both freezing and monitoring
holes.

In most cases, the temperatures attained their lowest
values on the last freezing day (¢ = 16 d). The temperature
recorded by thermometric rods placed at a more consider-
able distance from the freezing pipes, such as, e.g., TR11
and TR17, was rarely below 0 °C and, due to thermal iner-
tia, continued to decrease monotonically even after the end
of freezing (¢ > 16 d). At all times, the temperature profiles

4(18 "UX (JXAUX 20.8-% ()X
T v \»n"r“J_x.u'.\‘ -
PS* FP7 FP9 74FP11; FP137FP15?FP17¢FP194FP21
mz‘?&%”

: {,nz }.—73?} ‘ %‘fﬁﬁr
Sl

Fig. 6. Three-dimensional model of the primary field trial created in the Comsol Multiphysics® environment with details of the positions of the freezing

pipes and mesh refinement. (Unit: m).
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Table 2

Physical, hydraulic and thermal properties of the layers adopted in the numerical analyses.

Soil layers Physical properties

Hydraulic properties

Thermal properties

Ps ¢ Kat m P S'es As Cps
(kg/m’) (m/s) (kPa) (W/m-K) (I/kg'K)
Tbla 2626 0.41 5% 107° 0.42 35 0.08 2 800
SG 2844 0.44 1x107* 0.4 4 0 5 600
APL 2674 0.36 1% 1077 0.39 180 0.15 1.5 1000

from thermometric rods TR8 and TR 11, located in the cen-
tral area, showed two minima at depths of 19 and 33 m,
corresponding to the crown and the invert of the frozen
wall. The thermal insulation of the freezing pipes appears
not to be perfect, as indicated by decreasing temperatures
over time at sensors S3, S4, S5 (22-29 m depth), and S8
(13.7 m depth).

The soil type significantly affected heat transmission,
with temperatures in the SG layer consistently lower than
those in the finer-grained Tbla layer at all thermometric
rods; at the end of freezing, the minimum temperature
recorded at TRS8 in the SG layer was below —50 °C and
around —20 °C in the Tbla layer. This is due to heat trans-
mission in coarse-grained soils being faster than in fine-
grained soils due to the higher thermal conductivity of
the solid particles (Chang and Lacy, 2008), but also to
the fact that the coolant at the base of the freezing pipe
is inherently colder as its flow along the outer annulus is
directed upwards.

The larger spacing of the freezing pipes on the left of the
field trial does not significantly affect the temperature pro-
files, e.g., thermometric rods TR4 (left) and TR18 (right).
The smaller the distance between the freezing pipe and
the thermometric rod, the lower the recorded temperature.
For instance, the temperatures recorded at TR17 were con-
sistently higher than those at TR18 because its average dis-
tance from the freezing pipes is more than double that of
TR18S.

Another influencing factor is the number of neighbour-
ing freezing pipes; for instance, the temperatures recorded
at TR3, which had four neighbouring freezing pipes
(FP1, FP2, FP3 and FP4), were consistently lower than
the temperatures at TR4, which had only two neighbouring
freezing pipes (FP1 and FP3).

Figure 4 illustrates the time evolution from selected
thermometric rods of the primary field trial at depths of
31.8 m (sensors S2) and 18.9 m (sensors S7) in the SG
and the Tbla layers, respectively. As expected, all temper-
atures decreased during freezing, with a higher rate for
smaller distances between the thermometric rod and the
active freezing pipe. In the SG layer (Fig. 4(a)), at the
end of freezing, the temperature of the sensors in the rods
closer to the freezing pipes (TR3, TR8, TR18) increased
rapidly, tending to an asymptotic temperature of about
0 °C after 24 days. The sensors in the rods placed further
away from the freezing pipes (TR4, TR11) show the effects

of thermal inertia, with a minimum value reached after the
end of freezing. The trends of the recorded temperatures in
the Tbla layer (Fig. 4(b)) are very similar. In contrast, the
minimum temperatures achieved at the end of freezing are
higher, and the response of the sensor in thermometric rod
TR18 appears dampened.

Figure 5 shows the minimum temperature measured in
the SG and Tbla layers at all 21 thermometric rods as a
function of the average as-built local distance between
the thermometric rod and the two closest freezing pipes.
The data scatter observed can be attributed to multiple
sources: the spatial heterogeneity of the natural soil depos-
its, which significantly impacts the transient thermal
response of the soil, the mutual distances between the freez-
ing pipes and the measurement points, and the temperature
of the coolant at the outlet which varies between —75
and —130 °C. However, the logarithmic trend lines in
Fig. 5 illustrate the relationship between the minimum tem-
perature and the distance from the freezing pipes, clearly
indicating consistently lower temperature values measured
in the SG layer.

5 Numerical simulations

The TH-coupled model used to simulate AGF integrates
the water mass and thermal energy balance equations, pro-
viding the temperature and water pressure field distribution
throughout the domain during the freezing process. This
model neglects volume changes induced by the freezing (as-
suming a constant porosity ¢ = const). This assumption is
realistic for coarse-grained soils, such as the SG layer,
which are not susceptible to frost heave (Armstrong &
Csathy, 1963), but it may be less appropriate for finer-
grained soils like the Tbla layer. In situ monitoring of dis-
placement, however, revealed limited effects of the freezing
operation at the soil surface, with recorded frost heave val-
ues less than 5 mm. Moreover, the focus of this study is on
the thermo-hydraulic aspects of frozen wall formation, so
that the mechanical effects associated with soil surface dis-
placement were deliberately neglected. Appendix A reports
the complete derivation of the governing equations and
describes all the constitutive relations.

