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Abstract

Very few studies have emphasized the effects of high-pressure sintering on snow density evolu-
tion, even though snow as a type of engineering material is widely used in construction engin-
eering in cold regions for snow pavement, snow runway and polar infrastructure. This study
presents new experimental results of snow densification under high pressures of up to
100MPa for a temperature range from −3.5 to −17.3°C and uniaxial compression at the tempera-
ture of −10°C and constant strain rates from 5 × 10−4 to 10−1 s−1. Results reveal that density evo-
lution of snow to ice under high-pressure sintering can be achieved in a wide temperature range
within a duration as short as 5 min. The compressive strength of snow-sintered ice was ∼1.2–2.2
times as large as that of water-frozen ice reported by previous work. The orthogonal experiment
showed that pressure is a more significant factor affecting the final density in comparison with
sintering temperature and time. The increased rates of ice fabrication, low limitations on tem-
perature and reliable sintered snow strength indicate that snow-ice engineering, such as airport
construction in Greenland and Antarctica, can be improved by high-pressure sintering of
snow to overcome the harsh environment.

Introduction

Snow as a material is widely used in sculpture, shelter, igloo, foundation, winter pavement,
snow runway in cold regions and is also an agent in forming the pore structure of powder
shaping technologies (Ramseier, 1967; German, 2014; White and McCallum, 2018). As
early as 1913 Koch and Wegener used processed snow to build bridges across crevasses on
a Greenland expedition, while snow runways have been constructed for landing aircraft in
polar regions since 1925 (Ramseier, 1967). Processed snow was also used as foundations for
snow arches spanning a 12.5 m wide trench at Camp Century, Greenland (Tobiasson and
Donald, 1966). Recently, a novel balloon method used in the East Greenland Ice-core
Project (EGRIP) shed light on trench construction techniques in polar regions. The EGRIP
trenches were covered with snow roofs by blowing snow back onto inflated balloons, where
∼50 cm in height deformations were identified after one year of service (J.P. Steffensen,
pers. comm.). Many techniques have been used to pressure sinter the snow to increase its
density and strength depending on in situ natural atmospheric temperatures (Kingery,
1960). The most difficult aspect of the process is that, for required density and strength,
snow is usually sintered at relatively high temperature (close to 0°C) and over timescales on
the order of months (Ramseier, 1967). At low temperatures, techniques involving the addition
of heat and/or water have been used with unsuccessful results due to unreliable performance of
heating equipment and massive maintenance for water circulation, and are often fuel-intensive
limiting their practical feasibility for large-scale use (Abele and others, 1968). A better under-
standing of snow density (hereinafter referred to as density) evolution during high-pressure
sintering is beneficial for easy, broad and efficient utilization of snow as a promising material
for construction in places such as Greenland and Antarctica or in temperate areas with a heavy
annual snow accumulation where snow as a material is abundant and may be used for con-
structing camps, igloos, trenches and snow runways.

