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a b s t r a c t

The mixed rock-ice deposits in high-latitude areas usually come from the accumulation of rock-ice
avalanches. Melting tests and temperature-controlled triaxial tests were conducted on rock-ice
mixture samples with varying volumetric ice contents (0.25, 0.5, and 0.75), environment tempera-
tures (0.5 ◦C, 1 ◦C, and 1.5 ◦C), and temperature control durations (20 min, 40 min, and 60 min), aiming
to investigate the thermodynamic behavior of rock-ice mixed deposits under an ablation environment.
Our findings reveal that the melting behavior of rock-ice mixtures mainly occurs in the surface layer;
then, ice meltwater transports along the surface seepage path to the bottom of the sample. Notably, the
basal meltwater gathering zone leads to accelerated melting of the ice debris, and the cohesion and
occlusion between the rock debris in this zone almost disappear, ultimately resulting in severe basal
damage. Triaxial test results indicate that the basal damaged zone leads to an easy initial compression
process of the rock-ice mixture samples and forms a basal strain effect. Statistics show that ice content,
environment temperature, and temperature control duration all show a negative impact on the mix-
ture's peak strength in thaw environments, which also exacerbates the basal strain effect, with a
maximum basal strain of 8.61% and a corresponding mass loss ratio of 28.69%. Finally, the mechanisms
of the secondary sliding of the mixed deposits and the failure mode of the rock-ice deposit dams
induced by ice debris melting were discussed.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Rock-ice avalanches are a large-scale geologic hazard in the
region of alpine glaciers caused by ice avalanches or rock collapses
(Deline et al., 2021; Leinss et al., 2021; Zhang et al., 2023a). Since
the 21st century, global warming has led to accelerated glacier
melting and frequent glacier avalanches, and rock-ice avalanches
of different magnitudes have been widely reported. Relevant
studies show that these rock-ice avalanche hazards were mainly
concentrated in the European Alps (Faillettaz et al., 2011, 2015;
Fischer et al., 2013), the Alaskan mountains (Lipovsky et al.,

2008; Jacquemart et al., 2020), the Caucasus (Huggel et al.,
2005), the Andes (Falaschi et al., 2019), and the high moun-
tainous regions of Asia (van der Woerd et al., 2004; K€a€ab et al.,
2018, 2021; Gnyawali et al., 2020; Fan et al., 2022; Chang and
Xing, 2025a), and some of these events resulted in severe casu-
alties and economic losses. When rock-ice avalanches occur, the
ice and rock mass detached from the starting zone will have an
entrainment effect on the materials along its propagation path
(Pudasaini and Krautblatter, 2021; Pudasaini, 2022), ultimately
forming fluidized mixtures of rock-ice debris accumulated in the
gully and the valley (Schneider et al., 2011; Sosio, 2015; Chang and
Xing, 2025b). The complex dynamics of rock ice avalanches, such
as ice melting, base erosion, base lubrication, and internal fluid-
ization, make rock ice-avalanche deposits a multiphase mixture
(Pudasaini and Krautblatter, 2014; Pudasaini, 2024). As this
powerful mixing mass flow meets the river downstream, it can
accumulate at the confluence and block the river, forming a rock-
ice avalanche deposit dam and the barrier lake (Shang et al., 2003;
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Yin and Xing, 2012; Fan et al., 2022). Although the rock-ice
avalanche hazards are well known, the mixed rock-ice deposits
and dams formed by the rock-ice avalanches are likely to form
secondary disasters in a thaw environment. Specifically, ice or
snow debris inside the deposits will melt with rising ambient
temperatures, and the meltwater can significantly affect the me-
chanical properties of the mixtures.

Current reports about rock-ice avalanche deposit-induced
secondary hazards cover mainly rock-ice mixed dam failure
(Borgatti et al., 2006; Krop�a�cek et al., 2021; Fan et al., 2021; Zhang
et al., 2023b). For example, due to the increasing average annual
temperature and receding glaciers, the Amney Machen Mountains
located in the eastern Tibetan Plateau, China, have experienced
four significant rock-ice avalanche events during the past 20 years
(Paul, 2019; K€a€ab et al., 2021; Zhang et al., 2023b). According to
Zou et al. (2023), the Amney Machen rock-ice avalanche pro-
duced about 15.7 × 106 m3, 5.9 × 106 m3, 3.5 × 106 m3, and
0.6 × 106 m3 of deposits in 2004, 2007, 2016, and 2019, respec-
tively. The field investigation performed in 2004 about the Amney
Machen case showed that the main composition of the deposits
was a mixture of rock debris and ice debris, with a portion of ice
meltwater (Fig. 1a). The volumetric ice content of the deposits is
about 80%, with an ice fragment size range from 0.05 to 0.25 m,
except for a few ice debris with sizes of 1–6 m (Fig. 1c). After the
Amney Machen rock-ice avalanche occurred in 2004, the rock-ice
deposits formed a dam in the Qushian River, with a width of
about 200 m, an average height of about 10 m, and a volume of
about 1.1 × 106 m3 (Fig. 1b). A large number of subsidence cracks,
sinkholes, and localized collapses have formed on the dam body
due to the surface ice melting and settlement of the deposits. In
the field, there found some cracks in the dam, the largest one with
a length of 60–80 m, a width of 0.2–2 m, and a depth of 1–3 m
(Fig. 1d). Ice melt water develops a large number of seepage
channels within the dam and eventually flows into the river at the
bottom of the dam.