In the case study under examination, a three-
dimensional model is required to account for the layout
of the freezing pipes properly, the soil stratigraphy, the
hydraulic regime, and the overall formation of the frozen
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Fig. 7. Transversal section of the freezing pipe showing the layers filling
the gap between the outer tube of the freezing pipe and the surrounding
soil. All shown diameters are external.

wall. However, a fully TH-coupled three-dimensional
model is computationally costly, and in the following, the
monitored data were interpreted using a de-coupled formu-
lation. A stationary pore water pressure regime was
imposed throughout the integration domain, and only the
thermal energy balance equation was integrated into time
and space. This is reasonable because there is no back-
ground seepage, and AGF operations affected only margin-
ally the initial distribution of pore water pressures.

Figure 6 reports the three-dimensional model of the pri-
mary field trial created in the Comsol Multiphysics®
(Comsol, 2023) environment and introduces the space
coordinate system. The domain is a block with a width of
20.0 m, a depth of 20.0 m, and a height of 41.5 m, repro-
ducing half of the primary trial on the side containing the
wider-spaced abutment freeze pipes. The layer of made
ground is not included in the model because it is poorly
characterised, its thickness (2.9 m) is relatively small, and
its presence does not affect the study results. The mesh con-
sists of 323 104 elements, 27 416 boundary elements, 10 948
edge elements and 514 vertex elements, with automatic
refinement near the freezing pipes to enhance simulation
accuracy. Along the pipe boundary, the mesh uses
“mapped” elements with an ‘“‘extremely fine” size, cali-
brated for “general physics” with a maximum element size
of 0.887 m and a minimum size of 0.009 m. For the rest of
the domain, ““free tetrahedral” elements with a “normal”
element size are used (max. 4.44 m, min. 0.79 m), similarly
calibrated for “general physics”.

The vertical plane corresponding to x = 0 is assumed to
be a thermal and hydraulic symmetry plane. All the other
sides of the domain are far enough from the freezing pipes
not to be affected by AGF operations. Therefore, a con-
stant undisturbed temperature 7y = 19.5 °C is imposed
on those sides; from the hydraulic point of view, piezomet-

ric heads of 14.8 m ASL and 13.4 m ASL were imposed in
the Tbla and SG layers, respectively, and a fictitious
impervious boundary was introduced to separate the two
layers and maintain the two hydraulic heads.

Table 2 summarises the physical, thermal and hydraulic
properties of the layers adopted in the numerical analyses.
The physical properties are consistent with those reported
in Table 1. In situ Lefranc tests were used to measure the
saturated hydraulic conductivity (Metro C S.c.p.A.,
2011a). The van Genuchten (1980) retention model param-
eters, P, m, and S, for layers Tbla and APL, were esti-
mated from the grain size distributions using the
empirical method by Arya and Paris (1981). The water
retention curve parameters of the coarser layer, SG, were
chosen to be in the typical ranges for coarse soils
(Wilson, 1990), since its grading is outside the range of
application of Arya and Paris (1981). The thermal proper-
ties of solid grains were set to obtain equivalent thermal
conductivities and volumetric heat capacities that would
agree with literature values for similar soils (Frivik, 1981;
Pahud, 2002). The equivalent thermal conductivity is
defined as a geometric mean of the thermal conductivities
of the different phases weighed by volumetric fractions
according to Gens (2010):

j-eq _ )»gl_ $) ;biwr/);tfm)’ (1)

where S; and S,, are the ice and liquid water degrees
of saturation defined as the volume of ice or water,
respectively, over the volume of voids; A is the thermal
conductivity of the solid particles; 4, = 0.6 W/(m-K) and
A =2.22 W/(m-K) are the thermal conductivities of the
liquid water and ice phases, respectively.

The equivalent volumetric thermal capacity is defined as
a linear combination of the volumetric thermal capacities
of the different phases, weighed by their volume fractions:

(pcp)eq = CP:Sps(l - 4)) + Cp,wprWd) +Cp,ipiSi¢a (2)

where pj, p,, = 1000kg/m?, and p; = 916.2kg/m’, and ¢, ,
cpw= 4.18 kJ/(kg:K), and ¢,; = 2.05 kJ/(kg-K) are the
densities and the mass thermal capacities of solid particles,
water, and ice, respectively.

AGF was modelled by imposing an assigned tempera-
ture T}, at the boundary of the freezing pipes. Heat transfer
from the soil to the pipes decreases the temperature in the
soil, driving the phase change of the pore water into ice.
Only the portions of the freezing pipes below the ground-
water table were considered. The pipes were modelled as
cylindrical impervious boundaries with a diameter of
0.168 m, corresponding to the size of the external steel cas-
ing that supported the perforation holes.

6 Thermal boundary conditions at freezing pipes
The temperatures at the boundary of the pipes 7}, were

computed from a simplified steady-state heat transfer anal-
ysis, considering heat convection between the coolant and
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the walls of the pipe and the radial heat conduction
through the different solid layers separating the coolant
from the soil.