The process by which snow particles bond together at temperatures below the melting point
through external pressure occurs by pressure sintering in the same fashion as in powder metal-
lurgy and ceramics (Ramseier, 1966; Maeno and Ebinuma, 1983). There are numerous papers
published on pressure sintering of snow. Most focus on the implications for snow densification
in polar regions, addressing the temperature influence on technologies for snow runway con-
struction (Albert, 1963; Abele and Frankenstein, 1967; Abele and others, 1968; Abele, 1990),
and the physical meaning of the density–depth (or age) relationship in a changing climate
(Maeno and Ebinuma, 1983; Ebinuma and Maeno, 1985; Ebinuma and Maeno, 1987;
Salamatin and others, 2009; Meyer and others, 2020). The US Army Cold Regions Research
and Engineering Laboratory (CRREL) reported various processing methods to enhance the
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sintering rate during snow densification reaching a critical density
of 550 kg m−3 for runway construction in Greenland and
Antarctica (Albert, 1963; Ramseier, 1966, 1967; Abele and
Frankenstein, 1967; Abele and others, 1968; Abele, 1990).
However, the sintering rate in snow runway construction is
restricted by the local temperature (from near 0 to −61.7°C
(Ramseier, 1966)) and applicable pressure exerted by conven-
tional machines (for instance, 0.8–0.9 MPa from a pneumatic
roller (Russell-Head and others, 1984)). Although many efforts,
including heating snow, optimizing snow grain size distribution
and upgrading load of processing machine, have been used to
result in high density and strength, the sintering time still requires
days, weeks or even months to achieve full strength (White and
McCallum, 2018). Maeno and Ebinuma (1983) and Ebinuma
and Maeno (1985) constructed pressure sintering diagrams of
ice and performed pressure sintering experiments of pure ice par-
ticles at pressures between 0.1 and 2MPa, and temperatures
between −25 and −9°C for application to the densification of
snow at polar glaciers, concluding that the densification of ice
cores at the Byrd and Mizuho Stations in Antarctica can be inter-
preted adequately by regarding it as a phenomenon of pressure
sintering. Arzt and others (1983) applied a density-pressure
map for ice to snow densification at Byrd Station in Antarctica
and Site 2 in Greenland, suggesting a method to predict the dens-
ity profiles in other locations. The densification of snow under its
own weight is also of interest in snow metamorphism and ava-
lanche forecast (Schleef and Löwe, 2013; Wang and Baker,
2013). Wang and Baker (2013) performed compression tests
using natural snow under a constant displacement rate (average
at 3.5 × 10−6 m s−1) with the resulting pressure increasing from
0.7 to 9 kPa at temperature −6°C and gave emphasis to the mech-
anism of low-density snow deformation as a combination of frac-
turing and sintering. Schleef and Löwe (2013) investigated the
evolution of density under an external pressure ranging from 0
to 318 Pa at constant temperature −20°C and found the snow
density increases with higher external pressure and lower initial
density. Snow densification under high-pressure sintering has
been reported to prove the feasibility of applied glaciology using
snow and ice as structural materials. Diemand and Klokov
(2001) produced snow-ice bricks with initial density 420–450
kg m−3 under pressure up to 6.87 MPa at temperatures ranging
from −5 to −15°C and concluded the high-pressure sintering
was a low-energy method of producing high-strength snow for
construction of pavement, walls, shelters and so forth. They
found that the sintering process was completed at the time of fab-
rication under high pressure and the temperature had little effect
on the properties of the final snow bricks (Deimand and Klokov,
2001). These results highlight both the promising potential of
snow-ice engineering and the ambiguous influence of pressure
and temperature on snow sintering process at pressures signifi-
cantly higher than natural gravity forcing and those that have
been studied to date.

Therefore, the density evolution of high-pressure sintering and
compressive behavior of sintered snow is investigated in this study
to obtain insights into snow applications for construction engin-
eering such as airport construction in Greenland and Antarctica,
and ice road network in cold mining regions to provide vehicle
access for equipment supplies and fuel.

Experimental procedure

Freshly fallen snow was collected using separate sealed plastic bags
(30 × 40 cm) during the night at a temperature of −20 ± 5°C out-
side the Polar Research Center, Changchun, China. The snow
was in a dry particle condition and no melting occurred, with
grain size from 0.2 to 0.6 mm. Snow samples were stored by

bags piled in a freezer at −20 ± 3°C. Pressure sintering tests
were carried out with this sample settling 3 months; the original
snow volume had decreased by nearly 50%. Since the focus of this
study is the density evolution in intermediate and final stages of
high-pressure sintering (i.e. 60% < ρr < 100%), two bags of snow
samples were chosen from the bottom of the snow bags pile for
our tests with initial density ∼500 kg m−3.