In the future, along with glacier melting, large-scale rock-ice
avalanches in this region could remain possible, producing large
volumes of rock-ice deposits. The recent rock-ice avalanche that

occurred in Chamoli, India in February 2021 has once again
attracted much attention worldwide. In this case, mixing the
material flow of ice and rock moving at a high speed, blocked the
river in the valley and formed a deposit dam with a volume of
about 8 × 106 m3 (Krop�a�cek et al., 2021; Siddique et al., 2022).
According to Shugar et al. (2021), the rock-ice mixtures dam
destabilized only a few hours later, causing a supermassive flood
with a mean discharge of about 8200–14200 m3/s. Wang et al.
(2024) suggest that the rapid failure of the dam in the Chamoli
case was not only related to the rapid rise in the lake level but that
the large number of ice blocks inside the dam was also account-
able. Similar rock-ice deposit dam failure events also occurred in
several famous rock-ice avalanches, such as the Yigong case in
2000 (Delaney and Evans, 2015; Kang et al., 2017), the Kolka Kar-
madon case in 2002 (Huggel et al., 2005), and the Sedongpu case in
2018–2025 (Li et al., 2022, 2024; Gao et al., 2023), etc. In these
events, ice meltwater played a significant role in the failure of the
rock-ice mixed dams, accelerating the destruction of the dam
structure. The outburst of floods that followed the dam's failure
caused significant economic damage to the downstream region
(Xu et al., 2012; Zhou et al., 2016). On the other hand, the reac-
tivation of rock-ice mixture deposits under climate change con-
ditions also cannot be ignored. Fieldwork about the Sedongpu
rock-ice avalanche from An et al. (2022) shows that obvious
ablation occurred in the rock-ice deposits under the intense solar
radiation, causing the collapse of the deposits on both sides of the
erosion grooves. Similarly, when high ice content avalanching
mass accumulates in a relatively steep (15–30◦) propagation area,
large amounts of meltwater will affect the stability of these de-
posits. For this, Pudasaini (2024) has developed the full thermo-
mechanical model for three-phase rock-ice avalanche dynamics
with changing temperature and ice melting rate, which explains
advection-diffusion of heat including the heat exchange across the
rock-ice avalanche. Therefore, the thermo-mechanics and the
changing temperature of the rock-ice mixtures should be consid-
ered an essential element in the security assessment of rock-ice
avalanche deposits. Understanding the thermodynamic proper-
ties of rock-icemixtures in the setting of temperature rise is crucial

Fig. 1. Field investigation of the Amney Machen rock-ice avalanche deposits: (a) the rock-ice mixtures accumulated in the gully, (b) the rock-ice deposits dam formed in the river
valley, (c) rock debris and ice debris in the deposits, and (d) the cracks formed in the deposition dam.
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for revealing the deformation characteristics of rock-ice avalanche
deposits and the triggering mechanisms of potential disasters.
Then, the transport, mixing, and fluidization of the debris flood
and the disaster chain can be simulated following the multi-phase,
thermo-mechanical models (Pudasaini and Krautblatter, 2014;
Pudasaini, 2024), applying for regional risk assessment.

Relevant studies have investigated themechanical properties of
rock-ice mixtures through various tests. In established studies,
rock-ice mixtures exist mainly in the form of permafrost (Akagawa
and Nishisato, 2009; Liu et al., 2020; Tang et al., 2023), moraines
(Springman et al., 2003; Lukas, 2005), glacier basal moraines
(Moore, 2014; Fitzsimons and McManus, 2001; Ladanyi, 2002),
and geotechnics of other planets (Mangold et al., 2002). Existing
works aremore concernedwith themechanical properties of rock-
ice mixtures in freeze environments, such as tensile properties,
shear strength, frost heave behavior, and ice-soil interface me-
chanics. Only a few studies have considered the thermodynamic
characteristics of rock-ice mixtures in thaw environments. In
addition, volumetric ice content and ambient temperature are
often cited as the key controlling factors. For instance, Krautblatter
et al. (2013) analyzed the temperature dependence of shear
detachment at the rock-ice interface and the mechanical destabi-
lization process of permafrost rocks in awarming climate by direct
shear tests. They found that fracture toughness, compressive, and
tensile strength decrease by 50% or more when permafrost rocks
are melted. Huang et al. (2023) studied the shear mechanical
behavior of the ice-rich debris–rock interface at the bottom of the
glacier based on temperature-controlled direct shear tests. They
found that as the temperature increased from − 9 ◦C to − 1 ◦C, the
peak and residual shear stress decreased by 62.5%–78%. Mean-
while, when the ice-rich debris-rock interface with the lowest ice
content (40%), the residual shear stress is highly influenced by
normal stress. From the perspective of global climate change, the
thermodynamic properties of rock-ice mixtures in thaw environ-
ments need to receive more attention. As demonstrated in Fig. 2,

the average annual temperatures in the RIA-prone region have
been gradually increasing and exceeding the melting point of the
ice, which will have a significant impact on the stability of the
mixed rock-ice deposits. Focusing on the melting characteristics of
ice debris and the seepage behavior of meltwater will help us
understand the failure mode of rock-ice mixtures, as well as the
potential geological hazards they may cause.

Aiming to reveal the mechanical behavior of rock-ice deposits
in ablation environments and the controlling effects of different
factors, sandy shale specimens collected in the field and artificial
ice debris were used to conduct melting and temperature-
controlled triaxial compression tests in this study. The series of
test configurations in this work was derived from the field inves-
tigation results of the Amney Machen rock-ice avalanche deposits.
In addition to the two commonly used control factors, volumetric
ice content, and environment temperature, we added different
temperature control duration conditions in the triaxial test, which
is used to characterize different cycles of temperature change in
the field. The melting characteristics, ice meltwater seepage
behavior, and basal damage behavior of the rock-ice mixture
samples under various test conditions were analyzed. According to
the stress-strain characteristics andmacroscopic damage patterns,
a novel failure mode of the rock-ice mixtures is proposed, which
clarifies the contribution of ice meltwater in mixture deformation.
Furthermore, based on the experimental results, the possible
mechanism of secondary hazards caused by the melting of ice
debris in the rock-ice avalanche deposits is discussed.

