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ABSTRACT: Ice-rich permafrost ground is highly vulnerable to thermal disturbance, with thaw-induced
strength loss posing major risks to infrastructure. As climate-change—driven warming and heat release due to
construction activities limit the effectiveness of permafrost preservation techniques, this study proposes a
steam-heating—based preconstruction thawing and ground improvement technique as a climate-adaptive
foundation strategy. Small-scale experiments were performed on permafrost physical models to investigate the
effect of ice lenses on the performance of a closed-loop, steam-driven probe. Two types of models were tested:
one consisting of saturated frozen fine sand with only pore ice, and another containing an artificial ice lens in
addition to the pore ice. The progression of the thaw front was monitored using temperature measurements
from thermocouples, and the steam energy requirement was determined based on the collected condensate.
Preliminary results showed that the presence of ice lenses substantially alters the radial propagation of the thaw
front in permafrost ground during steam heating. In ice-rich ground, meltwater released from ice lenses
surrounding the probe accumulates in depressions formed by soil surface settlement, enhancing lateral heat
transfer and increasing the thaw-front radius near the surface. Beneath the meltwater-filled depressions,
however, the thaw-front radius decreases. Moreover, for fixed heating durations and equivalent thawed
volumes, the collected steam condensate increases with excess ice content, indicating higher latent heat
demands and reduced energy efficiency. These findings provide guidance for field-scale steam probe design
for pre-construction thawing in ice-rich permafrost regions.



1 INTRODUCTION

Climate warming and construction-induced heat
transfer accelerate permafrost degradation, causing
ground instability and differential settlement that
threaten northern infrastructure, including pipelines,
roads, railways, transportation corridors, and
airports, particularly in warm ice-rich permafrost
regions that are highly vulnerable to minor
temperature increases (Fortier et al. 2011; Stephani
et al. 2022; Hjort et al. 2022; Afsharipour et al.
2024).

To address these challenges, conventional
permafrost preservation techniques have been widely
employed to maintain frozen ground conditions and
reduce maintenance costs (Malenfant-Lepage et al.
2012, Remchein et al 2009). However, their
effectiveness may be increasingly compromised
under extreme warming scenarios and sustained
operational heat loads, limiting their long-term
reliability (Doré et al. 2016; Stephani et al. 2022).

Consequently, alternative engineering strategies
are being explored to enhance ground stability in
permafrost regions. One such approach involves the
controlled artificial thawing of permafrost ground,
followed by consolidation using  ground
improvement techniques, and subsequent refreezing
with reduced ice content to produce thaw-stable and
climate-adaptive ground (Ngo et al. 2022). While this
method has already been adopted in limited
applications, such as gold mining and pile
installation, its wider implementation remains
constrained by the lack of systematic engineering
methods and design guidance, particularly for large-
scale ground treatment (Cysewski & Shur, 2012;
Esch, 2013; Nouri et al. 2025).

This study proposes a novel closed-loop, steam-
driven thawing technique that should be capable of
controlled, large-scale permafrost thawing with year-
round applicability. Earlier investigations examined
its performance in frozen, saturated sand with pore
ice only (Nouri et al., 2025, under review). The
present work extends this ongoing research by
examining ice-rich conditions, quantifying the
influence of ice lenses on thaw-front development
and energy efficiency, with implications for field-
scale implementation.

2 EXPERIMENTAL SET-UP

A laboratory-scale wooden cell (520 mm x 480 mm
x 340 mm, wall thickness 50 mm) was used to
simulate permafrost ground. The external surfaces
were insulated with 50 mm of extruded polystyrene
and 10 mm of expanded polystyrene to minimize
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lateral heat fluxes. A serpentine copper tubing
network was embedded at the base beneath a thin
layer of glass powder to ensure uniform thermal
contact. Flexible, impermeable polyethylene sheets
were first applied to the inner surfaces to prevent
water leakage into the cooling system, followed by a
geotextile layer to facilitate uniform saturation (Fig.
1).

