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Abstract

Pile foundations are frequently employed in permafrost regions to support various infrastructure systems
due to their robust load-bearing capabilities in frozen soils. However, these foundations are susceptible
to diminished bearing capacity and higher displacements when subjected to warmer temperatures in
permafrost areas. This paper introduces a research initiative aimed at devising a retrofitting method to
increase the load carrying capacity of steel pile foundations in thawing permafrost regions. The primary
objective was to re-establish frozen conditions in the thawed soil surrounding pile foundations and foster
adfreeze bonding at the interface between the pile and the soil. The proposed refrigeration technique
entails circulating a low-temperature freezing liquid (Antifreeze) within steel pile tubes to explore the
feasibility of reducing the temperature of both the pile and its adjacent soil. Ideally, this process would
induce freezing at the pile-soil interface, thus enhancing the load-bearing capacity of pile foundations
in warming permafrost regions. A model pile load test setup was devised, employing steel pipe piles
embedded in cohesionless, ice-poor soils, to investigate the potential formation of adfreeze bonding
induced by the circulation of freezing liquid within the pile. Experimental findings demonstrated that
localized freezing effectively reduced the temperature of the pile and its surrounding soil and facilitated
the development of adfreeze bonding at the pile-soil interface. Remarkably, exposure to circulation of
antifreeze liquid for just 25 minutes led to a substantial increase in the pile shaft capacity, doubling its
initial strength.
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Introduction

Pile foundations have long been favored as a reliable choice in permafrost regions,
offering sturdy load-bearing capacity and consistent performance in various infrastructure
projects on icy terrain. When inserted into frozen soil, these foundations primarily distribute
their loads to the surrounding ground through adfreeze bonding at the interface between
the pile and the soil. The ultimate load capacity of these piles heavily relies on the shaft
resistance along the permanently frozen depth, while the contribution of toe bearing in
frozen soil is often considered minimal [1,2]. The effectiveness of foundation systems in
frozen soils largely depends on maintaining the strength of this adfreeze bond at or below its
designated temperature. Disrupting the adfreeze bond between the pile and its surrounding
soil would result in significantly weakened interface strengths. Generally, colder soils offer
higher adfreeze bond strengths, but increasing ground temperatures weaken the bond,
leading to a decrease in its long-term shear strength [3]. Over the past decade, a noticeable
rise in permafrost temperature has been observed, leading to permafrost degradation and a
consequent decrease in the shear strength of frozen soil [4,5].

Various types of pile foundations have been employed in frozen terrain to transmit the
load of superstructures to the frozen ground materials. Timber piles are often treated with
wood preservatives to prolong their service life [6]. However, the use of such treatments may
diminish the adfreeze bond at the interface between the pile and the frozen soil. Concrete
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piles, on the other hand, are not the preferred option for use in fro-
zen ground due to the relatively low tensile strength of concrete
[6]. Steel piles emerge as the most prevalent type of piles in frozen
ground and permafrost regions. They offer versatility, being suit-
able for installation in both warm and cold permafrost conditions.

Research on pile foundations in permafrost regions has gained
significant traction due to the increasing challenges posed by cli-
mate change and the need for sustainable engineering solutions.
Previous research has highlighted the profound impact of tempera-
ture changes on the load transfer and displacement behavior of pile
foundations. Jellinek [7] showed that the strength of the adfreeze
bond between the pile and frozen soil is directly linked to tempera-
ture. At exposure temperatures ranging from 0 °C to -13 °C, shear
failures predominantly occurred at the interface between the steel
pile and ice, while temperatures below this threshold resulted in
failures within the ice itself. Moreover, it was observed that the
adfreeze bond between the pile and soil notably diminishes with
increasing ambient temperatures in frozen soil. Vialov [3] docu-
mented that the adfreeze strength at a temperature of -2 °C could
potentially be three times the pile-soil bond strength observed at
-0.5 °C in the same soil conditions. Additionally, a slight tempera-
ture rise of just 1 °C was found to increase the creep settlement by
35% for a pile subjected to constant axial load and installed in ice-
rich silt (Ladanyi, 1995). Permafrost degradation was also reported
to significantly reduce the bearing capacity of pile foundations [8].

