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Abstract. Compacted snow is utilized as a building ma-
terial in various construction and engineering applications
across global high-latitude regions. For the safety assess-
ment of snow and ice structures in cold regions, cohesion
and internal friction angle are key shear strength param-
eters for compacted snow. Direct shear tests were carried
out on low-density natural snow and high-density artificial
snow in a −10 °C cold laboratory. In total, 112 test condi-
tions were designed to quantify the effects of initial density,
sintering time and sintering temperature on shear strength
parameters at normal stresses below 100 kPa. Results show
that under high sintering degree conditions and low normal
pressures, the shear stress–displacement curve tends to ex-
hibit strain softening. As initial density increases from 300
to 650 kg m−3, both cohesion and internal friction angle in-
crease linearly. With sintering time increasing from 0 to 60 d,
cohesion first rises and then falls, while the internal friction
angle steadily decreases. As sintering temperature decreases
from −5 to −25 °C, cohesion decreases, whereas the inter-
nal friction angle increases slightly. A Genetic Algorithm-
Back Propagation (GA-BP) neural network was utilized to
construct a shear strength prediction model, taking density,
sintering time, sintering temperature, and normal stress as
inputs, and offering benchmark values for cohesion and in-
ternal friction angle under various conditions. These bench-
marks can be adaptively adjusted when additional influenc-
ing factors require consideration. This study provides essen-
tial strength parameters for the design and construction of
compacted snow structures and offers a framework for ac-

counting for the influence of other factors on these parame-
ters.

1 Introduction

Compacted snow is utilized as a building material for in-
frastructure in high-latitude regions, including runways and
pavement structures, etc. (Ager, 1960; Putkisto, 1959; Sun
et al., 2021). In assessing the safety of compacted snow lay-
ers, shear strength is a critical mechanical indicator (Abele
and Frankenstein, 1967; McClung, 1979), which is signifi-
cantly influenced by environmental and construction factors.
In engineering applications, snow is usually compacted and
sintered to enhance the strength of snow layers (Sun et al.,
2021). Compaction increases snow density, thereby enhanc-
ing its frictional strength (Li et al., 2024). Large sintering
times promote the formation of bonds among ice particles
(Colbeck, 1983b; Wei et al., 2024; Demmenie et al., 2025),
which improves intergranular bonding strength (Hong et al.,
2022; Wei et al., 2024). Additionally, lower temperatures
slow down the sintering process (Abele, 1990); consequently,
the temperature of the snow is often raised to accelerate
sintering and rapidly attain the target engineering strength
(White et al., 2023). Furthermore, initial density, sintering
time, and sintering temperature are known to significantly
affect the strength development of compacted snow (Sun et
al., 2021).
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Previous studies have primarily examined the variation
patterns of shear strength under different influencing factors
through laboratory and field experiments. Butkovich (1958)
and Ballard et al. (1965) investigated the relationship be-
tween shear strength and density, finding that shear strength
increases exponentially with density. Snow with a higher de-
gree of sintering exhibits greater shear strength (Ballard et
al., 1965; Podolskiy et al., 2014), and the rate of this pro-
cess is largely controlled by temperature – higher sintering
temperatures accelerate sintering and lead to a rapid increase
in strength over a short period (Abele, 1990). Conversely,
higher shearing temperatures reduce the shear strength of
snow (Ballard et al., 1965; Schweizer, 1998; Perla et al.,
1982). Shear strength is also influenced by snow particle
morphology (De Biagi et al., 2019), with different snow
types showing varying strengths. For example, depth hoar
(Perla et al., 1982; Keeler and Weeks, 1968; Fukuzawa and
Narita, 1993) and graupel (Abe, 2004) possess lower shear
strength compared to fresh snow, while wet snow exhibits
lower shear strength than dry snow (Yamano and Endo,
2002). Shear rate strongly influences snow strength and fail-
ure modes. Shear strength initially increases, then subse-
quently decreases rapidly with the transition from ductile to
brittle (McClung, 1977; De Montmollin, 1982; Puzrin et al.,
2019). De Montmollin (1982) examined the effect of shear
rate on snow failure and categorized the failure modes, show-
ing that in the medium-to-high shear rate regime, both shear
strength and residual stress after brittle failure decrease with
increasing shear rate.

Numerous studies have focused on the development of
shear strength testing devices and methods (Barbero et al.,
2016; Nakamura et al., 2010). The shear frame, a device
specifically designed to measure the shear strength of snow
under static loads, is widely used due to its convenient op-
eration (Abe, 2004; Fohn and Camponovo, 1997; Jamieson
and Johnston, 2001; Perla et al., 1982). However, the shear
frame exhibits significant variability in sample measurement,
making it difficult to achieve high precision. To address this
limitation, Barbero et al. (2016) developed an in-situ direct
shear testing apparatus that integrates sampling and shear-
ing functions, enabling the retrieval of nearly undisturbed
snow specimens and allowing accurate control and moni-
toring of normal and shear stresses via a pneumatic sys-
tem. Reiweger et al. (2010) designed a laboratory loading
device capable of tilting snow samples to simulate actual
slope angles; this device applies incremental weights to repli-
cate snow overburden loading and can be coupled with par-
ticle image velocimetry for local strain analysis and acoustic
emission monitoring to trace damage evolution. Podolskiy et
al. (2013) developed a portable shear loading apparatus that
enables shearing along a predefined weak interface; by sin-
tering two snow blocks and shearing at the bonded interface,
the apparatus can be adopted to quantify the contribution of
sintering to snow shear strength.

Previous snow avalanche studies have mainly focused
on low-density natural snow (McClung, 1977; Schweizer,
1998), whereas engineering-oriented investigations have
concentrated on compacted or artificially modified snow
(Sun et al., 2021; White and McCallum, 2020; White et al.,
2023). Although the shear strength of snow has been widely
investigated, few studies have quantitatively examined the
key strength parameters critical for engineering assessment,
namely cohesion and internal friction angle. Accordingly,
this study performed direct shear tests on natural snow with
densities ranging from 300 to 400 kg m−3 and artificial snow
with densities ranging from 300 to 650 kg m−3. A total of
112 test conditions were designed considering the coupled
effects of initial density, sintering time, and sintering tem-
perature, and systematic direct shear tests were carried out
on compacted snow specimens. Based on the shear stress–
displacement curves, shear strength was defined as the peak
shear stress for strain-softening responses and as the shear
stress at a shear displacement of 4 mm for strain-hardening
responses. The cohesion c and internal friction angle ϕ were
then determined in accordance with the Mohr–Coulomb lin-
ear criterion, and their magnitudes and variation character-
istics under different influencing factors were analyzed. A
Genetic Algorithm-Back Propagation (GA-BP) neural net-
work was employed to establish a predictive model for shear
strength parameters under multi-factor coupling conditions,
thereby providing benchmark values for c and ϕ under vari-
ous combinations of influencing factors. The findings of this
study provide both theoretical insight and experimental data
to support the design and construction of ice and snow engi-
neering projects.