Two soil models were prepared from frozen,
saturated sand to simulate permafrost ground with
and without excess ground ice. The reference model
contained only pore ice (model A), while the second
model (model B) included a single artificial ice lens
between 50- and 90-mm depth, representing excess
ground ice conditions (Fig. 2).
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Figure 1. Layout of instrumentation and steam probe
configuration (dimensions in mm) for thawing experiments
outside the cold room.

In each model, a 10-mm-thick saturated gravel
layer was first placed at the bottom to facilitate
uniform saturation. Natural fine sand (Groupe
Bellemare, #100 mesh) was then placed in 40-mm-
thick layers and lightly compacted to a target dry
density of 1.57 t/m? (relative density 50%). The sand
was then saturated by upward injection of de-aired
water and subsequently frozen. To simulate
permafrost ground with an ice lens, model B was
prepared by adding a 40-mm-thick artificial ice lens
at predetermined depth within frozen, saturated sand
layers. Freezing was achieved by circulating ethylene
glycol through the base tubing at approximately
—10°C, while the entire box was placed inside a
walk-in cold room (0 to —5 °C), resulting in one-
dimensional upward freezing (Go et al. 2019;
Sweidan et al. 2022). Finally, a pre-cooled 10-mm-
thick dry gravel layer was placed on the surface to
reduce heat transfer from the laboratory environment
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during handling and prevent unintended thawing
prior to the start of the tests (environmental heat flux
~ 70-80 W/m?; surface temperature =~ 8 °C).

A small-scale steam-driven heating probe (closed-
end copper tube, 15 mm outer diameter, 14 mm inner
diameter, 300 mm long) was installed vertically at the
centre of the model. Saturated steam (105 °C, 0.1
MPa) was injected into the probe at a controlled rate
for a duration of three hours, while condensate was
continuously collected via a peristaltic pump.
Thawing tests were conducted at 21 °C (outside the
cold room) to simulate pre-construction ground
thawing during summer conditions. Temperature was
monitored using T-type thermocouples (£0.1 °C
accuracy; 0.01 °C precision) installed at different
depths and radial distances from the probe to track
the progression of the thaw front. Volumetric water
content was measured using CS655 sensors (£3%
accuracy; <0.05% precision) at 130 mm depth and 75
mm horizontal distance from the probe. Soil heat flux
at the gravel surface was measured with an HFPO1
sensor (3% accuracy).
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Figure 2. Schematic of soil and ice layer arrangements
used in permafrost physical modeling.
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3 RESULTS

Figure 3 indicates the spatial temperature
distributions at the end of steam heating for models
A and B.

Model A contained only pore ice (28.23 x 10°¢
mm?, 39% of the frozen volume). The thaw radius
decreased with depth, measuring 240 mm at 10 mm,
119 mm at 50 mm, 114 mm at 90 mm, 96 mm at 170
mm, 85 mm at 250 mm, and 72 mm at 290 mm. The
total thawed volume was 11.32 x 10° mm? (15.64%
of the frozen volume), including 4.42 x 10° mm? of
melted pore ice, corresponding to approximately 4.05
L of water. The measured condensate mass was 1.4
kg.
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Figure 3. Spatial temperature distribution at the end of
thawing test for Models A, and B. The 0 °C isotherm,
indicated by the red line, represents the thaw front.



Model B contained an ice lens at 50—-90 mm depth
(7.24 x 10° mm?®) and pore ice (25.41 x 10° mm?),
corresponding to 32.65 x 10° mm?® of total ice
(approximately 45% of the frozen volume). The thaw
radius increased to 150 mm at 50 mm, then decreased
with depth, measuring 90 mm at 90 mm, 90 mm at
170 mm, 66 mm at 250 mm, and 45 mm at 290 mm.
The total thawed volume was 10.91 x 10°® mm?
(15.1% of the frozen volume), including 5.62 x 10°
mm?® of melted ice (3.38 x 10® mm? pore ice and 2.24
x 10® mm? ice lens), corresponding to 3.10 L of water
from pore ice and 2.05 L from the ice lens. The
measured condensate mass was 2.0 kg.