Numerous strategies have been adopted to mitigate the trans-
fer of heat from superstructures to frozen ground, aiming to uphold
the adfreeze bond and prevent adverse effects on foundations such
as settlements or heaving. Open crawlspaces, for instance, have
been strategically employed to allow cold winter airflow beneath
entire buildings, effectively curbing heat transfer to permafrost.
Thermosiphons, operating as passive soil refrigeration systems,
act as a conduit for heat exchange between the soil and the atmo-
sphere, contributing to permafrost preservation in both continuous
and discontinuous permafrost zones [9,10]. Similarly, Cold Air Re-
frigerant Systems (CARS) have been utilized to extract heat from
the ground by circulating cold air within pile foundations during
winter months, thus reducing the time required for refreezing [11].
More recently, Sun et al. [12] explored the possibility of using solar
energy to induce refrigeration in the soil. In another study, Shang
et al. [13] explored the application of concrete thermal piles to cool
warming permafrost influenced by climate change. Liu et al. [14]
presented an experimental study on the thermal performance of
quicklime (CaO) energy piles in warming permafrost. Shang et al.
[15] developed a refrigerant system to reduce the refreezing time
of cast-in-place pile foundations in permafrost regions. While these
methods have proven effective in minimizing heat transfer from
structures to frozen ground, their widespread adoption in the con-
text of ground warming induced by climate change remains some-
what limited. Consequently, there is a pressing need for the devel-
opment of innovative retrofitting techniques to maintain the frozen
conditions of foundation soils in permafrost regions.

This study explores a refrigeration technique aimed at reducing
the ground temperature surrounding piles in warming permafrost

regions, with the goal of enhancing the load-carrying capacity of
pile foundations. The proposed approach involves the circulation of
an antifreeze liquid, maintained below 0 °C, through steel pipe pile
foundations. The underlying hypothesis is that by utilizing a cold
liquid, the temperature at the interface between the pile and the
soil can be lowered, thereby potentially reducing the temperature
of both the pile and its surrounding soil. This technology can be
implemented using a cooling mechanism, such as a freezer or heat
pump, along with a piping system to facilitate the transfer of the
liquid through the pile along its shaft. Two ports are integrated into
the pile body; one serving as the inlet for the liquid to enter the pile,
and the other directing the liquid back to the freezer. This setup
enables the continuous circulation of the cooling liquid.

This innovative technology shows potential for retrofitting ex-
isting pile foundations in warm permafrost regions or integrating it
into new piles where future cooling might be necessary. The study
investigates the circulation of a low-temperature freezing liquid
into steel pile tubes to explore the feasibility of reducing the tem-
perature of both the pile and the pile-soil interface. The ultimate
goal is to induce freezing of the soil surrounding the pile, thereby
enhancing the load transfer of pile foundations in warming perma-
frost regions. This paper provides a comprehensive overview of
this technology, including details of the experimental setup utilized
for the development and testing of pile-soil systems under varying
exposure temperatures.

Model Soil Properties

In this study, experimental testing of model pile-soil systems
was conducted using a sandy soil with a fine content of less than
5%. This soil was chosen due to its simplicity in sample prepara-
tion for model pile tests and the availability of material character-
istics for numerical simulation. A sieve analysis test was conducted
to determine the grain size distribution of the soil in accordance
with ASTM D 422 (2003) [16]. The results indicated D60, D30 and
D10 values of 0.263, 0.185 and 0.130, respectively. Furthermore,
the soil’s coefficient of uniformity (Cu) and coefficient of curvature
(Cc) were calculated to be 1.4 and 1.0, respectively. According to the
Unified Soil Classification System, the soil belongs to the category of
poorly graded sand (SP). The maximum dry density of the soil was
determined to be 1900 kg/m3, with an optimum moisture content
of 14%, as obtained through a standard proctor test.