2 Test Scheme

2.1 Snow Production and Sample Preparation

In this study, two types of snow materials were employed,
namely natural snow and machine-made snow. Natural snow
was harvested from the snowpack in Urumqi, Xinjiang,
China, and was used to fabricate low-density specimens.
Machine-made snow was artificially produced to prepare
high-density specimens, which was generated via atomiza-
tion, cooling, and crystallization processes, closely replicat-
ing the natural snow formation mechanism (Dong et al.,
2023). During snow production, a high-pressure pump within
the snowmaking machine pressurized water to 6 MPa, and
the pressurized water was subsequently atomized into fine
droplets through a custom-designed nozzle (Kang et al.,
2018; Vijay et al., 2015). These droplets were transported
by a high-velocity fan over a specified distance. At sub-zero
temperatures, the droplets cooled rapidly upon contact with
ambient air, forming ice nuclei that subsequently adsorbed
surrounding water vapor to generate snow particles.
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The environmental parameters for outdoor snow produc-
tion were controlled as follows: temperature of −5 °C, rela-
tive humidity of 30 %, wind speed of 6 to 7 m s−1, snowmak-
ing machine elevation angle of 45°, and spraying distance of
10 m. After collection, both machine-made snow and natural
snow were immediately transported to a cold storage cham-
ber with a temperature of −10 °C and relative humidity of
60 % for prompt specimen preparation. Both snow types ex-
hibited comparable physical properties. The initial density of
natural snow was approximately 200 kg m−3, whereas that of
machine-made snow was around 300 kg m−3. Following the
classification by Barrett et al. (2012), the snow crystals were
plate-like, with particle sizes ranging approximately from 0.5
to 1.5 mm.

The preparation process included the following steps:

1. Compaction: A cylindrical ring formwork with an inner
diameter of 61.8 mm and height of 20 mm was adopted
for specimen preparation. Based on the target initial
density ranging from 300 to 650 kg m−3 and the fixed
volume of the formwork, the required mass of snow for
each specimen was calculated and pre-weighed using
an electronic balance with an accuracy of 0.01 g, and
the mass error was controlled within±0.05 g. The snow
was uniformly layered into the ring formwork, and com-
paction was conducted after each layer using a custom-
made cylindrical tool (with a diameter slightly smaller
than the formwork) to ensure homogeneous stress distri-
bution. The compaction force was applied manually at
a slow and constant rate until the specimen surface was
level with the top of the ring formwork. During com-
paction, snow grains were partially fractured to generate
finer particles that filled intergranular voids, thereby in-
creasing the specimen density. Any specimen with vis-
ible cracks or surface irregularities was discarded and
re-prepared. At least three parallel specimens were pre-
pared for each test condition, and all compaction proce-
dures were performed in a −10 °C cold chamber. The
prepared compacted specimen is presented in Fig. 1a.

2. Sintering: to simulate the natural sintering environment,
a sealing membrane was placed over the compacted
specimen while it remained inside the ring formwork.
Uniform snowflakes were then distributed around the
specimen and across the membrane to replicate the in-
situ conditions within a natural snowpack. The sur-
rounding snowflakes mitigated rapid sublimation from
exposed surfaces, whereas the membrane isolated the
specimen from the overlying snow, thus preventing un-
intended sintering bonding between the specimen and
external snow. The entire assembly was subsequently
placed in a temperature-controlled test chamber and sin-
tered at the prescribed temperature for the designated
duration. Specimens covered with sealing membranes
are shown in Fig. 1b, and snowflakes deposited on the
specimens and membranes are presented in Fig. 1c.

2.2 Test Equipment

Direct shear equipment used in the test is shown in Fig. 2.
The shear box holds cylindrical snow samples with a diam-
eter of 61.8 mm and a height of 20 mm. Normal stress was
imposed through a standard weight and lever mechanism,
whereas the horizontal shear load was driven by a motor at
a constant displacement rate. The device is capable of shear-
ing four samples simultaneously, with a controllable shear
rate ranging from 0 to 2.4 mm min−1.

The shearing process of the snow specimen is illustrated
in Fig. 3. The normal stress system is connected to a lever
and weights, while the drive system is linked to an electric
motor. The shear box comprises upper and lower sections,
with the specimen placed inside. During shearing, the upper
box remains stationary, and the lower box equipped with ball
bearings at its base, undergoes horizontal displacement via
the drive system. A dynamometer is installed on the upper
shear box. The shear plane is determined by the interface be-
tween the upper and lower shear boxes; no artificial weak
plane is prefabricated in the specimen, and shear failure oc-
curs naturally as the lower box moves horizontally relative to
the upper box.

2.3 Test Procedure

Shearing rate directly influences the failure mode and
strength characteristics of construction materials in both soil
and snow-ice materials. Figure 4 (redrawn from Puzrin et al.,
2019) shows that the shear strength of snow first increases
and then decreases with increasing shear strain rate, and the
shear strength parameters also vary accordingly. From the
perspective of engineering design, however, site investiga-
tion reports must provide quantitative characteristic values
of strength parameters as a basis for structural design. Chi-
nese Geotechnical Testing Standard (GB/T 50123; Ministry
of Housing and Urban-Rural Development of the People’s
Republic of China, 2019) specifies a constant shearing rate of
0.8 mm min−1 for the quick direct shear test of soils. There-
fore, the shear rate of snow was set at a constant value of
0.8 mm min−1 in this study. The shear strain rate is about
6.67× 10−4 s−1, which is in the gray area in Fig. 4. This
study also follows the sample dimension, testing process,
standard shear rate, and strength value methods used in soil
mechanics. Analysis of the test data shows that, the shear
stress-displacement curves of snow under this shearing rate
exhibit both peak and non-peak types, which are all simi-
lar to soil test results. Moreover, the transition between these
two failure modes exhibited a clear trend, and the variation
in shear strength with external factors followed a similarly
well-defined pattern.