2. Methodology

2.1. Laboratory sampling

Given the current melting status of the rock-ice avalanche de-
posits and the difficulty of preserving the cryogenic environment
during transportation, we used remodeled samples in the labo-
ratory to perform the test. The rock material used in the study was
mainly fragmented sandy shale (Fig. 3a) collected from outcrops in
the study area. The mineral composition of this sandy shale in-
cludes quartz, kaolinite, montmorillonite, illite, and mica; its
physical properties are shown in Table 1. Afterward, the sandy
shale blocks were pulverized into rock debris with a maximum
particle size of about 5 mm (Fig. 3b). To reconstruct the charac-
teristics of the ice rock debris in the rock-ice avalanche deposits,
we selected the rock debris with a grain size between 0.2 and
5 mm, and its particle size distribution information is shown in
Table 2. The ice debris required for the test was also produced in
the laboratory. The pre-prepared ice blocks were crushed via an
ice-crushing machine, and the ice debris was obtained (Fig. 3d–e).
Owing to control conditions such as temperature and freezing
duration being limited in the laboratory, there is a slight difference
in strength between artificial ice debris and field ice debris
(Kermani et al., 2007). In this work, the grain size distribution
interval of the ice debris was controlled to be 0.5–7.5 mm (see
Table 2).

When making the samples, we determined the component
arrangements of the rock-ice mixtures by volumetric proportions
and characterized the rock-ice proportions of the samples by
their ice content (Ic). Volumetric Ic is the ratio of ice debris vol-
ume in a given sample to the total volume (Mangold et al., 2002;
Arenson et al., 2004). The porosity of rock and ice debris in the
compacted state was calculated, and the mass of rock and ice
debris required for the samples with different Ic was determined.
The porosity at five releases of the compactor was used in this
study, with the porosities of rock debris and ice debris of 6.2% and
2.5%, respectively. Then, the mass of rock and ice debris required

Fig. 2. The mean annual air temperature of two regions with rock-ice/ice avalanches
(RIA/IA) occurred frequently in the Tibetan Plateau, China: (a) Temperature record
from the Maqin Station at the eastern Tibetan Plateau. Graph modified from Zou et al.
(2023). Four ice avalanche events (Amney-RIAs) occurred in the past 20 years (2004,
2007, 2016, 2019), and (b) Temperature record of the Ali region, which experienced
two massive ice avalanches in 2016 (Aru-IAs). The dotted line in the graph indicates
the temperature trend.
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for different Ic samples is calculated. Information on the ice and
rock debris mass fractions of the three rock-ice mixture samples
is shown in Table 3. When sampling, the quantitative ice debris
was quickly and evenly mixed with the rock debris and imme-
diately placed in a cryostat for refrigeration, with the refrigera-
tion temperature set at − 4 ◦C. The preparation of triaxial samples
was started after the rock-ice mixture was refrigerated for
30 min. Fig. 3c presents the ice rock mixtures with an ice content
of 0.25, 0.5, and 0.75, respectively. The size of the triaxial test
sample used in this study was 3.9 cm × 8 cm (diameter × height).
During the test, the sample expands in volume after refrigeration
is completed, which makes it difficult to disassemble it from the
sample-making cylinder. A smooth film was placed inside the
cylinder during the sample preparation process to solve this
issue. The prepared triaxial sample and the sample-making cyl-
inder were placed in a cryostat together for 48 h. The finalized
samples with different ice contents are shown in Fig. 3f.

2.2. Melting test configuration

Melting tests are performed to investigate the melting char-
acteristics of the rock-ice mixtures at different ambient tempera-
tures. In this work, 0.5 ◦C and 1 ◦C two temperature conditions
were designed. The temperature conditions of the melting test are
implemented by a temperature control box with a temperature
control accuracy of 0.1 ◦C. Before performing the melting test, set
the target temperature and quickly place the samples in the box
after the temperature has stabilized. Water barrier paper was
placed at the bottom of the sample to observe the collection of
meltwater. We observed the samples melting every 10 min, and
the total test duration was 1 h.

2.3. Temperature-controlled undrained triaxial test configuration

The instrument used in this test was the GDS temperature-
controlled triaxial apparatus (Fig. 4a–b). The test system mainly
consists of the axial loading system, pressure servo system, tem-
perature control system, digital data acquisition system, and data
logger system, which provides an accurate measurement platform
and advanced mechanics that can be employed over a high-stress
working range, including confining pressure and back pressure
(Barla et al., 2010). Specifically, the vertical load is applied to the
sample using the Virtual Infinite Stiffness (VIS) loading frame. The

Fig. 3. Sample preparation for the tests: (a) sandy shale blocks collected from the study area, (b) sandy shale debris produced by pulverization, (c) rock-ice mixtures with different
ice content, (d) ice debris made in the laboratory, (e) ice debris used in the tests, and (f) completed rock-ice mixture samples.

Table 1
Physical properties of the sandy shale used in this study.

Characteristics Natural weight (kN/m3) Water content Compressive strength (MPa) Young's modulus (GPa) Poisson's ratio

Sandy shale 25.65 2.34% 61.32 2.46 0.26

Table 2
Size distributions of the rock debris and ice debris.

Size interval (mm) 0.2–0.5 0.5–1 1–2 2–5 5–10

Rock debris 34.4% 27.5% 21.8% 16.3% 0%
Ice debris 0% 27.4% 19.6% 20.8% 32.2%

Table 3
Mass fractions of rock debris and ice debris for samples.