Liquid nitrogen is stored at a temperature of —196 °C.
During circulation, it absorbs heat from the surrounding
environment, increasing its temperature, and undergoes a
phase change. It is eventually released in the atmosphere
in its gas phase at a measured discharge temperature that

varies between —75 and —130 °C. Nitrogen discharge tem-
perature varies from pipe to pipe due to factors such as
location of phase change, thermal dispersion, and differ-
ences in insulation along the pipes. This study simplifies
the heat exchange problem by decoupling (i) the forced
heat convection of the coolant along the pipe from (ii)
the radial heat conduction extending to the surrounding
soil.

In the analyses, a single tube with an equivalent diame-
ter with respect to the outer annulus was considered, in
which the coolant flows upward, exchanging heat with
the surrounding environment through convection. In this
simplified model, the cooling effect from the descending
flow within the inner tube is disregarded; however, the
cooling loss associated with the ascending flow is enhanced.
The evolution of the coolant temperature along the freez-
ing pipe due to forced heat convection was computed
equating the heat absorbed by the coolant and the heat flux
exchanged by convection with the outer surface of the pipe
and integrating along the pipe length, L,. The steady-state
evolution of the fluid temperature along the length coordi-
nate of the pipe Ty (x,) can therefore be obtained as follow,
see Appendix B for details:

Tf(xp) = Ts - (TS - Tf,in)exp <— w>’ (3)

mNCp N

where T is the surface temperature of the outer tube, Tt in=
—196 °C is the inlet temperature at the bottom end of the
freezing pipe, in = 30.67 W/(m*K) is the nitrogen convec-
tion heat transfer coefficient, sty = 0.017 kg/s is the nitro-
gen mass flow rate, ¢, = 1050 J/(kg'K) is the nitrogen
specific heat capacity, and d,.q = 0.036 m is the internal
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diameter of the outer pipe. Calculations were based on a
liquid nitrogen discharge of 3.5 m*/h in 46 freezing pipes
disposed parallelly for 16 days corresponding to the AGF
activation phase. The temperature 7 can be obtained from
Eq. (3) by setting the temperature of the fluid at x, = L,
equal to the average discharge temperature among
all freezing pipes, Tt —-100 °C, which yields to
Ty = —98.9 °C. As the coolant is not directly in contact

with the surrounding soil, radial heat dispersion must be
considered. Figure 7 shows the layers filling the gap
between the outer tube of the freezing pipe and the sur-
rounding soil. The thermal boundary condition in the
numerical model of the field trials is the temperature at
the interface with the ground, located ~50 mm away from
the external tube of the freezing pipes. A layer of high-
conductivity cementitious mortar fills the gap between the
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Fig. 12. Numerical predictions of the secondary field trial both for the design (dashed lines) and as-built (continuous lines) layout, compared with the

observed temperatures.

freezing pipe (diameter dj, o, = 60 mm, thickness 7, o =
3 mm) and the soil, as shown in Fig. 7. Along the insulated
portions, the pipe is surrounded by an insulated elastomer
with a thickness #; = 25 mm.

To characterise the radial heat transfer of an elongated,
slender circular heat exchanger such as a freezing pipe, the
thermal power, O, conventionally expressed per metre
length of the thermally active portion can be expressed
by (Laloui & Rotta Loria, 2019):

. AT
°TSk
B AT

Rl,fluid + R27pipe<+R3,insul) + R4,morlar + RS,soil ’

(4)

where R; is the time-independent thermal resistance, and
AT is the temperature variation. The thermal resistance
associated with the heat transfer process depends on the
geometry of the pipes and the surrounding layers. Specifi-
cally, it accounts for the thermal resistance due to the fluid
thermal convection (R suid), thermal conduction through
the outer pipe thickness (R pipe), insulation when present
(R3insu1), cementitious mortar (Ramorar), and the affected

volume of soil (Rs,). Consistently with the assumptions
made on the boundary condition of the numerical model
of the field trial, this has been taken to extend 10 m from
the axis of the freezing pipe. The steady state position of
the frozen front separating the frozen and unfrozen region
of the soil, with different thermal resistances, was obtained
iteratively. Appendix B details the calculations of the ther-
mal resistances, and the properties considered for each
layer.

Once the thermal power O per unit length is known, the
variation of temperature at the boundary with the soil can
be evaluated as

ATcoolantfsoil = Q [Rl,fluid + RZ«pipe(+R3«,insul) + R4ﬁmortar] . (5)

Figure 8 reports the steady-state temperature profile of
the coolant and freezing pipe boundary conditions for the
primary and secondary field trials. Different soil types
affect heat dispersion by conduction: higher thermal con-
ductivity values, such as in the SG layer, result in more sig-
nificant heat losses. Along the insulated portions of the
pipes, the computed average steady-state temperatures
were T;C =4 °C and 7 °C, in the Tbla and SG layers,

respectively. In the active portion of the pipes, the
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steady-state temperatures decrease with depth according to
the temperature profile of the coolant, ranging from
Ty = =57 °C to —43 °C in the SG layer and from
Ty = =57°Cto =37 °C in the Tbla layer. Finally, it was
assumed that the steady state temperature at the pipe
boundaries would only be achieved asymptotically in time
following a hyperbolic law:

t
—t M’

E

Ty=Ty—

(6)
where 7Ty = 19.5 °C is the soil undisturbed temperature.
This means that at the end of the 16 days of freezing, the
temperature at the boundary of the freezing pipes has not
yet reached the steady state value (see Fig. 9). In Eq. (6),
1/M represents the initial slope of the temperature varia-
tion with time and depends on the material (Vitel et al.,
2015), with steeper initial temperature variations with time
for coarser-grained materials. Here, we assumed values of
M of 0.13 d/K and 0.08 d/K for the Tbla and SG layers,
respectively. The ratio between the values of M for the
two materials is taken to be equal to the ratio between their

thermal diffusivities, defined as the thermal conductivity
over the specific heat capacity.