Snow is a particular construction material, which testing
apparatus and methods for obtaining mechanical parameters
are often adapted from geotechnical engineering practices
(Abele, 1990; Abele and Frankenstein, 1967; White and Mc-
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Figure 1. Sample preparation process (a, compacted specimen; b, samples covered with membranes; c, sprinkling snowflakes).

Figure 2. Direct shear equipment.

Figure 3. Shearing process.

Callum, 2020). Therefore, this study strictly adhered to Inter-
national Geotechnical Testing Standard (ISO 17892-10; In-
ternational Organization for Standardization, 2018) and Chi-
nese Geotechnical Testing Standard (GB/T 50123).

Direct shear test procedure is as follows:

Figure 4. Variation of shear strength with shear strain rate (Redraw-
ing from Puzrin et al., 2019).

1. Demolding: the sintered sample was carefully and
slowly removed from the ring formwork to avoid struc-
tural damage.

2. Shearing: the demolded sample was placed into the di-
rect shear apparatus, and normal pressures of 25, 50,
75, and 100 kPa were applied. Shear loading was ap-
plied horizontally at a constant rate of 0.8 mm min−1,
with the ambient temperature maintained at −10 °C. To
ensure thermal consistency, the shear apparatus was pre-
conditioned in cold storage for 2 h prior to testing so that
the temperature of the shear box matched the test envi-
ronment. Figure 5 shows the sheared specimen.

3. Data Collection and Processing: during the testing pro-
cess, record the stress and displacement. If a peak shear
stress is observed during the test with increasing shear
displacement, it is taken as the shear strength. If no
peak occurs, the shear stress at 4 mm displacement is
adopted as the shear strength in accordance with the
specimen size specifications of the Chinese geotechni-
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Figure 5. Sheared specimen.

Figure 6. Coefficients of variation for all test samples.

cal testing standard (GB/T 50123), with the test termi-
nated at 6 mm displacement.

For each test condition, three parallel specimens were
tested, and the average shear strength was calculated. The
coefficient of variation (CV) is a widely used index for quan-
tifying the dispersion of snow strength (Jamieson and John-
ston, 2001; Perla, 1977; Sommerfeld and King, 1979). In this
study, CV was used to evaluate the dispersion of the mea-
sured strength values, which was calculated as follows:

CV=
s

τf
(1)

where s is the standard deviation and τf is the mean of the
three parallel strength values.

Figure 6 presents the distribution of CV values for all spec-
imens. The CV was below 20 % for most specimens and did
not exceed 30 % for any specimen, indicating that the speci-
mens possessed relatively good uniformity.

Many previous studies (McClung, 1977; Barbero et al.,
2016; Perla, 1977; Fyffe and Zaiser, 2007; Chiaia et al., 2008;
Gaume et al., 2014) have adopted the Mohr–Coulomb crite-
rion as the failure criterion for snow. Preliminary tests were
first conducted under normal stresses ranging from 25 to
350 kPa to determine the linear portion of the shear strength–
normal stress envelope. Based on the test results, the mean

values and standard deviations of shear strength for the three
parallel specimens under each condition were plotted. Ac-
cording to the linear Mohr–Coulomb criterion (Eq. 2), the
cohesion c and internal friction angle ϕ were determined us-
ing the least squares method, and the error bars of c and ϕ
were plotted based on the fitting results.

τf = c+ σ tanϕ (2)

where τf is the shear strength, σ is the normal stress, and
c and ϕ denote cohesion and internal friction angle, respec-
tively.

2.4 Test Conditions

Naturally deposited snow must be compacted before be-
ing used as an engineering material. Preliminary tests indi-
cated that for machine-made snow with an initial density of
approximately 300 kg m−3, specimens remained loose with
large internal pores and could not maintain structural stabil-
ity when compacted to a density below 400 kg m−3. When
the compacted density reached 450 kg m−3, the specimens
exhibited satisfactory formability and integrity after com-
paction, satisfying the requirements for subsequent sinter-
ing and shear tests. Under mechanical compaction, the in-
terparticle contact area increases significantly as the density
approaches approximately 700 kg m−3, resulting in a rapid
increase in frictional resistance that makes further densifi-
cation extremely difficult. Under the laboratory conditions
of this study, the maximum density achievable via manual
compaction was 650 kg m−3. Similarly, for natural snow with
an initial density of approximately 200 kg m−3, stable speci-
mens could only be formed when compacted to 300 kg m−3.
Therefore, natural snow was used to prepare specimens with
densities ranging from 300 to 400 kg m−3, and machine-
made snow was used to prepare specimens with densities
ranging from 450 to 650 kg m−3.

The effects of initial density ρ, sintering time t , and sin-
tering temperature Ts were systematically examined through
112 test conditions, as detailed in Table 1. Each test condi-
tion incorporated shear strength measurements at four nor-
mal stress levels, resulting in 448 sets of valid shear strength
data points.

3 Test Results and Analysis

3.1 Development Pattern of Shear Stress-Displacement
Curves

Specimen deformation is characterized by shear displace-
ment rather than strain in accordance with ISO 17892-10.
Figure 7 shows the shear stress-displacement curves at a
shear rate of 0.8 mm min−1. The peak stress is defined as the
shear strength when there is a peak in the curve; and the stress
at a shear displacement of 4 mm is defined when there is no
peak value.
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Table 1. Test conditions.