Model Piles

Steel is commonly used for pile construction in cold regions in
various configurations such as pipe piles, H-sections, and helical
piers. In relatively warm permafrost conditions, open-ended steel-
pipe and H-steel section piles can be driven to sufficient depths to
establish a robust adfreeze bond and provide high bearing capacity.
In cold permafrost environments, however, closed-end pipe piles
may be installed in oversized predrilled holes and subsequently
backfilled with a sand-water slurry. For the purposes of this ex-
periment, steel pipes measuring 1375mm in height and 47mm in
diameter were employed for model pile load testing (with an inner
diameter of 42mm). The total and average surface roughness val-
ues for this specific type of steel were measured using a FARO arm
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measuring device, yielding values of 9.7um and 11.3um, respective-
ly [17]. The model pile was customized to allow for the circulation
of antifreeze within the pipe section to investigate the potential
reduction in temperature at the pile-soil interface level. Two holes
were drilled into the body of the pile to serve as inlet and outlet
points for the antifreeze. Utilizing fittings and connecting a lengthy
hose inside the pile to the inlet fitting, the antifreeze was pumped
into the pile from the bottom until it filled the entire length of the
pile up to the top cap. Both the bottom and top of the pile were
welded, and all holes, including those for fittings and strain gauge
connections, were meticulously sealed to prevent any potential
leakage. The outlet was positioned near the top of the pile to ensure
proper circulation of the freezing liquid along the length of the pile
(Figure 1).

Top of the Pile

Top of the Pile
welded and
sealed

Inlet of
Antifreeze
into the pile
Outlet of
Antifreeze
out of the pile
Freezing
Liquid filling
entire pile from
Bottom of the
Pile welded

Ir—» bottom to top

~ Bottom of
the Pile

and sealed

Figure 1: Schematic view of steel pipe with inlet and
outlet for circulation of the freezing liquid.
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Experimental Setup

The model pile experimental tests were conducted within the
environmental chamber, commonly referred to as the cold room,
at Carleton University. This chamber with dimensions of 3m x 4m
and a height of 2.4m offers precise temperature control ranging
from -20 °C to 5 °C with an accuracy level of +/- 1 °C. To facilitate
monotonic loading on model piles, a pile load testing frame was as-
sembled within the environmental chamber. A schematic represen-
tation of the test assembly is illustrated in Figure 2. Additionally, a
reaction platform was assembled within the environmental cham-
ber to facilitate pull-out load testing. This reaction frame comprised
two concrete block columns positioned on either side of the test
pile and barrel system. The columns were interconnected via two C
Channel-shaped steel reaction beams, with a steel plate positioned
across the channel section serving as a reaction platform for the
application of axial pull-out loads. Axial pull-out loads were applied
using a hydraulic jack coupled to a steel rod connected to the pile
head, vertically aligned with the pile axis. Force measurement was
conducted using a load cell positioned at the connection point of
the steel rod and pile head cap to ensure proper alignment. The
load cell was linked to a data logging station for measuring axial
resistance, while axial displacement at the pile head and soil sur-
face was recorded by two Linear Variable Differential Transducers
(LVDT) devices connected to a reference beam. The reference beam,
a 2-inch x 4-inch timber beam, was connected to the reaction col-
umns to accommodate the LVDTs used for monitoring the displace-
ment of the pile during pull-out and soil settlement.

Figure 2: a) Schematic view of experimental setup, b) A view of the model pile and the soil container (barrel) used in
this experiment.
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Furthermore, a barrel container measuring 850mm in height
and 582mm in diameter was utilized to contain the soil model. The
model closed-end pipe pile was embedded within the poorly grad-
ed sand in the barrel at an embedment depth of 700mm (Figure 2).
In preparation for the model soil, the sand was mixed with approxi-
mately 14% moisture content and left within a sealed container for
approximately 24 hours to ensure uniform moisture distribution.
Subsequently, the soil was layered within the model test contain-
er with a thickness of approximately 100mm and compacted to
achieve a dry density of approximately 1800kg/m3 (95% of maxi-
mum dry density). The uniformity of the sample was maintained by
monitoring the thickness of each soil layer. Following the compac-
tion of each soil layer within the barrel, 5TE moisture sensors and
thermocouples were strategically placed at various distances from
the pile surface within each soil level to monitor moisture content
and the temperature of the model soil during testing (Figure 3).