The low-temperature creep machine (Fig. 1a) for pressure sin-
tering consisted of a low-temperature chamber equipped with two
temperature sensors, a fixed loading steel disk connected with a
load sensor, a moveable loading steel disk connected with a
servo motor powered liquid hydraulic loading system, and a con-
trol system to set up sintering parameters (loading rate, pressure,
pressure holding period and temperature) and record data.
Temperature calibration was conducted prior to any experiments
by placing an extra thermocouple in the steel die (with an inner
diameter of 26 mm and a height of 100 mm) filled with snow.
The difference between the outer thermocouple reading within
the die along with the time required for the sample to reach the
set temperature was then measured. This difference was within
2°C depending on the specific temperature, which was set
between −5 and −20°C. Hereinafter the temperature described
below refers to the actual snow temperature inside the die,
which was stabilized within 15 min to the corresponding set tem-
perature with the tolerance ±0.1°C. The ice melting point, T, was
determined at different applied pressures P to avoid snow leakage
during experiments. The ice pressure melting point was quanti-
fied based on its correlation with applied pressure (Paterson,
2010):

T = T0 − bP, (1)

where β = 7.42 × 10−8 K Pa−1 specifies the rate of change of the
melting point with pressure, and T0 = 273.16 K denotes the triple-
point temperature of water (Paterson, 2010). At pressures of 10,
40, 70 and 100MPa, the ice pressure melting points were calcu-
lated to be −0.732°C (0.997Tm), −2.958°C (0.989Tm), −5.184°C
(0.981Tm) and −7.41°C (0.973Tm), respectively. Note that the
pressure melting point is a limitation for snow sintering experi-
ments at high pressures. The high-pressure sintering of snow
was conducted at a temperature range from −3.5 to −17.3°C cor-
responding to specific applied pressures varying between 10 and
100MPa as shown in Table 1.

The steel die was cooled in a freezer at −20 ± 3°C for 2 h before
the snow was poured into the die to a height of ∼80 mm. The die
was then placed stationary on a loading disk in the low-
temperature chamber of the creep machine (Fig. 1b) for 20 min
before the snow was preloaded by lifting the moveable loading
disk until a force of 0.5 kN (0.94 MPa) was achieved. This was
done to minimize the discrepancy between the initial density dur-
ing snow filling resulting in the range between 550 and 610 kg
m−3. The snow was compressed at a constant loading rate of
3.5 kNmin−1 to reach the set pressure followed by constant pres-
sure (Table 1). The total sintering time for each experiment was
60 min including the pressure-acceleration period and pressure-
holding period, i.e. the time for compressing the sample at con-
stant loading rate or constant pressure, respectively. The sintered
sample length and mass were measured three times with a Vernier
caliper and electronic balance following the completion of each
sintering experiment in order to calculate the final density. The
instantaneous axial displacement of the moveable loading disk,
the applied pressure on the snow and the sintering time were
recorded with a precision of ±5‰. The time interval between
each experiment was at least 40 min. Three readings (correspond-
ing to the three replicates) were recorded for each experimental
condition. In total, 42 tests were performed for density evolution
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measurements to investigate the influence of the sintering time,
temperature and pressure.

The density was calculated from the recorded axial displace-
ment based on mass conservation via the following expression:

rx =
mf

(1/4)pD2(hf + hm − hi)
, (2)

where ρx is the instantaneous density (g cm−3); mf is the aver-
age snow sample mass measured by electronic balance follow-
ing the completion of sintering (g); D is the diameter of the
snow sample (cm); hf is the average final height of the snow
sample (cm); hm is the maximum value of hi (cm); and hi is
the instantaneous axial displacement of moveable lower load-
ing disk.