Serial ρ (kg m−3) t (d) Ts (°C) Other variables
number

D-1 300, 350, 400, 450, 500, 550, 600, 650 5 −5 σ = 25, 50, 75, 100 kPa
D-2 300, 350, 400, 450, 500, 550, 600, 650 5 −10 σ = 25, 50, 75, 100 kPa
D-3 300, 350, 400, 450, 500, 550, 600, 650 5 −20 σ = 25, 50, 75, 100 kPa
t-1 300 0, 1, 3, 5, 10, 15, 20, 30, 60 −10 σ = 25, 50, 75, 100 kPa
t-2 350 0, 1, 3, 5, 10, 15, 20, 30, 60 −10 σ = 25, 50, 75, 100 kPa
t-3 400 0, 1, 3, 5, 10, 15, 20, 30, 60 −10 σ = 25, 50, 75, 100 kPa
t-4 450 0, 1, 3, 5, 10, 15, 20, 30, 60 −10 σ = 25, 50, 75, 100 kPa
t-5 550 0, 1, 3, 5, 10, 15, 20, 30, 60 −10 σ = 25, 50, 75, 100 kPa
t-6 650 0, 1, 3, 5, 10, 15, 20, 30, 60 −10 σ = 25, 50, 75, 100 kPa
T-1 300 15 −5, −10, −15, −20, −25 σ = 25, 50, 75, 100 kPa
T-2 350 15 −5, −10, −15, −20, −25 σ = 25, 50, 75, 100 kPa
T-3 400 15 −5, −10, −15, −20, −25 σ = 25, 50 ,75, 100 kPa
T-4 450 15 −5, −10, −15, −20, −25 σ = 25, 50, 75, 100 kPa
T-5 550 15 −5, −10, −15, −20, −25 σ = 25, 50, 75, 100 kPa
T-6 650 15 −5, −10, −15, −20, −25 σ = 25, 50, 75, 100 kPa
H-1 300 1, 30 −5, −20 σ = 25, 50, 75, 100 kPa
H-2 350 1, 30 −5, −20 σ = 25, 50, 75, 100 kPa
H-3 400 1, 30 −5, −20 σ = 25, 50, 75, 100 kPa
H-4 550 1, 30 −5, −20 σ = 25, 50, 75, 100 kPa

During the initial shear stage, all curves rise steeply, indi-
cating a rapid increase in shear stress with displacement. In
the intermediate stage, the slope decreases, leading to a more
gradual increase in stress. As shearing progresses, curves ex-
hibiting a peak stress show a stress decline after a critical
displacement; in contrast, those without a distinct peak ei-
ther continue to rise at a minimal rate or stabilize.

Figure 8 illustrates the development patterns of shear
stress–displacement curves under other varying conditions:
different densities (Ts =−10 °C, t = 5 d), different sintering
times (ρ = 650 kg m−3, Ts =−10 °C), and different sinter-
ing temperatures (ρ = 550 kg m−3, t = 15 d), all tested under
normal stresses ranging from 25 to 100 kPa. White indicates
strain hardening (no peak strength), while dark shades rep-
resent strain softening (with peak strength). The color depth
reflects the shear displacement at which peak stress occurs.
The results show that strain softening is more likely to oc-
cur under conditions of high density, extended sintering time,
elevated sintering temperature, and low normal pressure. In
contrast, strain hardening tends to appear under opposite con-
ditions. As discussed in Sect. 3.2, higher density, longer sin-
tering duration, and higher sintering temperature are asso-
ciated with increased sintering degree. Therefore, snow sam-
ples with greater sintering degree, when subjected to low nor-
mal pressure, tend to exhibit strain softening, and the higher
the sintering degree, the smaller the shear displacement cor-
responding to the stress peak.

3.2 Shear strength and shear strength parameters

Shear tests were preliminarily carried out in this study under
normal stresses ranging from 25 to 350 kPa. Figure 9 presents
the shear strength envelopes of compacted snow under dif-
ferent normal stresses, obtained from tests. It is evident that
for snow samples with varying densities and in unsintered
conditions, the shear strength increases linearly with normal
pressure up to 100 kPa. Beyond this threshold, the rate of in-
crease in shear strength diminishes, and increases again af-
ter 250 kPa, indicating nonlinear behavior. In practical ice
and snow engineering, the depth of snow foundations and
the height of snow slopes are generally limited, resulting in
relatively low overburden pressures. Therefore, normal pres-
sures of 25, 50, 75, and 100 kPa were selected for calculating
cohesion c and internal friction angle ϕ.

3.2.1 Effect of Initial Density

Figure 10 presents the variation in shear strength of snow
at initial densities ranging from 300 to 650 kg m−3 after 5 d
of sintering at −5, −10, and −20 °C. The results show that
shear strength increases approximately linearly with density.
For instance, at −10 °C, the shear strengths of snow samples
with densities of 300 and 650 kg m−3 increased from 35.01,
41.72, 50.31, and 60.28 kPa to 207.86, 256.19, 285.70, and
348.22 kPa under normal stresses of 25, 50, 75, and 100 kPa,
respectively.

Figure 11 shows the corresponding changes in cohesion c
and internal friction angle ϕ with varying initial densities un-
der the same sintering conditions. Both parameters increase
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Figure 7. Shear stress–displacement curves under different test conditions (a, different densities; b, different sintering temperatures; c,
different sintering times; d, different normal stresses).

Figure 8. Development patterns of shear stress–displacement curves under varying influencing factors (a, different densities; b, different
sintering times; c, different sintering temperatures).

approximately linearly with density. As density increases
from 300 to 650 kg m−3, cohesion rises from 29.35, 25.73,
and 20.90 kPa to 168.60, 161.85, and 127.65 kPa at sintering
temperatures of −5, −10, and −20 °C, respectively. Simi-
larly, ϕ increases from 18.18, 18.65, and 19.55° to 58.29,
60.98, and 61.31°, respectively.

3.2.2 Effect of Sintering Time

Figure 12 shows the variation in sample density over differ-
ent sintering times (using 550 kg m−3 as a reference). It can
be observed that density remains relatively stable during the
first 3 d, followed by a gradual decline. By the 60th days of
sintering, the sample mass decreased by 0.8 g, and the den-
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Figure 9. Shear strength envelope of compacted snow under vary-
ing normal stresses.

sity decreased from 550 to 537 kg m−3. All specimens ex-
perienced identical absolute mass loss during same sinter-
ing days. This corresponded to a decrease in mass loss per-
centage from 4.44 % to 2.05 % as specimen density increased
from 300 to 650 kg m−3.This reduction is attributed to subli-
mation under sub-zero temperatures, where snow transitions
directly from solid to gas, leading to a decrease in density.

Figure 13 presents the variation in shear strength with sin-
tering time for snow specimens with initial densities of 350,
450, 550, and 650 kg m−3 at a constant sintering temper-
ature of −10 °C. With increasing sintering time, the shear
strength generally displays a trend of initial increase, sub-
sequent stabilization, and final decrease. This trend reflects
the competing effects between sintering (which strengthens
the snow) and sublimation (which weakens it). In the early
sintering stage, the strengthening effect of sintering domi-
nates, leading to a remarkable increase in shear strength. In
the middle stage (3–15 d), under the coupled effects of sin-
tering and sublimation, the shear strength increases slowly
and then tends to stabilize. In the late stage, sublimation be-
comes the dominant factor, resulting in a continuous decrease
in shear strength.