Sample ID Ic Sample mass (g) Mass of rock (g) Mass of ice (g) Saving Temp. (◦C)

RIM 1-9 0.25 195.6 ± 1.0 172.5 ± 0.5 23.3 ± 0.5 − 4.0
RIM 10-18 0.50 161.6 ± 1.0 115.0 ± 0.5 46.6 ± 0.5 − 4.0
RIM 19-27 0.75 127.4 ± 1.0 57.5 ± 0.5 69.9 ± 0.5 − 4.0

Notes: Saving Temp. means the temperature of the environment in which the sample is saved.
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confining pressure of the pressure chamber is applied through the
silicone oil from the servo-controlled actuators (Fig. 4b). The
volumetric deformation of the sample can be calculated by
measuring the change in oil volume in the pressure chamber based
on a hydraulic sensor. Temperature control is achieved by circu-
lating silicone oil in a spiral tube inside the pressure chamber. A
thermocouple is built into the pressure chamber to continuously
measure the temperature of the silicone oil (Fig. 4b). This axial
load range of the triaxial apparatus is 0–100 kN, the confining
pressure range is 0–4 MPa, the axial displacement range
is − 50 mm to 50 mm, and the temperature control range is − 20 ◦C
to 200 ◦C and with an accuracy of 0.1 ◦C. According to the tem-
perature data provided by the Maqin meteorological station, the
annual mean air temperature in the Amney Machen mountains
between 2010 and 2020 fluctuated within the range of
0.5 ◦C–1.5 ◦C, showing an increasing trend (Zou et al., 2023). The
temperature levels of the pressure chamber were set in the test
with 0.5 ◦C, 1.0 ◦C, and 1.5 ◦C. In addition, based on the depth
distribution (5–20 m) of deposits in the Amney Machen rock-ice
avalanche case (Paul, 2019; Zhang et al., 2019), the stress distri-
bution inside the deposits is estimated to be 87.5–350 kPa. Here,
the density of the rock-ice mixtures is estimated at 1750 kg/m3.
Therefore, the study selected the confining pressure of 200 kPa to
reproduce the stress conditions for the deformation processes of
the rock-ice deposits. Considering the rock-ice avalanche deposits
are generally subjected to their gravity only, and combining with
the subsidence characteristics of the rock-ice deposit dam of the
Amney Machen case, the axial stress loading rate in this study was
set to 1.2 mm/min. To investigate the mechanical properties of ice-
rock mixtures under the situation that ice-meltwater cannot be
drained in time, and the damage mechanism caused bymeltwater,
undrained triaxial tests were conducted in this study.

The framework of the test is as follows. First, we control the
operating environment temperature of the laboratory with the
help of natural temperature. The series of tests were performed in
November–December 2023 in Beijing, China. This period was the
winter season at the test site, and the sub-zero, low room tem-
perature of the laboratory (0–2 ◦C) ensured the successful execu-
tion of the tests. In addition, before each triaxial test is performed,
we control the temperature of silicone oil in the refrigeration
system to keep it to about − 5 ◦C, to avoid sample melting caused
by too long-term temperature control for the pressure chamber.
Finally, we cooled the pressure chamber in advance by pre-testing
to ensure that the samples were directly placed in a low-
temperature environment during the formal test. After the above
preparations are completed, the formal procedure for
temperature-controlled triaxial testing begins: (1) The prepared
sample was removed from the freezer, the sample-making cylin-
der was removed, and the rubber membrane was installed. After
securing the sample to the triaxial test platform and ensuring that
the drain and vent channels are airtight, install the pressure
chamber and begin filling the chamber with silicone oil at a low
temperature. The total time for the process is about 10 min, but it
requires a rich operating experience. (2) After the silicone oil is
injected into the pressure chamber, the confining pressure is
maintained at 200 kPa by the servo-controlled actuators and held
for 30 min. During this process, the temperature of the silicone oil
in the pressure chamber was controlled below 0 ◦C. (3) The tem-
perature of the silicone oil in the pressure chamber is adjusted to
the target temperature via the temperature control system. Then,
the sample is left in the pressure chamber for a certain period (i.e.,
temperature control duration). (4) The axial load was applied by
the axial loading system at a strain rate of 1.2mm/min, and the test
was terminated when the axial strain in the sample reached 20%.

Fig. 4. Triaxial Test Configuration: (a) GDS temperature-controlled triaxial apparatus, and (b) schematic diagram of the triaxial test system.
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(5) Ice meltwater can cause difficulties in disassembling samples
for some conditions after the test is completed. For this reason, we
refroze some samples through the temperature control system
immediately after the test, which helped to complete the suc-
cessful disassembly of the samples and the macroscopic damage
characteristics study.

In this study, we focused on the influence of ice content,
pressure chamber temperature, and temperature control duration
(TCD) on the thermodynamic behavior of rock-ice mixtures. Here,
TCD corresponds to the duration of the melting season in the
actual scenario. Three groups of ice content, environment tem-
peratures, and TCD were set for the tests. The confining pressure
was controlled to be 200 kPa, and the axial loading rate was the
same for all tests. Detailed test conditions of this study are shown
in Table 4.

3. Results

3.1. Melting behaviors of rock-ice mixtures

3.1.1. Macro-deformation characteristics
During the melting test, the camera recorded the macroscopic

toppling deformation characteristics of the samples at different
moments. Fig. 5 demonstrates the melting process of rock-ice
mixture samples with Ic of 0.75, 0.50, and 0.25 in a temperature
environment of 1 ◦C. The ice melting in this section is mainly
caused by the heat transfer between samples and the boundary
field (Pudasaini, 2024). Compared to the other two samples, the
sample with an Ic of 0.75 produced more ice meltwater after
10 min, which gathered at the bottom and flowed into the tray, as
indicated by the black arrow in Fig. 5a. Meanwhile, the sample
with Ic of 0.75 also suffered a visible toppling deformation during
the following process, and the overall collapse occurred after
60 min (see Fig. 5f). In contrast, samples with Ic of 0.50 and 0.25
produced less ice meltwater and could not be directly observed.
Although the samples with Ic of 0.50 and 0.25 also produced in-
clinations within 60 min, the inclinations were not severe enough
to cause the sample to collapse.