We conducted unconfined uniaxial compression experi-
ments under constant strain rates by using the same low-
temperature creep machine as was used for pressure sintering
tests (Fig. 1c). The chamber temperature was set to be −10.5°C,
resulting in the sample temperature at −10 ± 0.2°C. The
strain rate ranged from 5 × 10−4 to 10−1 s−1. This temperature
of −10°C and these strain rates are suitable for comparing our
results with those of Yasui and others (2017) to investigate the
strength difference between water-frozen ice and snow-sintered
ice. The frost particles collected from the cooling coils of a
refrigeration unit were used to sinter the sample, with grain size
from 0.2 to 1 mm. Because the natural snow contains a large vol-
ume of particulate impurities, it may affect the results for com-
parison with that of pure ice presented by Yasui and others
(2017). The compression tests under the same conditions were
performed three times.

Results and discussion

Effect of pressure on final density

Figure 2 shows the effect of pressure on the final densities with an
initial density ranging between 550 and 610 kg m−3 for samples
sintered at various temperatures for 60 min. The plotted initial
and final density was averaged from three replicates with std
dev.. The diameter, initial and final average height of all samples
are 2.6 (same as the inner diameter of the die), 7.4 and 4.8 cm,
respectively. A clear enhancing effect of pressure on the final
density at a lower temperature was observed. Figure 2 shows
that maximum densification did not occur until the sintering
pressure had increased to 40 or 70MPa at temperatures above
−7.9°C, and the higher sintering pressure did not result in further
densification. The density peak pressure was defined to describe
the lowest pressure that was necessary to achieve the full density
of 920 kg m−3 as ice (Russell-Head and others, 1984; White and
McCallum, 2018). The density peak pressure corresponding
to the temperature of −7.9 and −12.5/−17.3°C was 70 and

Fig. 1. (a) Low-temperature creep machine for pressure sintering test and compression test: 1 – load sensor; 2 – low-temperature chamber; 3 – fixed-loading steel
disk; 4 – movable loading steel disk; 5 – servo motor (behind the cover); 6 – control system. (b) Set up for pressure sintering: steel die placed between two loading
disks. (c) Set up for compression test: sintered sample sat between two loading disks with a temperature calibration sample along side.

Table 1. Pressure sintering parameters

Temperature (°C) −3.5 −7.9 −12.5 −17.3

Homologous temperature 0.987Tm 0.971Tm 0.954Tm 0.937Tm

Applied pressure (MPa)

10 10 10 10
40 40 40 40
– 70 70 70
– 80 100 100

Fig. 2. Pressure dependence of final density sintered at various temperatures: solid
line and dashed line represent final and initial density, respectively.
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40MPa, respectively. Further experiments are required to confirm
the density peak pressure at −3.5°C with sintering pressures below
10MPa. The density of sintered snow increased with sintering
pressure for the same duration of sintering time as was reported
by Ebinuma and Maeno (1985) and Deimand and Klokov
(2001). However, both of their experiments were not performed
long enough for the sintered snow to reach ice density to make
an accurate comparison with our results.

Effect of temperature on final density

The effect of sintering temperature on the final density of snow is
shown in Figure 3. It was found that density decreased linearly
with temperature at 10MPa and fluctuated in a very narrow
band at pressures above 70MPa. The fitted line plot in Figure 3
illustrated the linear relationship between density ρ and tempera-
ture T as ρ = 0.0055T + 0.9401 with the R2 value 99.2%. We con-
cluded that the temperature has an impact on the transition of
snow to ice in the pressure range below 10MPa; however, more
experiments need to be done at pressures between 10 and 40
MPa to figure out the exact pressure range within which tempera-
ture has an impact. It should be noted that the final density
kinked at 40MPa and −7.9°C, which requires a further micro-
structure study to understand the underlying mechanisms. The
uncertainty in the offsets is, for example, the grain size of the
snow. The final density at −3.5°C was close to ice density and
relatively higher compared with the densities at other tempera-
tures, indicating that the warmer temperature approaching the
melting point favored snow sintering similar to the temperature
effect on other materials (metal and ceramic). However, more
experiments at temperatures from −3.5 to 0°C are required to
conclude the effective temperature range for enhancing snow
sintering.