Figure 14 illustrates the changes in cohesion c and inter-
nal friction angle ϕ of snow samples with sintering time at
the same four densities and sintering temperature. Cohesion
c initially increases with time and then gradually declines,
although it remains higher than that of unsintered snow even
after 60 d. In contrast, the internal friction angle ϕ shows a
marked decrease over time. This reduction may be attributed
to the sintering-induced bonding between snow grains, which
transforms the internal structure from loosely packed parti-
cles into a more continuous matrix, thereby reducing the in-
terlocking frictional resistance.

3.2.3 Effect of Sintering Temperature

Figure 15 presents the variation in shear strength τf of snow
samples with different sintering temperatures at densities of
350, 450, 550, and 650 kg m−3 after 15 d of sintering. As
sintering temperature increases, particle bonding accelerates,
significantly enhancing the shear strength of the samples. For
example, at a density of 550 kg m−3, the shear strengths at
normal stresses of 25, 50, 75, and 100 kPa increased from
144.85, 178.41, 183.64, and 237.91 kPa at−25 °C to 202.64,
236.99, 243.52, and 274.82 kPa at −5 °C, respectively.

Figure 16 shows the variation in cohesion c and internal
friction angle ϕ of snow samples with different sintering tem-
peratures under the same conditions. As the sintering temper-
ature decreases, cohesion c declines, while the internal fric-
tion angle increases slightly.

4 Prediction Using GA-BP Neural Network

As demonstrated in Sect. 3, the effects of various influ-
encing factors on shear strength are characterized by com-
plex interactions and nonlinear relationships. Such behaviors
are difficult to characterize accurately using conventional
function-fitting methods. By comparison, machine learning
methods, including neural networks, random forests, Gaus-
sian processes, and support vector machines, have demon-
strated strong capability in processing nonlinear data and
capturing complex interactions among variables. To quan-
titatively identify the specific influence trends of these fac-
tors, this section utilizes a genetic algorithm (GA) to opti-
mize a back propagation (BP) neural network. Based on ex-
perimental data, a predictive model was developed with ini-
tial density, sintering time, sintering temperature, and normal
stress as input variables, and shear strength as the output vari-
able. The model aims to explore the underlying relationships
among these parameters.

4.1 Model Establishment Method

4.1.1 Data Collection and Preprocessing

A total of 448 experimental data points were obtained,
among which 70 % were randomly assigned to the training
set, 15 % to the validation set, and the remaining 15 % to the
test set. The data were scaled to the interval (0, 1) by apply-
ing max–min normalization, as defined in Eq. (3):

Xnorm =
Xi−Xmin

Xmax−Xmin
, (3)

where Xnorm denotes the normalized value, Xi denotes the
original input, and Xmax and Xmin denote the maximum and
minimum values of the input variable, respectively.
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Figure 10. Variation of shear strength with initial density under different normal stresses after 5 d (a, Ts =−5 °C; b, Ts =−10 °C; c,
Ts =−20 °C).

Figure 11. Variation of shear strength parameters at different initial densities after 5 d (a, cohesion c; b, internal friction angle ϕ).

Figure 12. Variation of average sublimation mass and specimen
density with different sintering times.

4.1.2 BP Neural Network Model

A back-propagation (BP) neural network updates connec-
tion weights through error back-propagation from the output
layer to the input layer, and is commonly utilized for non-

linear function fitting and approximation. The input layer of
the neural network comprises four variables: density, sinter-
ing time, sintering temperature, and normal stress. Although
a more complex hidden layer architecture could substan-
tially improve the prediction accuracy on the training data,
it would also introduce a higher risk of overfitting and de-
grade generalization performance. Therefore, in this study,
the hidden layer structure was simplified as much as possible
while ensuring that the network retained adequate predictive
capability; after extensive comparative tests, a single hidden
layer with 10 neurons was ultimately adopted, striking a bal-
ance between prediction accuracy and generalization perfor-
mance. The output layer contains one neuron representing
the predicted shear strength. The architecture of the neural
network is illustrated in Fig. 17.

The ReLU (Rectified Linear Unit) function was selected
as the activation function for the neural network, defined as
Eq. (4):

f (x)=max(0,x) . (4)

The performance of the trained neural network model was as-
sessed using the coefficient of determination (R2), root mean
square error (RMSE), and mean absolute error (MAE), which
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Figure 13. Variation of shear strength τf with different sintering times under sintering temperature of −10 °C (a, ρ = 350 kg m−3; b, ρ =
450 kg m−3; c, ρ = 550 kg m−3; d, ρ = 650 kg m−3).

Figure 14. Variation of shear strength parameters with different sintering times under sintering temperature of −10 °C (a, cohesion c; b,
internal friction angle ϕ).

are defined as Eqs. (5) to (7):

R2
= 1−

∑n
i=1(yi − ŷi)

2∑n
i=1(yi − y)

2 , (5)

RMSE=

√
1
n

∑n

i=1
(yi − ŷi)

2, (6)

MAE=
1
n

∑n

i=1

∣∣yi − ŷi∣∣ , (7)

where yi denotes the actual value, ŷi denotes the predicted
value, y denotes the mean of the actual values, and n denotes
the number of samples.
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Figure 15. Variation of shear strength τf at different sintering temperatures after 15 d (a, ρ = 350 kg m−3; b, ρ = 450 kg m−3; c, ρ =
550 kg m−3; d, ρ = 650 kg m−3).

Figure 16. Shear strength at different sintering temperatures after 15 d (a, cohesion c; b, internal friction angle ϕ).

4.1.3 GA-BP Neural Network Model

To mitigate the risk of local optima caused by random initial-
ization, a genetic algorithm (GA) was employed to optimize
the initial weights and thresholds of the BP neural network.
A population of real-valued individuals encoding candidate

weights and biases was randomly generated, and the fitness
function was defined as the reciprocal of the mean squared
error between the predicted and measured shear strength val-
ues. Through selection, crossover, and mutation operations,
the population evolved iteratively until the predefined ter-
mination criterion was satisfied. The optimal individual ob-
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Figure 17. Neural network structure.

tained was then used to initialize the BP network, which was
further trained by forward propagation and error backpropa-
gation until convergence. The established GA-BP model was
adopted to predict the shear strength corresponding to given
inputs of density, sintering time, sintering temperature, and
normal stress. The complete flowchart and key parameters of
the GA are presented in Fig. 18 and Table 2, respectively.