To further investigate the meltwater aggregation mode and the
basal deformation characteristics of the samples, we investigate
the bottoms of different samples after 60 min. Fig. 6a–c provides a
detail of the basal damage surface of the three sets of samples in
the 1 ◦C environment. It should be noted that after 60 min, we
manually lifted the samples from the top of them, and all three sets
of sample bodies were smoothly separated from their basal dam-
age areas. The results of observations showed that the samplewith
an Ic of 0.75 produced more meltwater (Fig. 6a), and the basal
damage zone's thickness was larger than the other two samples
(Fig. 6b–c). Nevertheless, somemeltwater was also collected at the

bottom of the samples with Ic of 0.50 and 0.25, and the meltwater
of the samplewith Ic of 0.50wasmore than that of the samplewith
Ic of 0.25. Among the three samples, the bottom damage zone of
the sample with an Ic of 0.25 maintains a better original cylindrical
shape. Fig. 6d–f illustrates the final melting characteristics of three
samples with different Ic in a 0.5 ◦C environment. Visible, the
bottom of the sample with Ic of 0.75 gathered some meltwater,
whichwas distributed in a circular form around the sample but did
not develop a flow behavior. After 60 min in a 0.5 ◦C environment,
none of the three samples collapsed, although they developed
different deformations.

We used the inclination degree to characterize the degree of
sample deformation in the melting test. The specific calculation
approach is as follows. The angle at which the sample is deflected
from the plumb line is defined as the dip angle (θ) of the sample
(see Fig. 5b), and it is assumed that the maximum inclination of
the sample is 90◦, i.e., the sample collapses. The inclination degree
is the ratio of the sample dip angle (θ) to 90◦. Fig. 7a presents the
characteristics of inclination degree variation duringmelting of six
samples in different temperature environments. The results indi-
cate that environmental temperature and Ic can promote the
deformation of the rock-ice mixture samples. The test condition
with the greatest inclination was an Ic of 0.75 and an environment
temperature of 1.0 ◦C. Under this test condition, the inclination
degree of the sample reached 0.44 at 50 min, which exceeded all
other samples. The samples with Ic of 0.25 and 0.50 in the 0.5 ◦C
environment were the least deformed, with an inclination degree
of 0.07 and 0.13 at 60 min, respectively. Further, the volume of
basal gathered meltwater of different samples was counted using
the absorbent paper. As shown in Fig. 7b, the samples with an Ic of
0.75 produced more meltwater in the melting test (0.36 mL and
0.82 mL), compared to the samples with a low ice content (0, 0.12,
and 0.25 mL). Overall, meltwater statistics point to the critical
control of ambient temperature and ice-component fractions on
the ablation state of the mixture.

Table 4
Temperature-controlled triaxial test conditions.

Test ID Sample ID Ic T (◦C) Cp (kPa) TCD (min)

1–3 RIM 01-03 0.25 0.5 200 20/40/60
4–6 RIM 04-06 0.25 1.0 200 20/40/60
7–9 RIM 07-09 0.25 1.5 200 20/40/60
10–12 RIM 10-12 0.50 0.5 200 20/40/60
13–15 RIM 13-15 0.50 1.0 200 20/40/60
16–18 RIM 16-18 0.50 1.5 200 20/40/60
19–21 RIM 19-21 0.75 0.5 200 20/40/60
22–24 RIM 22-24 0.75 1.0 200 20/40/60
25–27 RIM 25-27 0.75 1.5 200 20/40/60

Notes: T indicates pressure chamber's temperature and Cp means the confining
pressure.

Fig. 5. Melting test results of samples with different ice contents (0.75, 0.5, 0.25)
under a temperature of 1 ◦C: (a–f) deformation characteristics of the samples at
different moments. The black dashed line in the figure is the baseline for calculating
the inclination. Here, min means minutes.
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3.1.2. Damage mechanism analysis
Based on melting test results, meltwater seepage patterns and

deformation characteristics of rock-ice mixtures are summarized.
Firstly, observations from the tests suggest that only the ice debris
in the surface layer of the sample undergoes melting for 60 min,
which is due to the surface layer being the main temperature ex-
change boundary (Fig. 8a). In addition, the melting of ice debris
leads to an increase in its roundness and weakens the local
cohesion strength of the rock-ice mixture (Fig. 8b–c). In this series
of melting tests, the sample's surface layer's melting depth was
about 0.2–0.6 cm. As shown in Fig. 8a, the ice meltwater from the
surface layer percolated vertically downward and collected at the
bottom of the sample. The bottom of the sample is in a state of
water-rock debris mixing due to the meltwater gathered in the
region, resulting in mixtures with almost zero cementation
strength. The basal mixtures with low shear strength could not
withstand the gravity of the overlying mass, leading to the rapid
formation of the basal failure zone (Fig. 8d). In addition, we believe
the basal meltwatermade the cohesion and occlusion between the
rock particles almost disappear entirely, as shown in Fig. 8e. In-
vestigations at the deposits of the Amney Machen rock-ice
avalanche revealed a similar phenomenon, as shown in Fig. 8f,

where the ice meltwater infiltrated along the internal pores of the
mixture. When clay or mudstone debris material is present within
the mixture, meltwater mixing with it will result in localized
mudflows. In the field, meltwater convergence was also observed
at the base of the rock-ice deposits dam (Fig. 8g), consistent with
the meltwater migration pattern revealed by the melting tests.