Effect of the time on the relative density

Figure 4 shows the effect of time on the relative density at various
temperatures and pressures with the three replicates. Since the ini-
tial density of each sample with the same setting varied slightly
(Fig. 1), we opted not to calculate the average relative density dur-
ing the densification process to illustrate randomness. Under the
loading rate of 6.6 MPa min−1, the pressure-acceleration period of
10, 40, 70, 80 and 100MPa was finished at the time 1.5, 6.1, 10.6,

12.1 and 15.2 min, respectively, i.e. all the samples loaded the
same at the first 1.5 min then reached to the pressure-holding per-
iod accordingly. In general, all curves in Figure 4 very closely
resemble each other, exhibiting a short period of slow increase
turning to a rapid increase in relative density with respect to load-
ing time followed by slower increments prior to reaching max-
imum relative density. The time required to obtain the
maximum relative density was stabilized within 20 min at various
sintering parameters excluding at pressure 10MPa. Although the
maximum relative density correlates to the sintering temperature
and warmer temperatures favor densification, at least 60 min was
needed to sinter snow to ice at 10MPa. The sintering kinetics
occurred with relatively greater speed after sintering 1 min at pres-
sures over 40MPa with minor effect by temperatures on the time
required to attain the maximum relative density. At −3.5°C and
40MPa, the sintering kinetics were so rapid that 99.2% relative
density was reached in 5 min. However, the ice under the pressure
of 47MPa melts at −3.5°C (Eqn (1)) resulting in a limitation to
accelerate the sintering time by higher sintering pressure.

Relative significance of the sintering factors

The range analysis technique was used to determine the effects of
sintering factors on final density and the optimum set of factors
that would maximize final density. For the three sintering factors
(pressure, temperature and sintering time), each factor was
designed with four levels, as shown in Table 2. As the time
required to reach 100MPa at the loading rate of 6.6 MPa min−1

(3.5 kNmin−1) was ∼15 min, the sintering time level was from
15 to 60 min at 15 min intervals. An L16 (43) orthogonal array
(Ross, 1996) was employed with the column assignment and
the final density of sintered snow as shown in Table 3.
Experiments 3 and 4 were not calculated because the experiment
at pressures over 70 MPa for temperature −3.5°C was unable to be
performed, limited by the ice pressure melting point. The range
analysis of the sintered density is shown in Table 4, with Ki1,
Ki2, Ki3 and Ki4, corresponding to the sum of 1, 2, 3 and 4 level
of i (i = A, B, C ) factors, respectively. Also, ki1, ki2 and ki3 corres-
pond to the average values of 1, 2 and 3 level of i (i = A, B, C )
factors, respectively, and R signifies the range corresponding to
each factor, representing the degree of influence of various factors
on the results.

The maximum and minimum range R indicates that pressure
has the greatest impact on the final sintered density, followed by
sintering time at temperatures between −3.5 and −17.3°C and
sintering time longer than 15 min. The ice density could be effect-
ively achieved through orthogonal experiment optimization with
the appropriate parameter combination. The optimization for
process parameters was conducted by the greatest density sintered
at the level of factors. According to the optimization scheme on
the final density, the best optimization scheme to sinter snow to
ice is A2B3C1 (−7.9°C, 70MPa and 15 min). This does not conflict
with the most rapid sintering kinetics found in this study at −3.5°C
and 40MPa within 5 min, as the sintering time in the range ana-
lysis was from 15 min (Table 2). From the optimization scheme of
range analysis and the experimental results of sintering kinetics,
the full density of sintered snow may be achieved either under
higher pressure at a lower temperature with longer sintering
time or under a lower pressure at a warmer temperature rapidly.