4.2 Prediction Results and Analysis

4.2.1 Model Parameter Analysis

Figure 19a presents the Spearman correlation coefficients
between shear strength τf and each input variable, namely
normal stress σ , sintering temperature Ts, sintering time t ,
and density ρ. The low correlation coefficients among nor-
mal stress, sintering temperature, sintering time, and den-
sity indicate that these variables are largely independent. The
correlation coefficients between shear strength and normal
stress, sintering time, sintering temperature, and density are
0.283, 0, 0.754, and 0.934, respectively. The weak inter-
dependence among input variables supports their appropri-
ateness as model inputs. Among these, the variables most
strongly correlated with shear strength, in descending or-
der, are density, normal stress, sintering time, and sintering
temperature. Figure 19b illustrates the relative importance
of each input variable to shear strength, calculated using
the Connection Weights Method (Olden et al., 2004), which
quantifies variable importance by means of the raw connec-
tion weights between adjacent network layers. Density ex-
hibits the highest influence at 42.5 %, followed by sintering
time and sintering temperature at 21.9 % and 20.8 %, respec-
tively, while normal stress contributes the least at 14.8 %.

4.2.2 Neural Network Prediction Results

Upon completion of neural network training, 15 % of the to-
tal dataset (67 samples), excluded from the training process,
was randomly assigned as the test set. The predictive accu-

racy of the trained neural network was subsequently assessed
by comparing the model-predicted values with the experi-
mental measured data. Figure 20a compares the predicted
and actual shear strength values for 67 test set data points
using both the unoptimized BP neural network and the GA-
BP neural network. Figure 20b presents the relative errors
of both models compared to the actual values. The relative
errors of the GA-BP neural network are most below 20 %
and are consistently lower than those of the unoptimized BP
model, demonstrating that the GA-BP neural network offers
superior predictive accuracy, greater precision, and improved
applicability.

Figure 21a and b illustrate the performance of the BP neu-
ral network and the GA-BP neural network on the training
and test datasets. The GA-BP model demonstrates superior
performance across all evaluation metrics – R2, RMSE, and
MAE – compared to the traditional BP neural network. In
the training set, the GA-BP model improved R2, RMSE, and
MAE by 0.1 %, 0.62 %, and 2.4 %, respectively. For the test
set, the corresponding improvements were 0.94 %, 11.04 %,
and 15.6 %, as detailed in Table 3. In summary, although the
predictive performance on the test set is slightly lower than
that on the training set, the degradation is limited and the test
set accuracy remains at a satisfactory level. This indicates
that the neural network model does not suffer from severe
overfitting and possesses adequate generalization ability for
practical application.

4.2.3 Prediction of Shear Strength Parameters

Based on the GA-BP neural network model, shear strength
was predicted for various combinations of density (300 to
650 kg m−3), sintering time (0 to 60 d), sintering tempera-
ture (−5 to −25 °C), and normal stresses of 25, 50, 75, and
100 kPa, at a fixed shear rate of 0.8 mm min−1. These pre-
dicted values were used to derive the corresponding cohe-
sion and internal friction angle, with the results summarized
in Table 4.

Figure 22 presents the predicted cohesion c of snow sam-
ples with densities of 350, 450, 550, and 650 kg m−3 un-
der varying sintering temperatures and sintering times. Co-
hesion c demonstrates a pronounced trend of initially in-
creasing, then stabilizing, and eventually decreasing with ex-
tended sintering time across all densities. Furthermore, lower
sintering temperatures consistently lead to reduced cohesion.
The lowest cohesion values are observed in unsintered snow,
while the highest are typically found at −5 °C and sinter-
ing times between 10 and 25 d. Notably, lower-density snow
reaches its peak cohesion within a shorter sintering period.

Figure 23 illustrates the predicted internal friction angle
ϕ of snow samples with densities of 350, 450, 550, and
650 kg m−3 under various sintering temperatures and times.
The internal friction angle consistently decreases with in-
creasing sintering time, while it increases with decreasing
sintering temperature. These trends align with the experi-

The Cryosphere, 20, 4401–4419, 2026 https://doi.org/10.5194/tc-20-4401-2026



H. Huo et al.: Direct shear strength parameters of compacted snow 4413

Figure 18. GA-BP neural network prediction process.

Table 2. Parameters of the Genetic Algorithm.

Population Crossover Mutation Number of Encoding
Size Probability Probability Generations Length

50 0.8 0.1 100 61

Table 3. Performance evaluation metrics for training and test sets.

R2 RMSE MAE

Training set (BP) 0.986 9.65 7.15
Training set (GA-BP) 0.987 9.59 6.98
Improvement ratio (%) 0.1 0.62 2.4

Test set (BP) 0.958 14.76 10.83
Test set (GA-BP) 0.967 13.13 9.14
Improvement ratio (%) 0.94 11.04 15.6

mental results. At shorter sintering durations and lower sin-
tering temperatures, snow exhibits higher internal friction an-
gles. However, as sintering time progresses, ϕ declines, with
the most pronounced reductions occurring at higher sintering
temperatures (e.g., −5 °C).

4.3 Discussion

4.3.1 Physical mechanisms governing the evolution of
direct shear strength parameters

Initial density is the dominant factor governing the direct
shear strength and mechanical strength parameters of com-
pacted snow. An increase in density creates more interparti-
cle contact points per unit volume and yields a denser inter-
nal microstructure (Butkovich, 1958; Mellor, 1977), which
strengthens intergranular bonding and frictional interlocking.
As illustrated in Fig. 11, both cohesion and internal friction
angle rise markedly as the initial density increases from 300
to 650 kg m−3. Under a sintering temperature of −10 °C and
a sintering duration of 5 d, cohesion increases from 25.73
to 161.85 kPa, while the internal friction angle grows from
18.65 to 60.98°.