7 Model prediction

Figure 10 illustrates the predicted contours of (a) tem-
perature and (b) unfrozen water degree of saturation for
the primary field trial at 4, 5, 7, 8, and 10 days after activa-
tion of freezing on the vertical plane (y = 0) between the
two rows of freezing pipes. According to the evidence from
the monitored temperatures (Figs. 3 and 4), the frozen soil
body forms first in the SG layer. This is because of the
higher thermal conductivity of the SG layer, and because
the coolant, flowing upwards, has lower temperatures at
the tip of the freezing pipes. Temperatures below 0 °C
are reached around day 4 and day 7 in the SG and Tbla
layers, respectively. By day 10, a continuous frozen wall
appears to be fully formed. Due to the larger spacing
between freezing pipes, the temperature decrease is less uni-
form along the abutments than at the invert and the crown.
Figure 10(c) shows the ice characteristic curves for the
Tbla and SG layers and the points representing the
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of temperatures below 0 °C; the unfrozen water content
of the soil decreases rather abruptly from Sy, = 1 to the
residual value, S..s = 0.08 and 0.01 for the Tbla and SG
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layers, respectively. Although often the design specification
of the frozen wall thickness is given in terms of relatively
low target temperatures, from the hydraulic point of view,
as shown by the plots in Fig. 10, an impervious wall is
obtained as soon as the residual unfrozen degree of satura-
tion is achieved (Casini et al., 2023).

Figuer 11 compares the observed temperature profiles
along selected thermometric rods from TR1 to TR6 and
from TR9 to TRI11 with the numerical predictions after
7, 12, and 16 days from the beginning of freezing. The
numerical predictions are in good qualitative agreement
with the monitoring data, reproducing well the faster freez-
ing in the SG layer and the impact of the distance of the
measurement point from the freezing pipe.

Table 3
Range of parameters adopted in the parametric analyses.

105

The numerical predictions at the depth of the shallowest
sensors indicate a decrease in temperature over time
because the analyses account for the imperfect thermal
insulation of the non-active portions of the freezing pipes.
This also applies to the non-active segments between the
depths of 22 and 28 m along thermometric rods TR7,
TRS8 and TRY.

The numerical predictions for the primary field trial
were carried out using its design layout, which can differ
from the as-built layout due to unavoidable deviations
from the vertical of both freezing and observation holes.
This can be responsible for at least some observed discrep-
ancies between the measured and predicted temperatures.
Indeed, while the numerical predictions for thermometric

Parameter Symbol Values Baseline value
Thermal conductivity of solid grains Js (W/m- K) 1.25,2.5,5 5
Specific heat capacity of solid grains ¢ps (J/kgK) 600, 1200, 2400 600
Ice entry pressure P (kPa) 4, 40, 400 4
Hydraulic conductivity kar (m/s) 1x107%1%x107% 1% 1078 1.0 x 107*
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Fig. 15. Profile of temperature at various times along the radial distance from the freezing pipes varying thermal (thermal conductivity /s and specific heat
capacity of solid grains ¢, ) and hydraulic properties (ice entry pressure P, and hydraulic conductivity k).
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Fig. 16. Contours of temperature obtained from simplified 2D plane models of the primary field trial at SG layer depths after 7 days from AGF activation

varying the seepage velocity from 0 to 1.6 m/d.

rods placed at the same nominal distance from the freezing
pipes, such as TR2 and TR4 or TRS and TR6, are similar
to one other, the corresponding monitored data often
differ.

As a validation exercise, the observations in the sec-
ondary field trial were predicted using the same numerical
procedures and parameters adopted for the primary field
trial. Because, in this case, the deviations of the freezing
pipes and of the observation holes from the intended design
positions were significant, see Fig. 12(a) and (b), the anal-
yses were repeated both for the design (dashed lines) and
the as-built (continuous lines) layouts. The numerical
model incorporated freezing pipe deviations through rigid
motions based on linear interpolation of the measured
deviations in space, while sensor deviations were directly
applied to individual measuring points. Modelling devia-
tions had minimal impact on the predicted temperatures
for TR21, see Fig. 12(d), which align well with the observed
values for the design and as-built layouts. If deviations are
not considered, the temperatures predicted along TR20 are
lower than observed due to a more considerable as-built
distance between the freezing and observation holes.
Accounting for deviations along TR22 is crucial to capture
the correct temperature profile with depth because of the

significant reduction in the distance between TR22 and
FP4e6.