Figure 3: Model soil preparation and instrumentation.
Instrumentation

The model pile was outfitted with multiple strain gauges to de-
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(a)

tect the strain experienced by the pile during the load transfer test
(Figure 4). The strain gauges (Tokyo Sokki Kenkyujo Model) were
affixed to the exterior of the model pile using M-Bond 200 glue,
with the wires routed through a small hole to the interior of the pile.
Subsequently, the holes were sealed using multiple applications of
M-Coat polyurethane and a protective coat of silicon to waterproof
the gauges. Following the attachment of the strain gauges, the input
wires were routed through the interior of the pile to the top section,
where they were connected to a data acquisition system (NI-MAX).
Readings from the strain gauges were obtained both during the cir-
culation of antifreeze into the pile and during pile load testing.
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Figure 4: Strain gauges’ location on model pile.
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Figure 5: a) 5TE sensor layout at each depth, b) Placement of STE sensors within the soil.
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A total of twelve sets of 5TE probes were used to measure the
soil’s temperature at various depths and distances from the model
pile during testing. These sensors were installed within the soil sur-
rounding the pile at four distinct elevation levels (100mm, 300mm,
500mm, 700mm) and three different distances (10mm, 20mm,
30mm) from the pile to monitor temperature variations in both the
vertical and horizontal directions (Figure 5). In addition, a series
of thermocouples (Model TT-T-30-SLE-500) were also employed to
measure the temperature at the pile-soil interface level and within
the soil. These thermocouples are capable of measuring tempera-
tures below the freezing point and were positioned in four sets: one
set near the pile surface at depths of 100mm, 300mm, 500mm and
700mm, and the remaining eight sets placed within the soil at inter-

(a)

vals between the 5TE sensors and the pile. This placement allowed
for the capture of the temperature profile in close proximity to the
pile’s surface and facilitated monitoring of temperature variations
in both vertical and lateral directions.

LVDTs with an impressive accuracy of 0.01mm were employed
to monitor the displacements of both the pile and the soil surface.
As illustrated in Figure 6, two LVDTs were incorporated into the ex-
perimental setup. One LVDT was installed on the joint plate of the
pile to record the displacement of the pile during pile load testing.
The other LVDT was positioned on the soil surface near the pile to
measure the settlement and potential frost heave of the soil when

subjected to freezing temperatures induced by the circulation of
antifreeze into the pile.

(b)

Figure 6: a) LVDTs installation locations in experiment setup, b) a view of the whole experimental setup (green tubes
used for liquid circulation).

Experimental Procedure

Figure 7: The freezer and Antifreeze as source of cold temperature.
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The primary objective of this research was to assess the fea-
sibility of reducing the temperature at the pile-soil interface level.
To accomplish this goal, an industrial antifreeze liquid was circu-
lated within the pipe pile to lower the pile’s temperature and in-
duce freezing at the pile-soil interface. A full container of the anti-
freeze liquid was housed within a freezer set to a temperature of
-20 °C, effectively reducing the temperature of the liquid well below
its freezing point (Figure 7). Within the environmental chamber,
where the pile and soil system were subjected to a temperature of
0 °C to simulate conditions in warming permafrost regions, a 1/12
HP pump was employed to circulate the antifreeze liquid through
a 7/16-inch transparent tube from the antifreeze container inside
the freezer to the pile’s inlet system. To minimize exposure to ambi-
ent air temperature and maintain the desired applied temperature,
alayer of insulation was wrapped around the transparent tube. The
antifreeze liquid was continuously pumped into the pile through
the inlet, which then directed the liquid to the bottom of the pile.
Subsequently, after circulating through the pile shaft, the antifreeze
liquid was directed back to the freezer via the outlet tube. This cir-
culation process was sustained throughout the duration of the test.
To ensure the integrity of the system, all holes and fittings along the
pile shaft (including strain gauges, inlet, outlet, bottom, and top cap
of the pile) were meticulously sealed through welding and silicon
coating.

Pile Load Testing

Axial pull-out load tests were conducted on the model pile both
before and after the application of freezing following ASTM D1143/
D1134M (2007) standards [18]. Initially, a pile load test was per-
formed on the model pile while the pile-soil system was exposed
to a surface temperature of approximately 0 °C to evaluate the

load-carrying capacity of the pile under unfrozen conditions. The
loading procedure involved the incremental application of loads at
manually controlled intervals, designed to bring the pile to failure
while ensuring equilibrium of interface forces. As per the recom-
mendation of De Nicola and Randolph [19], a pile head displace-
ment equivalent to 10% of the pile diameter was considered as the
failure criteria to determine the ultimate pile capacity. Subsequent
to measuring the initial load transfer of the pile, the antifreeze
liquid, exposed to a temperature of -20 °C, was circulated into
the model pile over a period of 25 minutes (Figure 7). Once tem-
perature equilibrium was achieved at the pile-soil interface level, a
similar pile load test was conducted to evaluate the load-carrying
capacity of the model pile under frozen conditions.