3.2. Results of temperature-controlled triaxial test

3.2.1. Macro-damage and stress-strain characteristics
Based on the test results, we sequentially analyze the influence

of TCD, environment temperature, and ice content on rock-ice
mixtures' stress-strain characteristics and damage modes. Fig. 9a
illustrates the stress-strain curve for samples with Ic of 0.75 and in
a 1.0 ◦C environment. In this set of tests, we only change the TCD
before loading. The results show that the peak deviator stress of
the samples decreases with the increase of the TCD. The values of
peak deviator stress corresponding to the TCDs, 20 min, 40 min,
and 60 min, are 230.38 kPa, 183.82 kPa, and 102.87 kPa, respec-
tively. In addition, the stress-strain curves of the three samples
showed almost no stress increase during the initial deformation
stage, as shown in region A in Fig. 9a. We suggest that the

Fig. 6. Basal damage characteristics of the samples: (a–c) the deformation characteristics of the samples in the 1.0 ◦C environment; and (d–e) results of the samples in the 0.5 ◦C
environment. Here, Tr means the temperature of the test zone and Δd Means the duration of the test.

Fig. 7. Deformation and melting characteristics of the samples: (a) Inclination degree of different samples in the melting test, and (b) Volume of the basal gathered meltwater.
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meltwater gathering zone at the sample bottom led to this result.
As analyzed in Section 3.1.2, the mixture in the basal failure zone
loses its resistance to shear and compress, which leads to a weak
pre-stress change in the stress-strain curve.

In this study, we term the process of weak stress change in the
pre-stress-strain curve as the basal strain stage. Further, the basal
strain value of a sample is determined by the initial axial strain,
demonstrated by the strain between two cross symbols in Fig. 9a.
Based on this, we found that the basal strain stage exhibits
different scales for different TCDs. The values of basal strain cor-
responding to the TCDs, 20 min, 40 min, and 60 min, are 4.07%,
5.13%, and 8.25%, respectively. The increase in TCD leads to a rise in
the amount of meltwater, which in turn leads to an expansion of

the basal failure zone, finally showing up as an increase in the
basal strain. Fig. 9b–c illustrates the damage characteristics of the
samples with TCDs of 20 min and 60 min. Compared with samples
in Fig. 9b, the melting state of the sample in Fig. 9c is more serious,
as evidenced by the melting depth of the surface layer (0.35 cm of
Fig. 9b versus 0.65 cm of Fig. 9c) and the volume of the basal
damage zone. It should be noted that meltwater was challenging
to control during sample disassembly, and we removed some of
the splashed or spilled meltwater.

The stress-strain results and damage characteristics of the
samples under three different temperature environments (0.5 ◦C,
1 ◦C, and 1.5 ◦C) are shown in Fig.10. In this set of tests, the Ic of the
samples all set as 0.50, and the TCD all set as 20 min. To better

Fig. 8. Melting-induced deformation mechanism of the rock-ice mixtures: (a) melting pattern of the rock-ice mixtures, (b–c) meltwater generated inside the rock-ice mixtures,
(d–e) basal damage of the samples caused by the meltwater gathering, (f) ice melting phenomenon in the field, and (g) meltwater gathered at the bottom of the rock-ice deposits
dam.

Fig. 9. Test results at different TCD conditions: (a) stress-strain characteristics of the
samples with different control duration conditions; and (b–c) macro-damage char-
acteristics of the samples. Here, TCD means the temperature control duration and Cp

means the confining pressure.

Fig. 10. Test results at different temperature conditions: (a) stress-strain results of the
samples with different temperature conditions; and (b–c) macro-deformation char-
acteristics of the samples. The samples shown in this graph are not samples from
when the test was just completed but frozen by the temperature control system.
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observe the deformation characteristics of the samples and the
meltwater gathering pattern, we refroze the samples after the
tests were completed. Fig. 10b–c illustrates the samples after
refreezing, with a clear damage region appearing at the sample
bottomwith visible compression and folding zone, as indicated by
the black dashed boxes. Meanwhile, the surface layer of the sample
in the 1.5 ◦C environment collected more meltwater (see Fig. 10c),
which appears as ice formed by refreezing, compared to the
sample in the 0.5 ◦C environment (Fig. 11b). The stress-strain re-
sults demonstrated in Fig. 11a indicate that the peak deviator
stress of the samples continues to decrease as the temperature
increases. In this set of tests, the samples also showed an initial
basal strain stage, and the temperature increase exacerbated the
basal strain effect (see the black dashed box in Fig. 11a).

The test results for samples with different ice contents showed
that the strength of the samples in the thawing environment
decreased with increasing ice content, keeping other variables
consistent (environment temperature is 1.0 ◦C and TCD is 40 min).
Specifically, the values of peak deviator stress corresponding to the
Ic, 0.25, 0.50, and 0.75, are 489.14 kPa, 327.13 kPa, and 158.76 kPa,
respectively. Similarly, an increase in ice content exacerbates the
basal strain behavior of the sample (see region A in Fig. 11a).
Fig. 11b–c demonstrates the deformation characteristics of two
samples with Ic of 0.25 and 0.75 after the tests. The sample with an
Ic of 0.75 collected more meltwater at the bottom (Fig. 11c),
compared to the sample with an Ic of 0.25 (Fig. 11b). Nevertheless,
the bottom of the sample with an Ic of 0.25 also gathered a small
amount of meltwater and formed a visible compression folding
zone (see the black dashed box in Fig. 11b).

3.2.2. Failure mode analysis
The stress-strain results of all triaxial tests in this study are

presented in Fig. 12. The horizontal and vertical axes in Fig. 12
indicate different Ic and environment temperature sets, respec-
tively. The results of the relevant series of tests are plotted in
different sub-stress-strain diagrams. Based on the characteristics
of the stress-strain curves from 27 sets of tests, we classify the
deformation processes of rock-ice mixture samples in thaw envi-
ronments (Temperature >0 ◦C) into the basal strain stage and the
general deformation stage (Fig. 13). As analyzed in Section 3.2.1,
meltwater from the surface layer of the rock-ice mixture gathered
at the bottom region through the surface seepage path, formed a
meltwater basal gathering zone (see stage A in Fig. 13). The weak
strength characteristics of the basal zone lead to an easily initial
compression process, even without additional principal stresses.
As a result, the stress-strain curve in the basal strain stage is very
flat until the basal zone is compacted (see stage B in Fig. 13).