8 Simplified approaches

For practical applications, it may be desirable to
adopt numerical models with  simplified two-
dimensional layouts to reduce computational effort.
For instance, if the length of parallel freezing pipes is
significantly larger than the characteristic size of a con-
stant excavation section, a two-dimensional domain per-
pendicular to the freezing pipes can be adopted. This
corresponds to assuming plane strain conditions and
no water or heat flow in the direction perpendicular
to the integration domain. On the other hand, a fully
three-dimensional analysis may be needed when freezing
pipes are not parallel, the intervention extension is lim-
ited (e.g., inclined passageways and cross passages), or
there are three-dimensional features in the soil stratigra-
phy and/or the hydraulic regime.

This section explores and compares the results obtained
from simplified two-dimensional plane models of the pri-
mary field trial with those obtained from the entire three-
dimensional model described above.
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Figure 13(a) and (b) shows the contours of temperature
at depths of 31.8 and 19.7 m in the SG and the Tbla layer,
respectively, after 11 days from activation obtained using
2D models with the same temperature boundary conditions
as those described in Section 5. The different thermal prop-
erties of the two layers significantly impact the formation
of the frozen wall, conventionally defined as the volume
of soil at a temperature below —10 °C and indicated in
the figure as a red line. This is 2 m thick at the invert
(Fig. 13(a)) in the SG layer and less than 1 m at the crown
(Fig. 13(b)) in the Tbla layer. In both cases, the increased
spacing at the abutment has a negative effect on the thick-
ness of the frozen wall, which, after 11 days, is still not con-
tinuous in the Tbla layer. Figure 13 also shows the time
histories of the temperatures obtained in thermometric
rods TRS5 and TRY, Fig. 13(c) and (d), and TR1, TR2,
and TR3, Fig. 13(e) and (f), at depths 31.8 m (S2) and
19.7 m (S6). The predictions from the 2D and 3D models
are very close to one another, with maximum differences
of less than 5 °C at any time, and to the experimental data.
This indicates that three-dimensional effects play a negligi-
ble role in the prediction of the temperature fields in the
AGTF field trial at Fori Imperiali.

Figure 14 shows another possible 2D model of the pri-
mary field trial, corresponding to the vertical plane at
y = 0 between the two rows of freezing pipes. Although this
section does not intersect any pipe, ‘“‘virtual” freezing
trenches were placed at a position barycentric between
the two actual rows of pipes, see Fig. 14(a). Once again,
the temperature boundary conditions at the freezing
trenches are the same as those described in Section 5.
The contours of temperature obtained after 16 days from
activation from the 2D and 3D models are qualitatively
comparable; see Fig. 14(b) and (c). For a more detailed,
quantitative comparison between the results from the two
models, Fig. 14(d) and (e) shows the profile of temperature
along two sections of the contours at depths of 25 m,
through the abutment in the Tbla layer, and of 31.8 m,
through the invert in the SG layer, respectively. The tem-
peratures predicted by the 2D model within the frozen
body are lower than those predicted by the 3D model
and obviously equal to the thermal boundary condition
at 16 days, where the section intersects a “virtual” freezing
trench. On the other hand, the predicted extension of the
frozen wall is remarkably similar between the two analyses.
This is because, as indicated by existing results (Viggiani &
Casini, 2015), the temperatures obtained at the middle
point of a line of freezing pipes are not substantially differ-
ent from those at the middle point of only two pipes.

9 Sensitivity analyses

Parametric analyses were conducted to investigate the
influence of thermal and hydraulic properties and back-
ground seepage velocities on the evolution of the freezing
process.

The activation of a single freezing pipe of a length of
20 m, fully embedded in a uniform subsoil, was modelled
in axis-symmetric conditions. A steady state temperature
of 77 = =50 °C was applied at the pipe boundary; once
again, this was reached asymptotically in time according
to Eq. (6) with M = 0.1 d/K. The domain is 20 m high,
and its radius is large enough (20 m) for its temperature
not to be affected by the freezing pipe at 5000 days. The
baseline subsoil properties and hydraulic regime were set
to be those of the SG layer. The effect of the variation of
four parameters, namely the thermal conductivity /s, the
specific heat capacity ¢, s of the solid particles, the ice entry
pressure value P, and the saturated hydraulic conductivity
ksat, was examined. In each set of analyses, one parameter
was varied while the others were kept constant and equal to
their baseline values. Table 3 summarises the ranges of
parameters adopted in the analyses.

Figure 15 shows the profiles of temperature at various
times (day 5, 10, 100, and 5000) with distance from the
freezing pipe; arrows indicate the direction in which the
curves would shift for coarser-grained materials. In the
short term, the key parameters affecting the temperature
profiles are the thermal conductivity and the specific heat
capacity of solid grains, see Fig. 15(a) and (b). Coarse-
grained soils with higher thermal conductivities and lower
specific heat capacities exhibit faster heat transfer; how-
ever, the thermal properties do not affect the long-term
(day 5000) temperature distribution. These analyses indi-
cate that the formation of a frozen wall of specified thick-
ness may lag by several days based on the thermal
properties of the soils; therefore, in AGF applications,
nitrogen activation may have to last longer in finer-
grained materials. Because there is no background seepage,
both hydraulic parameters, namely the ice entry pressure
value P, and the saturated hydraulic conductivity k,, have
a negligible impact on the heat transfer process, see Fig. 15
(c) and (d).