Results and Discussion

Pile pull-out bearing capacity without use of cooling sys-
tem

Initially, the pull-out capacity of the pile was assessed under un-
frozen conditions, with the soil temperature maintained at around
0 °C. The maximum pull-out capacity of the pile was determined to
be 326 N at a pile head displacement of approximately 3mm (Fig-
ure 8). It was observed that the pile capacity remained relatively
consistent within a range of 3-6mm of pile head displacement, in-
dicating failure at the pile-soil interface. Considering the weight
of the pile and the pile cap square plate (approximately 68 N), the
actual shaft frictional resistance of the model pile was calculated
to be 258 N under unfrozen conditions. This frictional resistance
was noted to engage at relatively low displacements, ranging from
3mm to 3.5mm, corresponding to approximately 6-7% of the pile
diameter. It is worth noting that this value slightly deviates from the
10% diameter criterion proposed by De Nicola and Randolph [19].

Displacement (mm)

350

3

4

300

250

200

Load (M)

150

100

50

0

Figure 8: Pull-out capacity of the model pile in unfrozen condition.

In practice, the pile shaft capacity (Qs) is typically estimated as
a function of pile geometry (length and diameter) and the frictional
resistance at the soil-pile interface. The shaft resistance (Qs) is of-
ten calculated using the equation:

Q,=CLq 1)

where C is pile circumference, L is pile embedment and q_ is the
unit shaft resistance (kPa), along the soil-pile contact area. The unit
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shear strength q_ can be defined in terms of the pile-soil interface
friction angle (8), effective stress of the soil (¢’ ), and coefficient of
lateral earth pressure (K ). An empirical factor, B, is often used to
incorporate the pile-soil interface friction and the coefficient of lat-
eral earth pressure:

q, =Ko, tand = fo] (2)

For this model pile, the average unit shaft resistance, q_ was
estimated at approximately 2.35kPa based on the measured pile
capacities, calculated by dividing the load transferred to the soil
between the pile head and toe by the surface area of the pile. Addi-
tionally, the corresponding -coefficient for the tested pile was es-
timated to be around 0.33, taking into account the average effective
stress around the pile shaft.

Temperature profile of the soil subjected to antifreeze
circulation into the pile

Figure 9 illustrates the temperature profiles in soil at distances
of 10mm, 20mm, and 30mm from the pile shaft at four distinct soil
depths: 100mm, 300mm, 500mm and 700mm from the soil sur-

Temperature (c)

100
200
= 300 |
B
& a0
s00 |
600
700 | 25 min. after antifreeze circulation
=16 mm. after antfreeze circulation
8 mun. after antifreeze circulation
—8— before antifreeze circulation
800

a) 10 mm distance from pile

Depth (mm)

face. As it is evident in Figure 9, the utilization of freezing liquid
within steel pile facilitates the reduction of soil temperature below
the freezing point, thereby preserving the frozen state of the soil in
warming permafrost regions. The temperature decrease initiated
from the soil surface and gradually permeated into deeper soil lay-
ers. Notably, the temperature drop was particularly significant at a
depth of 100mm from the surface within a remarkably brief peri-
od. After only 25 minutes of circulating the freezing liquid through
the pile, the temperature at this depth decreased by more than 3
°C. Similarly, within the same timeframe, the soil temperature at
a depth of 300mm also dropped to approximately -2.8 °C, signifi-
cantly lower than the initial soil temperature of about 0 °C. Con-
versely, the reduction in temperature at deeper soil depths was less
pronounced. This discrepancy could be attributed to temperature
variations within the cold room, with the upper section of the mod-
el container likely experiencing lower temperatures compared to
the bottom section. However, further investigation is warranted to
thoroughly assess this phenomenon before implementing the tech-
nology in practical field applications.