The shear strength evolution of compacted snow with sin-
tering time is governed by the coupled effects of sublima-
tion and the formation of interparticle hydrogen bonds during
sintering. In the early sintering stage, hydrogen bonds form
rapidly between snow grains, whereas the density attenua-
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Figure 19. Analysis of model parameters (a, Spearman’s correlation coefficient matrix; b, relative importance of each parameter).

Figure 20. Shear strength prediction errors of the neural network
model on the test set (a, Prediction value error; b, relative error of
prediction value).

tion induced by sublimation remains insignificant, resulting
in a rapid rise in shear strength. Subsequently, the sinter-
ing process gradually stabilizes, accompanied by sustained
density reduction. Controlled by the interplay of these two

mechanisms, the shear strength fluctuates slightly and main-
tains a relatively stable level. As sintering time further pro-
longs, sublimation gradually dominates the structural evolu-
tion, leading to a continuous decline in shear strength.

During sintering, the protrusions on snow grain surfaces
undergo preferential sublimation, rendering particle mor-
phologies more regular (Bahaloo et al., 2024; Colbeck,
1983a; Paterson, 1994; Wang, 1982; Zhuang, 2019). This
smoothens particle surface roughness and consequently in-
duces a gradual reduction in the internal friction angle. By
contrast, cohesion exhibits a variation trend consistent with
that of shear strength, rising initially and then declining
slowly. Taking the specimen with a density of 550 kg m−3

sintered at −10 °C as an example (Fig. 14), as sintering
time extends to 60 d, cohesion first increases from 53.54 to
141.85 kPa and then decreases to 131.99 kPa; meanwhile, the
internal friction angle drops from 52.78 to 38.58°.

Elevated sintering temperature intensifies the Brownian
motion of water vapor, which promotes the formation of
hydrogen bonds among snow particles (Abele, 1990; Abele
and Frankenstein, 1967; Colbeck, 1983a). A higher sintering
degree further reinforces interparticle bonding and regular-
izes grain surface morphology. As shown in Fig. 15, when
the sintering temperature rises from −25 to −5 °C, cohe-
sion increases considerably. For specimens with a density of
550 kg m−3 sintered for 15 d, cohesion increases from 115.4
to 183.72 kPa, while the internal friction angle decreases
from 48.69 to 41.74°.

4.3.2 Comparison with existing studies

This study systematically investigated the variation patterns
of shear strength and its key parameters of compacted snow,
with a focus on the effects of three critical factors: initial den-
sity, sintering time, and sintering temperature. The influences
of initial density and sintering temperature observed in this
study are consistent with the findings of previous research
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Figure 21. Training and test set prediction performance of the neural networks (a, BP neural network; b, GA-BP neural network).

Figure 22. Predicted cohesion c values for various combinations (a, ρ = 350 kg m−3; b, ρ = 450 kg m−3; c, ρ = 550 kg m−3; d, ρ =
650 kg m−3).

(Butkovich, 1958; Ballard et al., 1965; Perla et al., 1982;
Schweizer, 1998). With respect to the effect of sintering time,
similar conclusions have been corroborated by both field
investigations and laboratory experiments (Jellinek, 1959;
Zhuang, 2019; Fu, 2020; Yang, 2024).

In contrast, Abele (1990) reported that the sintering
strength of snow continued to increase without exhibiting
a decreasing trend. However, the experimental details (e.g.,
ambient humidity and specimen sealing conditions) were not
clearly described in that study, which may have led to dis-
crepancies in the observed results. Therefore, more refined
and controlled experiments are required in future research to

further clarify and verify the strength variation patterns of
compacted snow.

4.3.3 Highlights and limitations of this study

Combining laboratory experiments and a neural network
model, this study established baseline direct shear strength
parameters for compacted snow covering a range of influenc-
ing conditions: an initial density of 300 to 650 kg m−3, sin-
tering temperature of−25 to−5 °C, sintering duration of 0 to
60 d, and normal stress of 25 to 100 kPa. The derived baseline
parameters can provide a reference for engineers to conduct
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Table 4. Compacted snow shear strength parameters (25 to 100 kPa normal stress, shear rate v = 0.8 mm min−1).

ρ Ts t = 1 d t = 5 d t = 10 d t = 15 d t = 30 d t = 60 d

(kg m−3) (°C) c (kPa) ϕ (°) c (kPa) ϕ (°) c (kPa) ϕ (°) c (kPa) ϕ (°) c (kPa) ϕ (°) c (kPa) ϕ (°)

300

−5 30.16 16.23 34.15 15.35 36.79 13.58 35.50 12.41 34.78 11.30 26.87 10.69
−10 25.02 17.53 33.89 16.70 34.77 14.91 34.20 13.58 32.21 11.53 22.05 10.99
−15 24.35 19.32 33.11 18.37 34.94 15.22 33.10 13.87 28.50 12.18 19.24 11.66
−20 24.16 20.90 31.29 19.69 32.28 15.38 28.10 14.61 25.68 13.18 18.98 12.92
−25 18.23 21.76 23.41 21.09 30.47 17.21 25.43 16.86 20.69 15.93 13.94 14.29

350

−5 32.74 20.61 52.36 20.10 55.73 17.69 60.83 16.50 61.61 15.96 45.51 14.02
−10 30.36 21.17 46.28 22.62 52.62 18.62 52.14 17.86 48.10 16.88 33.79 15.77
−15 30.02 24.15 41.20 22.93 42.09 20.00 40.40 22.11 33.67 21.80 28.74 20.48
−20 30.51 24.37 34.81 25.88 41.94 25.66 38.98 23.46 28.67 22.07 26.01 21.20
−25 28.34 26.39 32.43 26.48 39.76 25.76 37.41 24.90 26.05 22.30 21.17 21.60

400

−5 42.25 28.33 65.30 26.61 75.89 25.48 66.52 23.55 65.64 18.81 52.18 17.25
−10 46.69 30.83 63.24 27.10 67.05 26.81 54.26 25.55 52.32 24.24 46.23 21.23
−15 43.83 31.74 54.61 28.52 51.59 28.04 46.95 27.57 47.93 25.31 38.68 22.38
−20 32.47 32.36 41.27 30.74 47.22 29.03 45.03 28.26 40.48 27.77 32.65 23.49
−25 30.50 33.67 39.83 33.14 46.33 31.94 40.61 31.13 30.59 29.44 26.55 28.41