Fig. 11. Test results at different ice content conditions: (a) stress-strain characteristics
of the samples with different ice contents, and (b–c) macro-deformation character-
istics of the samples.

Fig. 12. Stress-strain results of all the temperature-controlled triaxial tests.
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Nevertheless, the degree of ice debris melting and rock debris
content within the basal failure zone will have an impact on the
basal compaction process. Subsequently, the unmelted portion of
the rock-ice mixture sample begins regular compressive defor-
mation with a rapid increase in stress and strain (see stage C in
Fig. 13). Note that the confining pressure control (t1) and pres-
sure chamber temperature control (t2) were completed before
axial loading (t4) for all triaxial tests. The temperature adjustment
process (t2 − t3, about 10–15 min) also provides room for the for-
mation of basal meltwater zones. In summary, the damaged base
of the sample caused by meltwater is the dominant contributor to
basal strain effects.

3.3. Joint effects of multi-factors on thermodynamic behavior

Based on the results of 27 groups of temperature-controlled
triaxial tests, we analyzed the mechanism of the joint effect of Ic,
environment temperature, and TCD on the thermodynamic prop-
erties of rock-ice mixtures. This study focuses on analyzing the
peak deviator stresses and basal strains of rock-ice mixtures.
Fig. 14 illustrates the peak deviator stress results for samples
from 27 sets of tests, where we have divided the data into three
sections based on the environment temperature. Previous analyses
have suggested that an increase in both the TCD and the ice con-
tent can decrease the peak strength of the rock-ice mixtures.
However, in this section's peak deviator stress distribution plots,
we find that a TCD of 60 min and an Ic of 0.75 are the key con-
trolling conditions for the decrease in sample strength. Specif-
ically, the value 40% away from the lower limit of the peak stress
distribution range in each section is set as the cutoff point, as the
triangles are shown in Fig. 14a–c. Based on this, we found that
individuals with peak deviator stress less than 40% of the
maximumvalue in each sectionwere those samples with Ic of 0.75
or TCD of 60 min indicated by the black dashed line in Fig. 14a–c.
When the Ic of the sample was 0.75, and the TCD of the test was
60 min, the sample showed a remarkably low peak deviator stress,
with values of 128.12 kPa, 100.44 kPa, and 70.24 kPa for three
sections, respectively. Fig. 14d illustrates the point distribution of
peak deviator stress for 27 groups of tests, with environment
temperature as the axis of variation. Overall, the range of peak
deviator stress distributions and median values are smaller for the
samples in higher temperature environments, which characterizes
the role of temperature increase in controlling the thermodynamic

properties of rock-ice mixtures under different scenarios.
The statistical results of the basal strain of 27 samples show

that the growth of both TCD and Ic leads to an increase in the basal
strain (Fig. 15a–c). Compared to the peak deviator stress, we found
that more stringent conditions are required for high basal strains
(greater than 40% maximum value). Large base strains occur only
when Ic is 0.75, or Ic is greater than 0.50, and TCD is 60 min,
indicated by the region with a black dashed line in Fig. 15a–c. The
extent of basal strain is related to the amount of meltwater in the
basal damage zone and depends on the content of rock debris
within that zone. When the conditions of Ic being 0.75 and TCD
being 60 min are satisfied jointly, the basal strain values of the
samples in the environments 0.5 ◦C, 1.0 ◦C, 1.5 ◦C are 6.18%, 8.36%,
and 8.62%, respectively. The results of point distribution of basal
strains of all samples show that the median values of basal strains
of different groups increase with increasing temperature, and the
range of basal strains widens (Fig. 15d), indicating the overall in-
fluence of environment temperature on the basal damage of rock-
ice mixtures. In addition, we counted the mass loss of different
post-test samples, which indicates the material lost from the
surface layer and the substrate of the sample due to ice melting.
The mass loss ratio is defined as the ratio of mass lost to the initial
mass of the sample. The results showed a higher mass loss ratio of
the samples under conditions of high Ic and high TCD. The mass
loss ratio reached its maximum value (28.69%) when the sample
with an Ic of 0.75 was left in an environment of 1.5 ◦C for 60 min.
Similarly, we find that themass loss exhibits a positive feedback on
Ic with TCD (Fig. 16a–c), and is dominantly controlled by the
ambient temperature (Fig. 16d).

4. Discussion

4.1. Secondary disasters from rock-ice avalanche deposits

According to the study of the thermodynamic behavior of rock-
icemixtures in thaw environments, this section aims to discuss the
secondary disasters from the rock-ice deposits caused by increased
temperature. Related studies have frequently reported the occur-
rence of secondary slides on historic deposits of landslides and
rock avalanches, raising people's awareness of the potential risks
of old deposits (Suwa et al., 2010; Klime�s et al., 2016). However,
developing secondary hazards for rock-ice avalanche deposits
formed by glacier detachment in the region of alpine glaciers also

Fig. 13. The stress-strain mechanism of the rock-ice mixtures sample in thaw environment.
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needs more attention. Borgatti et al. (2006) proposed that sec-
ondary sliding of old deposits requires certain external conditions,
such as rainfall, fluctuations in the water table, and favorable
topography. According to Zou et al. (2023), in the Amney Machen
case, deposits accumulated in the entrainment area with a volume

greater than 2.5×106m3 and an average thickness of about 5m. At
the same time, the average slope of the entrainment area exceeds
10◦ and reaches 15◦–20◦ in localized areas. As shown in Fig. 17a,
when the environment temperature rises, meltwater frommelting
surface ice debris in rock-ice avalanche deposits is transported

Fig. 14. The variation characteristics of the peak deviator stress of the different tests: (a–c) results of the different temperature conditions; and (d) influence of the environment
temperature on the peak deviator stress. The short black line indicates the median value.