Temperature (&)
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Figure 9: Soil temperature profile during antifreeze circulation
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Figure 10 illustrates the temporal evolution of soil temperature
over time at three distinct distances, each at a depth of 100mm
from the pile. Notably, the soil situated at a proximity of 10mm
from the pile exhibited the earliest temperature reduction, occur-
ring approximately 4 minutes into the operation of the freezing

system. Within 25 minutes of refrigeration system operation, the
soil temperature plummeted to -3.5 °C in this area. Subsequently,
the soil located at distances of 20mm and 30mm from the pile ex-
perienced temperature reductions after 6 minutes and 10 minutes,
respectively.

-0.5

-1.6
-2
-2.5

Temperature (C)

-3
-3.5

1000

— 10 mm distance
20 mm distance
— 30 mm distance

1500 2000 2500

Time (5)

Figure 10: Variation of soil temperature over time at a depth of 100mm.

These temperature data were gathered using thermocouples,
and the “5TE” sensors did not register any changes in temperature
when the antifreeze was circulated into the pile. This suggests that
the cold liquid circulation employed in this experiment primarily
affected the soil immediately surrounding the pile. This limited ef-
fect could be attributed to both the finite volume of the antifreeze
source (i.e., 10 gallons of -20 °C antifreeze liquid) and the restrict-
ed exposure time. As the liquid circulated, it absorbed heat from
the surrounding soil, gradually warming over time. Although the

warmer liquid was returned to the freezer for temperature reduc-
tion, the continuous circulation prevented the freezer from signifi-
cantly lowering and maintaining the antifreeze temperature due to
limited exposure time. To freeze a broader area of soil surrounding
the pile, a larger volume of antifreeze liquid combined with a larg-
er freezer, facilitating longer exposure times, would be necessary.
Moreover, employing an appropriate heat pump could offer a more
efficient cooling method compared to the freezer utilized in this
study.

Pile pull-out bearing capacity achieved by the use of cooling system

Figure 11: Pile pull-out testing assembly and setup.
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To assess the influence of circulating freezing liquid on the
load transfer behavior of the model pile, a pull-out pile load test
was conducted while the liquid circulated within the pile (Figure
11). After 25 minutes of liquid circulation, the soil temperature at a
distance of 10mm from the pile dropped below the freezing point,
ranging from approximately -2.5 °C to -3.5 °C, up to an embedment
depth of about 500mm. Assuming that this temperature change
established an adfreeze bond between the pile and the surround-
ing soil within this depth range, the pull-out load test was initiat-
ed 25 minutes after the start of circulation. Similar to the previous

load test, the pull-out process was executed using a hydraulic jack
and the load cell system. Figure 12 illustrates the load-displace-
ment curve obtained during the load test, revealing a substantial
enhancement in the load transfer of the pile due to the partial ad-
freeze bond formed by the freezing liquid. The maximum pull-out
capacity of the model pile was recorded at 616 N, with a pile head
displacement of approximately 4-5mm. Considering that this mea-
sured value includes the weight of the pile and the pile cap system,
deducting their equivalent weight (approximately 68 N) yields an
ultimate shaft capacity of 548 N under partially frozen conditions.

Pile displacement (mum)

700 T T

600

500

400

Load (N)

300

200

100

0

Figure 12: Pull-out capacity of the pile after antifreeze circulation.

The estimation of load transfer in pile foundations within ice-
poor frozen soil commonly relies on the adfreeze strength of the
pile-soil interface, as initially proposed by Weaver and Morgenstern
[20]:

7, =mz, (3)

where “m” represents an empirical roughness factor that char-
acterizes the pile surface and includes surficial variables such as
impurities, while “tlt” denotes the long-term shear strength of fro-
zen soils, typically expressed using the Mohr-Coulomb failure crite-
rion as follows:

r,=C,+0, tang, (4)

where: C, and f represent the long-term strength parameters
of the frozen soil and o is the normal stress acting on the pile shaft.
Weaver and Morgenstern [20] suggested that the second term in
this equation could be disregarded since the normal stress acting
on the pile shaft is typically less than 100kPa, rendering the con-
tribution of the frictional component to the total strength insignifi-
cant. Therefore, the long-term shear strength of the frozen soil can
be simplified to:

r,=Crt, (5)