The evolution of relative density

The density evolution curves for snow at various temperatures
and pressures are shown in Figure 5. The snow shows evident
densification with increasing pressure reaching a maximum dens-
ity, with its behavior overlapping during the pressure-acceleration

Fig. 3. Temperature dependence of final density sintered at various pressures.
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period. There are two ways by which maximum density may be
attained at the pressure holding period. For instance, the snow
was able to sinter to a higher density during the pressure-holding
period at 10MPa from −3.5 to −17.3°C, and at 40MPa from −7.9
to −17.3°C. However, the snow completed sintering and obtained
maximum density as soon as the pressure reached 70, 80 or 100
MPa at temperatures of −7.9, −12.5 and −17.3°C, and 40MPa at
−3.5°C.

We can conclude from Figure 5 that the density evolution at
pressures between 10 and 40MPa to reach maximum final density
depended largely on temperature during snow sintering. From
Figure 2, the maximum final density under 10 and 40MPa is
attained at −3.5 and −3.5/−17.3°C, respectively. The sintering
of snow at 40MPa and −3.5°C may contain more liquid water
compared with colder temperatures (>−3.5°C) due to the ice

melting point was decreased to −2.958°C by pressure melting;
this is in line with the theory that the compressibility of wet
snow increases at a larger liquid content due to the higher

Fig. 4. Experimentally measured relative density versus time for ice under various pressures and temperature: (a) at 10 MPa; (b) at 40 MPa; (c) at 70 MPa; (d) at 80
MPa for −7.9°C, 100 MPa for −12.5 and −17.3°C. Note that the pressure melting point at 100 MPa is −7.41°C close to −7.9°C. The highest sintering experiment pres-
sure for −7.9°C was chosen at 80 MPa.

Table 2. Factors and levels for the sintering experiments

Factor Level 1 Level 2 Level 3 Level 4

A Temperature (°C) −3.5 −7.9 −12.5 −17.3
B Pressure (MPa) 10 40 70 80/100
C Sintering time (min) 15 30 45 60

Table 3. Orthogonal experiment scheme

Factor Replication, density (g cm−3)

A B C R1 R2 R3 Average

1 1 1 0.885 0.876 0.907 0.889
1 2 2 0.894 0.915 0.917 0.909
1 3 3 – – – –
1 4 4 – – – –
2 1 2 0.873 0.888 0.878 0.880
2 2 3 0.896 0.909 0.911 0.905
2 3 4 0.910 0.915 0.916 0.914
2 4 1 0.913 0.912 0.912 0.912
3 1 3 0.868 0.861 0.853 0.861
3 2 4 0.910 0.906 0.914 0.91
3 3 1 0.912 0.911 0.919 0.914
3 4 2 0.912 0.910 0.910 0.911
4 1 4 0.836 0.843 0.840 0.840
4 2 1 0.901 0.917 0.913 0.910
4 3 2 0.911 0.922 0.924 0.919
4 4 3 0.908 0.912 0.919 0.913
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phase-equilibrium temperature of the stress-free surfaces
enhanced by pressure melting at stressed surfaces (Colbeck,
1979). During the pressure-holding period, snow was sintered at
10 and 40MPa to a higher density with a maximum density
increase from 87 to 98% sintered at 10MPa and −3.5°C, and
from 97 to 100% at 40MPa and −17.3°C, respectively. The under-
lying reason that during pressure-holding period warmer tem-
perature favors snow to ice transition at a lower pressure
(10 MPa) while a colder temperature benefits snow transition to
ice at higher pressure (40 MPa) may be owing to two mechanisms:
relatively more liquid content at 40MPa and −3.5°C, and particle
rearrangement as reported by Liu and DeLo (2001) during
Ti-6Al-4V powder compaction. However, more experiments are
required to emphasize the role of temperature on these phenom-
ena. Schleef and Löwe (2013) found that the initial density of
snow varied only by 0.01 g cm−3 causing a 12–16% densification
rates change over the 2 d observation. Specific surface area
decrease clearly contributes to the densification in the absence
of an externally applied overburden stress, while it is affected nei-
ther by the initial density nor by densification during creep for
any of the applied stresses between 0 and 318 Pa. It is likely
that the variability between replicates caused by the initial density
or the grain size/structure of the snow can cause the offsets on the
evolution of relative density.