A sensitivity analysis on the effect of seepage velocity
was further conducted using the 2D plane model from
the primary field trial. The domain geometry was the same
as in Fig. 13(a), corresponding to a horizontal section at
the SG layer. The thermal boundary conditions were iden-
tical to those explained in Section 5, while the hydraulic
boundary conditions were configured to impose a horizon-
tal water seepage flow from the bottom to the top of the
domain, perpendicular to the rows of freezing pipes. The
range of seepage velocities investigated spanned from 0 to
1.6 m/d. Figure 16 reports a comparison of temperature
contours evaluated after 7 days of freezing activation for
different water seepage regimes. An imposed seepage veloc-
ity of 0.8 m/d delayed the formation of a continuous frozen
wall by several days with respect to the no background
seepage condition, where a continuous frozen wall at a
temperature lower than —10 °C fully developed by day 7.
This occurs on the left abutment, characterised by a larger
spacing between the freezing pipes. At an even higher
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seepage velocity, e.g., 1.6 m/d, none of the frozen soil cylin-
ders developing around the freezing pipes merged into
another after 7 days of activation. This result agrees with
the recommendation about the critical seepage velocity,
1-2 m/d, reported in the literature (Andersland &
Landanyi, 2003).

10 Conclusions

This paper presents a detailed analysis of the extensive
monitoring data from a field trial of AGF, conducted in
connection with the construction of Colosseo-Fori Imperi-
ali Station of Line C of Roma Underground.

A coupled TH three-dimensional finite element model
was developed to back-analyse the field results, whose
hydraulic and thermal parameters were calibrated based
on the results of the geotechnical site investigation, litera-
ture data, and empirical methods. Special attention was
given to the definition of appropriate thermal boundary
conditions at the freezing pipes. These were computed from
a simplified steady-state heat transfer analysis, considering
heat convection between the coolant and the walls of the
pipe and the radial heat conduction through the different
solid layers separating the coolant from the soil. The
steady-state temperatures at the pipe boundaries are only
achieved asymptotically in time.

Because the fully TH-coupled three-dimensional model
of the field trials was computationally costly, and useless
in the case of no background seepage, the back analysis
of the monitored temperatures was carried out using a
decoupled formulation. Deviations from the intended posi-
tions of both freezing pipes and thermometric rods played
a relevant role, as shown by the results obtained for the sec-
ondary field trial, where these deviations were significant.
For practical applications, it may be desirable to adopt
numerical models with simplified two-dimensional layouts
to reduce computational effort. This study confirmed that
reasonable results are obtained from two-dimensional
models as long as proper choices are made on the equiva-
lent 2D layouts.

Sensitivity analyses were conducted to investigate the
role of the thermal and hydraulic properties, as well as
the water seepage regime, in the freezing process. In the
absence of background seepage flow, the hydraulic proper-
ties had only a negligible effect on the predicted tempera-
ture distribution. Instead, the soil thermal properties
significantly impact the transient temperature distributions,
while not affecting the predicted long-term steady-state
temperatures. Water seepage velocities greater than
0.4 m/d, flowing perpendicularly to the freezing pipes,
strongly affect the shape and the continuity of the frozen
wall, particularly in areas where the spacing between the
freezing pipes is wider. For AGF applications, the forma-
tion of a frozen wall of specified thickness may require sig-
nificantly more time in finer-grained materials than in
coarser-grained materials or in coarse-grained materials
under a significant seepage regime.
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Appendix A Thermo-hydraulic model-governing equations

Hydraulic component

In a fully saturated soil undergoing freezing, pores
between the grains are filled by water in either unfrozen
or frozen phase (S; + Sy = 1, where S; and S, are the ice
and unfrozen water degrees of saturation defined as the
volume of ice or water, respectively, over the volume of
voids) (Guida et al., 2023).

According to the compositional approach (Bear &
Cheng, 2010), the water mass balance is expressed in chem-
ical species, thus accounting for both unfrozen water and
ice. The change in water mass (liquid and ice) over time
is equal to the net inflow/outflow, solely due to liquid water
seepage:

0
¢E(prW + piSi) =-V- (pwu)7

where ¢ is the porosity of the medium, p,, = 1000 kg/m?
and p; = 920kg/m*® are the unfrozen water density and

(A1)
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the ice density, and u is the velocity of the unfrozen water,
defined according to the Darcy’s law:

u=—-KV (p—w +z),
pug

where p,, is the unfrozen water pressure, z is the vertical
coordinate, and K = kg,k, is the unfrozen hydraulic con-
ductivity tensor defined as the product of the saturated
hydraulic conductivity tensor kg, and the relative perme-
ability function k.. According to the unsaturated soil
framework, the relative permeability assumes values rang-
ing between 0 and 1, proportionally to the unfrozen water
degree of saturation (van Genuchten, 1980).

Assuming the water and the ice as incompressible

(A2)

(%« =% = (), the first storage term in Eq. (A1) becomes

¢>< O | aSi) =-V- {—g(vaﬂwwg) :

PWW Pi@ (A3)

The unfrozen water degree of saturation S,, depends on
suction s by the water retention curve reported in Eq. (A4)
(van Genuchten, 1980). Under freezing conditions, suction
s is defined as the difference between the pressure of the ice
p; and the pressure of liquid water p,,.

Sy =1-58 =S+ (1 —Sm)(l ¥ (S)_) (A4)

P
where Sy, is the residual unfrozen degree of saturation, and
P and m are model parameters that depend on the soil and
fluid type.