The model pile’s embedment depth within the frozen portion

of the soil was approximately 500mm. Considering a proportional
shaft capacity of around 74 N for the unfrozen section of the pile
(i.e.,, 200mm) based on the unfrozen pile load test, the shaft capacity
within the frozen section of the pile would be approximately 474 N.
A roughness factor of 0.7 was deduced for steel piles in ice-poor fro-
zen soils, derived from interface testing conducted by Aldaeef and
Rayhani [21]. Assuming the same roughness factor for the model
steel pile used in this study, the long-term adfreeze strength for this
experiment would be approximately 8.6kPa, more than twice the
unit shaft capacity measured in unfrozen condition.

Exposure temperature effect on pile bearing capacity

Comparison between the pile load tests conducted before and
after the implementation of the cooling system sheds light on the
efficacy of this proposed technology in enhancing the load transfer
of the pile. As depicted in Figure 13, the pile shaft capacity exhib-
ited a significant increase from an initial strength of approximately
326 N to about 616 N following exposure to the antifreeze liquid
circulation for just 25 minutes. The circulation of the freezing liquid
effectively lowered the temperature at the pile-soil interface from
around 0 °C to approximately -3 °C, consequently fostering the
development of adfreeze strength at this interface and thereby en-
hancing the pile shaft capacity substantially. Furthermore, analysis
of the load-displacement curves for both pile load tests reveals that
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the loading behavior was predominantly governed by the elastic re-
sponse of the pile-soil interface under frozen conditions. The elastic
nature of the frozen soil induced by the refrigeration system caused

the pile to revert to its original position upon unloading. However,
a 5mm displacement was sustained in the unfrozen condition test.

Pile displacement (mm)
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g 400
-
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100

Frozen
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Figure

Previous studies, such as the work by Aldaeef and Rayhani
[21], have demonstrated that the pull-out capacity of piles in frozen
sands can be 4 to 6 times the shaft capacity in thawed soils, de-
pending on the exposure temperature. However, in artificially fro-
zen soil, the shaft capacity observed was only about twice the initial
capacity in unfrozen conditions. This limited effect of the proposed
cooling system can be attributed partially to the restricted volume
of the freezing liquid as well as the small size of the freezer utilized
in this study. To maximize freezing potential, a larger volume of lig-
uid and a more extensive freezer system or a heat pump would be
necessary.

Conclusion

In this study, a refrigeration technique was investigated with
the aim of refreezing thawed soils in permafrost regions to bolster
soil bearing capacity and consequently enhance the load carrying
capacity of pile foundations. The following conclusions could be
drawn from this research.

Within the initial 25 minutes of implementing the refrigeration
system, the temperature of the soil surrounding the pile plummet-
ed from approximately 0 °C to -3.5 °C. This underscores the efficacy
of the innovative refrigeration technique developed in this study,
demonstrating its ability to lower soil temperature around the pile.

The cooling effect initiated by the freezing system begins at the
soil surface and gradually penetrates deeper into the soil layers.
This temperature alteration promotes the development of an ad-
freeze bond between the pile and the adjacent soil, extending to a
depth of up to 500mm within the pile’s embedment. Consequently,
this partial adfreeze bond has notably enhanced the load transfer
capabilities of the pile.

13: Pull-out capacity of the pile after antifreeze circulation.

By employing freezing liquid within steel pile foundations, it
becomes feasible to lower soil temperature below freezing point,
thereby preserving soil in a frozen state, especially crucial in warm-
ing permafrost regions. Exposure to the antifreeze liquid circula-
tion resulted in a notable enhancement of the pile shaft capacity,
elevating it from an initial strength of approximately 258 N to about
548 N.

The long-term adfreeze strength attained in this experiment
was measured at approximately 8.6kPa, exceedingly twice the unit
shaft capacity observed in unfrozen conditions. However, the shaft
capacity in artificially frozen soil was still less than the shaft capac-
ity in fully frozen ground which could be related to partial freezing
achieved in this experiment.

This technology can be applied in pipe pile foundations of ex-
isting infrastructure system by implementing a heat pump to con-
trol the temperature of the circulating liquid. The limitations of this
methodology would include its application to only pipe piles and
its need for a source of energy to generale continuous freezing tem-
perature.
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