Uniaxial compressive behavior of sintered snow

The samples for unconfined uniaxial compression experiments
were sintered at 70MPa and −12.5°C for 20 min to reach the
maximum density, achieving an average density of 0.914 kg m−3.
The samples had a cylindrical shape with a diameter of 26 mm
and an average height of 66.9 ± 1 mm.

Figure 6 shows the stress–strain curves for sintered snow at
strain rates from 5 × 10−4 to 10−1 s−1. At lower strain rates, i.e.
at strain rates lower than 5 × 10−3 s−1, the stress linearly increases
with the strain at first, and then the slope of the curve gradually
decreases, becomes zero and then becomes negative; that is, the
stress exhibits a rounded peak. All recovered samples deformed
at strain rates lower than 5 × 10−3 s−1 either like a barrel where
the central section was bulged or like a foot where the upper or
lower part was bulged, showing ductile behavior (Fig. 7). At
high strain rates, i.e. above 5 × 10−2 s−1, the stress first increases
linearly with the strain, reaching a sharp peak accompanied by
a sudden stress drop to zero. All recovered samples deformed at
strain rates over 5 × 10−2 s−1 broke along the axis of compression
into one main part and many small pieces due to axial splitting
(Fig. 7). At the strain rate 10−2 s−1, the stress increases linearly
at first and then reaches a maximum, but after the peak the stress
decreases abruptly but does not drop suddenly to zero. The recov-
ered samples did not break completely; that is, some cracks were
observed on the side surface of the sample, and no cracks were

observed in the center, showing combined ductile and brittle
character (Fig. 7). The shape of the stress–strain curve corre-
sponding to the macroscopic appearance of the deformed sample
indicates a change of sintered snow from ductile behavior to brit-
tle behavior as the strain rate increases. The transitional strain rate
when the stress–strain curve shows the feature of both ductile and
brittle dual-like behavior is at 10−2 s−1, consistent with results of
Arakawa and Maeno (1997) at −10°C.

Figure 8 shows the relationship between the compressive
strength and the strain rate. The compressive strength increases
with strain rate in the ductile region to a maximum at
ductile-to-brittle transition and then drops in the brittle region.
The strain rate-sensitive behavior of snow-sintered ice is consist-
ent with previous reports from Yasui and others (2017) and
Schulson and Duval (2009). In the ductile region, the compressive
strength σf can be described by the power law sf = (1̇/B)1/n, and
increased by a power of 1/n with increasing strain rate. The values
for the stress exponent n and the constant B, as derived from
Figure 7 in this study and Yasui and others (2017), are presented
in Table 5. The stress exponent, n, for snow-sintered ice was
∼2 times larger than that of water-frozen ice, however, similar
to 18% silica ice. The compressive strength of snow-sintered ice
and water-frozen ice was estimated by power laws in Table 5 at
10−5 and 10−4 s−1 and at 5 × 10−4 and 5 × 10−3 s−1, respectively.
The R2 of the power law fitting relationship of snow-sintered
ice and water-frozen ice is 0.9997 and 0.9705, respectively. In
making this comparison with the extrapolation, we found that
the compressive strength of snow-sintered ice was ∼1.2–2.2
times as large as that of water-frozen ice reported by Yasui and
others (2017) with decreasing strain rate from 5 × 10−3 to 10−5

s−1. The time required to fabricate a sample with a diameter of
30 mm and a height of 60 mm prepared by the water-frozen
method at −10°C in Yasui and Arakawa (2008) was not specified.
The freezing rate of ice grain and water mixture was ∼2.8 μm s−1

by radial freezing method at −4.5°C reported by Cole (1979). At
least 1.3 h are required to fabricate an ice sample with a diameter
of 26 mm. However, with the high-pressure sintering method, as
short as 5 min is enough to obtain the ice sample with the same
diameter and similar or even higher compressive endurance.