450

−5 57.87 40.24 77.97 37.10 90.77 30.90 99.63 29.82 102.92 28.97 83.80 21.96
−10 56.08 40.86 82.47 37.55 89.36 33.13 90.41 31.34 85.72 29.83 72.50 24.72
−15 55.78 41.83 78.79 38.98 81.05 38.20 80.87 36.17 76.00 30.13 67.91 26.53
−20 54.65 41.26 77.85 39.04 80.48 38.46 74.92 37.84 70.15 32.12 64.00 30.90
−25 53.55 42.85 74.80 40.98 77.00 39.48 69.98 38.04 65.06 36.67 61.82 34.05

500

−5 84.44 44.83 107.94 44.01 128.50 42.42 135.93 38.01 121.49 36.36 108.92 32.30
−10 81.45 47.82 101.51 46.09 118.30 45.19 122.38 40.39 112.09 39.11 98.68 36.19
−15 73.55 50.40 95.53 48.38 111.06 47.07 109.39 44.18 110.45 40.94 97.20 36.19
−20 72.12 51.50 91.18 49.93 103.05 48.47 101.81 45.51 99.13 41.48 89.23 36.15
−25 67.39 52.43 84.13 51.32 96.70 48.90 97.80 46.79 89.56 43.41 87.17 38.78

550

−5 109.40 48.82 132.91 47.02 150.11 44.14 160.57 42.62 147.66 42.52 137.11 33.51
−10 109.79 51.90 132.26 49.82 149.29 47.29 151.61 45.08 138.36 45.26 132.29 38.06
−15 107.32 53.08 126.85 50.96 142.04 49.30 136.39 47.45 121.27 48.70 118.46 40.70
−20 101.38 54.05 116.68 50.74 128.30 50.50 125.78 48.82 119.58 48.70 116.62 41.75
−25 92.07 54.69 106.02 52.30 120.63 50.05 114.43 50.63 107.89 48.70 101.46 41.89

600

−5 128.87 54.74 143.23 54.37 157.11 52.70 165.06 50.83 155.70 45.23 142.78 39.50
−10 124.06 56.32 138.30 55.33 154.60 53.05 156.90 51.73 146.94 46.15 136.44 40.33
−15 107.03 57.33 126.05 56.65 144.32 53.51 154.95 52.61 143.54 49.32 126.97 41.19
−20 99.75 57.56 121.08 56.93 140.21 54.66 149.13 53.87 139.17 49.11 121.45 43.19
−25 96.69 58.22 118.01 57.89 137.25 56.84 145.38 55.57 132.08 51.15 119.93 46.19

650

−5 140.52 58.71 159.95 58.49 167.41 56.81 167.67 55.51 160.17 47.30 149.92 44.49
−10 134.57 61.25 158.24 59.85 163.46 57.74 161.40 56.97 154.92 48.78 142.25 46.70
−15 135.22 61.25 158.04 58.17 161.49 58.04 159.72 57.51 152.07 49.47 140.56 47.70
−20 137.67 61.34 157.24 59.11 160.84 58.26 158.54 58.28 151.68 50.70 138.87 48.70
−25 139.94 62.15 154.22 60.81 157.57 59.15 156.51 58.63 149.99 52.70 127.08 48.73

deformation analysis, bearing capacity evaluation, and sta-
bility calculation of snow-based infrastructures in polar and
cold regions. When snow type or environmental conditions
vary, updated strength parameters can be acquired via labo-
ratory testing. By further establishing the quantitative corre-
lation between newly measured parameters and the baseline

values proposed in this study, targeted correction of the ex-
isting baseline data can be realized.

This study solely considered four influencing factors,
namely initial density, sintering temperature, sintering time,
and normal stress within the range of 25 to 100 kPa, with
a fixed shear loading rate of 0.8 mm min−1. The evolution
characteristics of the shear strength parameters of compacted
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Figure 23. Predicted internal friction angle ϕ values for various combinations (a, ρ = 350 kg m−3; b, ρ = 450 kg m−3; c, ρ = 550 kg m−3;
d, ρ = 650 kg m−3).

snow under additional internal and external influencing fac-
tors remain to be explored in future research. Key internal
factors include snow type, liquid water content, and particle
size distribution, while major external factors cover ambient
humidity, specimen sealing conditions, loading rate, and ex-
tended normal stress levels.

5 Conclusions

Through laboratory direct shear tests and machine learning,
the evolution patterns of shear stress-displacement curves,
shear strength, and shear strength parameters of compacted
snow were analyzed, leading to the following conclusions:

1. The shear stress–displacement curves of compacted
snow exhibit two distinct development patterns: soften-
ing (with a peak stress) and hardening (without a peak).
Softening tends to occur under greater sintering degree
conditions – such as higher initial density, longer sinter-
ing time, and higher sintering temperature – and lower
normal stress. Moreover, the greater the degree of sin-
tering, the smaller the shear displacement correspond-
ing to the stress peak.

2. As the initial density increases from 300 to 650 kg m−3,
both cohesion and internal friction angle show clear up-
ward trends. With increasing sintering time from 0 to
60 d, cohesion initially increases and then decreases,

while the internal friction angle consistently declines.
As the sintering temperature decreases from −5 to
−25 °C, cohesion continuously drops, whereas the in-
ternal friction angle shows a corresponding increase.

3. Neural network analysis revealed the relative influence
of the main factors on shear strength: the relative impor-
tance contributions are 42.5 % for initial density, 21.9 %
for sintering time, 20.8 % for sintering temperature, and
14.8 % for normal stress.

4. Based on the (GA-BP) neural network, this study es-
tablishes benchmark values of shear strength parame-
ters for compacted snow under different initial densities,
sintering durations, and sintering temperatures. These
benchmark values provide reliable quantitative refer-
ences for the design, construction, and performance op-
timization of snow-based structures in engineering prac-
tice. In future research, the proposed benchmark val-
ues can be adapted and extended to accommodate di-
verse engineering environments and compaction tech-
nologies, thereby supporting the rational selection of
parameters and comprehensive performance evaluation
of snow engineering structures across various applica-
tion scenarios.

This study focused on three key factors, which are initial den-
sity, sintering time, and sintering temperature. Other vari-
ables such as water content, particle size, morphology and
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shear rate influence snow strength as well. When account-
ing for these factors in engineering practice, adaptive ad-
justments should be implemented based on the benchmark
framework established in this study.
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