The thermo-hydraulic coupling is defined by the ice
pressure, expressed as a function of the liquid water pres-
sure p,, and the temperature 7 using the Clausius Clapey-
ron equation (Nishimura et al., 2009):

A P
pi*p Pw plLln273157 (AS)

where L = 334.72 kJ/kg is the water latent heat of fusion.
The degree of saturation of unfrozen water and ice depends
on water pressure p,, and temperature 7 through suction.
Applying the chain rule, the partial derivatives of Eq.
(A3) can be rearranged as

05, _ 0 _0S.0s_0S. (s op, 05 OT
ot Ot Os Ot Os

w

op. ot +8T8t)' (A6)

The quantity “water capacity” C, was introduced to
define the partial derivative of the unfrozen water degree
of saturation over suction, according to Bear and Cheng
(2010):

OSw m S\ PREREE
Cy=—-¢ asw =¢(1 7Sres)m (ﬁ) (l + (;) ) . (A7)

Developing the partial derivatives of Eq. (A6) and sub-
stituting them into Eq. (A3), the governing equation can be
expressed as a function of the two unknowns, p,, and T:

LOT

Opy,
wpPi T or

puS—+ (py — p)C

K
. v A
By v g(pr+pwg) . (A8)

where S = =20 C_ is the storage term depending on the
P,

W

water capacity Cy,.

Thermal component

The thermal energy balance equation is written assum-
ing that the internal energy for the entire phases of the por-
ous medium is the sum of the internal energies of each one
of the three phases (Gens, 2010): solid (s), liquid (w) and ice
(1). To ensure energy conservation, the change in internal
energy must be equal to the net inflow/outflow of heat:

0

En [Esps(1 — ¢) + EwpSwd + EipiSid]

==V (ic +Jgw), (A9)

where E; = ¢, T, Ey = c,wT and E;j = —L 4 ¢,;T are the
internal energies of the three phases weighted by the vol-
ume fractions; ¢, (see Table 2), ¢, = 4186 J/(kg'K) and
cpi = 2100 J/(kg-K) are the specific heat capacities of solid
grains, liquid water and ice, respectively; i, = —A,qVT is
the conductive flux defined according to the Fourier’s
law; /¢q is the equivalent thermal conductivity, defined as
a combination of the thermal conductivities of the different
phases according to doq = 47?15?75 where J is the ther-
mal conductivity of the solid particles (see Table 2),
Jw = 0.6 W/(m*K) and 4 = 2.14 W/(m+K) are the thermal
conductivities of the liquid water and ice phase, respec-
tively; jg, = Ewpy 1s the convective flux for the liquid
water phase only, assuming the other steady.

Substituting the previous definitions, Eq. (A9) becomes

0 L
ot psPs(1 = P)T + cpupuSwdT + (_T + Cp«,i) piSi¢T:|

=V [~4qVT + cpuTp, 1.
(A10)
Assuming that the variation in time and space of the
degree of saturation is negligible in terms of thermal energy
conservation compared to that of the temperature
(B2 = 0; V- (cpuTpyt) = cypyt-VT) and developing
the partial derivatives, Eq. (A10) can be finally rewritten as

0 L
ot {Cp‘sps(l - )T+ CrwPySwPT + (_T + Cp‘,i) PiSid)T}

= -V (—4qVT) — cpwpyu-VT.
(A11)

Appendix B Heat propagation from the coolant to the soil

The nitrogen temperature rises from its controlled stor-
age level of —196 °C in the tanks, to a measured discharge
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value of about —100 °C. During circulation, it undergoes a
phase change, absorbing heat from the surroundings and
increasing its temperature. This study simplifies the heat
exchange problem by decoupling (i) the heat convection
of the fluid flowing upward in a single tube with an equiv-
alent diameter with respect to the outer annulus of the
freezing pipes from (ii) the radial heat conduction towards
the surrounding soil. The effect of the descending flow
within the inner tube is disregarded.

Heat-forced convection of the freezing coolant

The evolution of the coolant temperature along the
length of the pipe is attributed to the heat absorbed dQ
by the fluid during the ascending forced convection pro-
cess, regulated by Newton’s law of cooling:

mN
pNAann

The Prandtl and Reynolds numbers evaluated for gas
nitrogen are:

VN =3.51m/s. (B3)

. PN VNdp,eq

Re = — 31386; Pr = “NN _ ) 76,

HN AN
where uy is the dynamic viscosity and Ay is the thermal
conductivity of the fluid, reported in Table Bl for different
temperatures. The nitrogen phase change causes the Rey-
nold number to rise from approximately 1862 in the liquid
state to around 31 386 in the gas state, indicating a transi-
tion to turbulent flow. Fluid properties are evaluated at ref-
erence temperature corresponding to the average between
the inlet, outlet and outer tube temperatures.

(B4)

Table Bl

Thermophysical properties of nitrogen at different temperature and atmospheric pressure.