Practical application perspectives

This research provides valuable data, which go beyond former studies
and connects snow density evolution to high-pressure applications.
Moreover, this study offers insight into strategies to produce fast com-
pacted snow that can be used for construction in polar regions.

(1) The snow density can be controlled scientifically regarding
the snow strength for the design of polar infrastructure
according to the sintering effect of snow under various pres-
sures as a function of time and temperature. The construction
time in the harsh environment can be minimized reasonably
by choosing the optimal equipment with appropriate com-
paction load depending on in situ natural atmospheric tem-
peratures, and is affected by the snow density varied from
site to site in the polar regions.

(2) Considering the increased rates of ice fabrication, low limita-
tions on temperature, and reliable sintered snow strength,
high-pressure sintering is beneficial for easy, broad and effi-
cient utilization of snow as a promising material for construc-
tion in polar regions.

Conclusions

The snow sintering experiments were performed under a high
strain rate of 10−4 s−1 and a wide pressure range up to 100 MPa

Table 4. Range analysis of sintered density

Factors A B C

Ki1 1.798 3.47 3.625
Ki2 3.611 3.634 3.619
Ki3 3.596 2.747 2.679
Ki4 3.582 2.736 2.664
ki1 0.899 0.868 0.906
ki2 0.903 0.909 0.905
ki3 0.899 0.916 0.893
ki4 0.896 0.912 0.888
R 0.007 0.048 0.018
Optimal levels A2 B3 C1
Primary and secondary order B > C>A
Optimal combination A2B3C1
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at temperatures between −3.5 and −17.3°C. The density transition
from snow to ice may be achieved under higher pressure in a wide
temperature range within the limits of the ice pressure melting
point and the performance of the available equipment for snow
sintering. Range analysis of the orthogonal experiment showed

that pressure affected the final density significantly in comparison
with sintering temperature and time. The final density of sintered
snow showed no significant difference in terms of variations in
sintering temperature and pressure when a pressure above 40
MPa was used to press snow. This is important as the use of

Fig. 5. Relative density–pressure relationships at different temperatures using one of the three replications as a representation: (a) at −3.5°C; (b) at −7.9°C; (c) at
−12.5°C; (d) at −17.3°C.

Fig. 6. Stress–strain curves of sintered snow. The curves on each figure are lined up in order of strain rate. Three types of deformation (ductile, ductile-to-brittle
transition and brittle) show on the top of the figure.
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low pressures may positively impact the lifetime of the dies, gen-
erating economic benefits (e.g. die abrasion frequency, equipment
load capacity and so on) from a practical point of view.

Uniaxial compression experiments were performed under con-
stant strain rates from 5 × 10−4 to 10−1 s−1 at the temperature of
−10°C. The shape of the stress–strain curve corresponding to
the macroscopic appearance of the deformed sample indicates a

change of sintered snow from ductile behavior to brittle behavior
as the strain rate increases. The transitional strain rate showing
the feature of both ductile and brittle dual-like behavior is at
10−2 s−1. The compressive strength increases with strain rate in
the ductile region to a maximum at ductile-to-brittle transition
and then drops in the brittle region. The compressive strength
of snow-sintered ice was ∼1.2–2.2 times as large as that of water-
frozen ice reported by previous work with decreasing strain rate
from 5 × 10−3 to 10−5 s−1. The increased rates of ice fabrication,
low limitations on temperature and reliable sintered snow
strength indicate that snow-ice engineering, such as airport con-
struction in Greenland and Antarctica and the foundation for
Arctic ice-shelf development, can be improved by high-pressure
sintering of snow to overcome the harsh environment.
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