In both models, the thaw-front radius is largest in
the upper 50 mm, reflecting the combined effects of
ambient laboratory heat flux at the soil surface (~70—
80 W m2) and the substantially higher heat flux from
the probe wall (~1200-1500 W m™2). The presence of
an ice lens fundamentally alters thaw patterns. Model
A, without an ice lens, shows a continuous decrease
in thaw-front radius with depth. In contrast, model B,
which contains an ice lens, exhibits non-uniform,
depth-dependent behaviour. At shallow depths (<90
mm), the thaw-front radius in Model B was larger
than in Model A. This is attributed to thawing of the
ice lens surrounding the probe, which induces surface
settlement. Meltwater released during thaw
accumulates in near-surface depressions, where its
high specific heat capacity enables it to store and
gradually release thermal energy, enhancing lateral
heat distribution primarily through conduction.
Between 90 and ~170 mm depth, the thaw-front
radius in model B remains nearly constant and
smaller than in model A. Residual ice within the 50—
90 mm lens continues to consume latent heat,
increasing local thermal resistance and limiting radial
thaw-front propagation. Beyond ~170 mm depth, the
thaw-front radius decreases more rapidly than in
model A, indicating a reduced downward heat flux.

The presence of an ice lens also significantly
increases the steam energy required to achieve a
given thaw volume. Estimates based on measured
condensate masses indicate that model B required
approximately 4.54 MJ of steam-released energy,
compared with 3.18 MJ for model A, corresponding
to a ~43% increase. These values represent lower-
bound estimates, as they do not include heat
transferred by uncondensed steam within the probe or
the sensible heat of the condensate prior to collection.
Melting 4.05 kg of ice in model A requires the input
of approximately 1.35 MJ of latent heat of fusion,
whereas the higher ice content in model B (5.15 kg,
including the ice lens) increases the latent heat
requirement to approximately 1.72 MJ (~27%).
Additional sensible heat is consumed in warming
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frozen soil to 0 °C and raising the temperature of
thawed soil above 0 °C, with model B further affected
by the accumulation of ~2.05 L of surface meltwater,
which acts as an additional thermal sink. Together,
the higher latent heat of the ice lens and the additional
energy needed to heat the surface meltwater explain
why the overall energy demand in model B is higher.

Comparison of thaw efficiency and energy
efficiency highlights the impact of excess ice on
thawing performance. Although models A and B
were heated for the same duration and achieved
similar thawed volumes, model B required ~43%
more energy to reach a slightly smaller thawed
volume, reducing energy efficiency by
approximately 33%. In contrast, thaw efficiency in
terms of thawed volume per unit time remains similar
between the two models. These results indicate that
pre-construction thawing techniques in ice-rich
permafrost ground should account for the additional
energy required to maintain energy efficiency, even
when thaw rates are comparable.

These results indicate that, for field-scale steam-
probe testing in ice-rich permafrost ground, site-
specific characterization of ice content and
distribution of ice lenses is essential, as ice lenses can
alter thaw patterns and increase energy demand.
Incorporating these insights into pre-thawing
strategies can improve energy efficiency, promote
uniform thaw, and reduce operational risks.

4 CONCLUSIONS

Laboratory-scale testing demonstrated that a closed-
loop, steam-driven probe can effectively thaw
permafrost within a controlled zone, enabling
subsequent drainage, consolidation, and
strengthening of the ground prior to infrastructure
construction. However, its performance is strongly
influenced by the presence of excess ground ice,
which increases the steam energy required to thaw
the target area. In soils containing ice lenses,
meltwater released from the lenses surrounding the
probe accumulates in depressions formed by soil
surface settlement, enhances lateral heat transfer, and
increases the thaw-front radius at shallow depths,
while layers below the meltwater-filled depressions
may exhibit a smaller thaw-front radius compared to
soils without ice lenses. These findings highlight the
critical role of ice lens distribution in controlling
thaw dynamics, affecting both thaw geometry and
energy requirements for controlled permafrost
ground thawing.
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