Temperature Density Specific heat capacity Dynamic viscosity Thermal conductivity Phase
T (°0) px (kg/m’) epn (V/(kgK)) px (Pas) N (W/mK))

—-196 806.6 2041.0 1.61 x 10~ 0.145 Liquid
-196 4.556 1123.1 543 x 107° 0.007 Gas
—146 2.675 1054.1 8.69 x 107° 0.012 Gas
—-131 2.386 1050.0 9.61 x 107° 0.013 Gas
—-116 2.155 1047.3 1.05 x 107° 0.015 Gas
—-101 1.964 1045.5 1.14 x 107° 0.016 Gas

dQ = hn[Ts — T (xp) | ndpeqdxy (B1)

where hyn 1s the convection heat transfer coefficient for
nitrogen, 7 is the temperature of the outer tube, 7; is
the temperature of the circulating fluid, x, is the length
coordinate of the pipe and d,.q is the equivalent diameter
of the outer annulus of the two co-axial tubes. The convec-
tion heat transfer coefficient (4yn) depends on the thermo-
physical properties and the state of the fluid. For fluids
with Prandtl number Pr, ranging between 0.5 and 100 in
turbulent regime, Ay can be evaluated according to the
semi-empirical relation proposed by Colburn (1964):

hx = 0.023¢,npn VN Pr¥*Re ™02, (B2)

where ¢, is the specific heat capacity, py is the density,
V' is the velocity, and Re is the Reynolds number of the
gas nitrogen. The fluid velocity was estimated based on
the overall discharge rate of nitrogen, assumed to be
evenly distributed across the 46 freezing pipes of the pri-
mary and secondary field trials. At —196 °C, nitrogen
remains in its liquid state; however, during heat exchange
in the outer annulus of the freezing pipes, liquid nitrogen
transitions to the gas phase. Given a flow rate of
iy = 0.017 kg/s, the corresponding velocity of the gas-
eous nitrogen in the outer annulus is calculated as
follow:

Taking the heat absorbed by the liquid nitrogen (first
term of Eq. (BS)) to be equal to the heat flux
exchanged by convection on the outer surface of the
pipes at temperature 7, and integrating along the pipe
length L,, it is possible to determine the evolution of
the fluid temperature, assuming that only the outer tube
of the freezing pipe exchanges heat with the surrounding
environment:

I’i’lNC[,‘NdT = hN [Ts — Tf (xp)}ndp,chxp, (BS)
or
hnTedy cqX
Te(xp) = Ty — (Ts — Trin) €Xp (— ﬁ) (B6)
P

T was evaluated by imposing an inlet and outlet tempera-
tures of Ty, = —196 °C and T¢(L,) = —100 °C, respec-
tively. The pipe length is L, = 33.5 and 32.0 m in the
primary and secondary field trials.

Calculation of the thermal resistance in the heat conduc-
tion process around the freezing pipe

The thermal power O per unit length in steady state con-
ditions is defined as the ratio between the temperature
change AT over the sum of all the time-independent ther-
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mal resistances (R;) of the different layers crossed, assumed
in series. The thermal resistance of the system depends on
the type of heat processes involved, thermal properties
and thickness of the crossed layers. The processes consid-
ered in thermal resistance calculations are summarised in
Table B2 and listed below:

(1) Thermal convection between the freezing coolant and
the external tube of the pipe.

(2) Thermal conduction across the thickness of the outer
tube of the pipe (characterised by a thermal conduc-
tivity 4, = 15W/(m - K));

(3) Thermal conduction across the elastomer insulation,
when present (dips = 0.03W/(m - K));

(4) Thermal conduction across the mortar
(i = 20W/(m - K));

(5) Thermal conduction across the affected volume of the
soil, subdivided in a frozen (A" = 2.0W/(m - K),
Jgeen —35W/(m-K)) and  unfrozen layer
(A = 12W/(m - K), 28" = 2.0 W/(m - K)).

filling

Consistently with the assumptions made regarding the
boundary condition of the field trial numerical model, the
affected volume of soil was considered to extend 10 m far
from the axis of the freezing pipe (with an affected soil
diameter d; =20 m). The threshold between the frozen
and the unfrozen volumes of soil, identified as the diameter
dsr, was evaluated iteratively as the distance where the tem-
perature crosses 0 °C.

Table B2
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Thermal resistances of the heat processes between the freezing pipes and the surrounding layers.

Processes

Thermal resistance

(1) Convection between the coolant and the pipe
(2) Conduction across the pipe tube
(3) Conduction across the insulation cover (if present)

(4) Conduction though the high conductivity cementitious mortar

(5a) Conduction through the volume of the frozen soil

(5b) Conduction through the volume of unfrozen soil

Total with insulation

Total without insultation

L= 1 _ mK

Ry fluid = i = 0.4167 55
oLy (e ) mK
Rz,plpe =m0, In <dp-oul’2"p.o\|() =0.0011 W

1 dpou 26 _ mK
Rajnsu = g In (02) = 3.2157 3

R4,murtar = ﬁln (m) =0.0293 %
(R4 mortar = 0.0712 2K if thereis not insulation)

frozen __ 1 dir\ _ mK
R5Toa = Wln (j) =0.2519 5,

| dsr) _
stzn (452) = 0.1406 3%

frozen __
RS,SG -
unfrozen __ 1 d. _ mK
RSirola = smmom I (ﬁ) =0.2141 2K,
unfrozen __ 1 d. _ mK
R§SG™" = smrmom I (ﬁ) =0.1343 mK

RsG = 3.9463 BK, Ry, = 4.1374 K

RsG = 0.7789 =K, Ry, = 0.9700 K
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