Fig. 15. The variation characteristics of the maximum basal strain of the different tests: (a–c) results of the different temperature conditions; and (d) influence of the environment
temperature on the basal strain. The short black line indicates the median value.
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downward along the internal seepage channels. According to the
field results, the surfacemelting depth of the 2004 AmneyMachen

rock-ice avalanche deposits can be up to 1.1 m. Seepage of ice
meltwater can form a meltwater gathering zone at the bottom of
the deposits, leading to a sharp reduction in deposits' shear
strength, which in turn evolves into a potential sliding zone and
causes a retrogressive failure behavior, indicated by the red lines in
Fig. 17a. The mechanism of basal sliding zones of landslides caused
by rainfall or groundwater has been reported by many studies
(Tsaparas et al., 2002; Collins and Znidarcic, 2004; Piciullo et al.,
2018). Therefore, we suggest that when the amount of ice melt-
water reaches a certain threshold under favorable topographic
conditions, the rock-ice avalanche deposits are prone to secondary
sliding, resulting in a new disaster. In this scenario, the basal
sliding zone of rock-ice deposits is similar to the basal failure zone
of the samples in this study. For further dynamic analysis, the
secondary rock-ice mass flow and catastrophic propagation of
rock-ice deposits can be simulated by utilizing the seminal,
physics-based, multi-phase, thermo-mechanical rock-ice
avalanche model (Pudasaini, 2024) and the exact, analytical solu-
tions therein.

Dams formed by rock-ice deposits are also a critical source of
potential hazards (Fig. 17c). Different from the failure processes of
the sand and gravel dam model (Zhong et al., 2019; Bui and
Nguyen, 2021), the melting of ice debris inside the rock-ice
avalanche deposits can create a new series of issues. For
example, ice debris meltwater can lead to the formation of large
numbers of subsidence cracks, collapse holes, cavities, and water
migration channels within the dam body, which can affect the
structural stability of the dam. On the other hand, as the global
climate warms, the flow into the lake formed by melting water
from snow and ice will increase, causing the lake level to rise
sharply (Zhang et al., 2011; Song et al., 2014). Rising lake levels will
accelerate the melting of ice debris, further accelerating the dam's
failure. Given that in the case of the 2004 Amney Machen rock-ice
avalanche, the ice content in the dam body was as high as
70%–80%. When the lake level rises close to the dam top, the

Fig. 16. The ratio of mass loss for the samples: (a–c) results of the different temperature conditions; and (d) influence of the environment temperature on the mass loss of rock-ice
mixtures.

Fig. 17. Potential disasters from the rock-ice deposits: (a–b) secondary sliding disaster
from the rock-ice deposits accumulated at the entrainment area; and (c–d) the po-
tential deformation and failure of the rock-ice deposits dam caused by the ice melting
behavior.

W. Chang, A. Xing, C. Guo et al. Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3688–3702

3699



buoyant force of the pore pressure on the ice debris increases,
which in turn accelerates the subsidence and breakup of the sur-
face layer of the dam (Fig. 17d). Besides, lake water seepage can
accelerate the connectivity of ice meltwater seepage channels
within the dam, leading to widespread dam collapse and large-
scale flooding hazards (Delaney and Evans, 2015; Wu et al.,
2020; Liu et al., 2021). If the melting of ice debris results in an
excessive drop in the dam height, it can lead to the overtopping of
the lake (Tingsanchali and Chinnarasri, 2001; Kuo et al., 2007) and
accelerate the overall collapse of the dam. As a result, rising
temperatures will pose a significant risk to the stability of rock-ice
mixture dams, which in turn leads to severe flooding (Pudasaini
and Mergili, 2019; Shugar et al., 2021).

4.2. Potential control factors

Relevant studies have shown that the arrangement of particles
with different grain sizes affects mixtures' shear mode and stress-
strain characteristics (Xiao et al., 2014; Alhani et al., 2020; Wu
et al., 2023). As the site deposits of the Amney Machen rock-ice
avalanche (Fig. 1a− c), the ice debris' size distribution is wide-
ranging and poorly homogenized. In contrast, the size distribu-
tion of mudstone and chert clasts within the deposits is relatively
uniform. However, the components of the deposits can vary from
different rock-ice avalanche cases. Therefore, we considered only
ice content, environment temperature, and temperature control
duration as three key factors in this work. Also, the variation of the
confining pressure is important for the study of the mechanical
properties of the material. As Chen et al. (2022) stated, the high
confining pressure environment contributes to the increased
bonding of the ice material within the permafrost in a frozen
environment, which can affect the volumetric deformation of the
ice-rock mixture.

In addition, we found that even though the temperature control
system attempted to maintain the temperature of the peripres-
surized fluid at a pre-set value, therewas still some variation in the
monitored temperature. Fig. 18a provides temperature monitoring
data of the peripressure fluid during the shearing of a sample with
an ice content of 0.50 at different target temperatures. The results
show that the fluid temperature decreases after a slight increase.
Eliminating the insulation failure in the triaxial pressure chamber,
we suggest that the heat exchange due to the melting of ice par-
ticles during shear affected the temperature of the peripressure
fluid. When the rapid melting process in the surface and basal
zones of the sample is finished (see arrow in Fig. 18a), the fluid
temperature begins to converge to the target temperature. The
results of the floating temperature difference show that the

temperature anomalous behavior of the peripressure fluid ends
sooner at lower ambient temperatures (Fig.18b), indicating aweak
ablation state of the sample. Thus, heat migration due to the ice-
melting behavior can affect the mechanical strength of rock-ice
mixtures and also alter the surrounding energy field.

5. Conclusions

Combined with the field investigation results of rock-ice mix-
tures in the accumulation area of the historical rock-ice avalanche,
the melting pattern and thermodynamic behavior of the rock-ice
mixtures were investigated through the melting and
temperature-controlled tests. Themelting test results indicate that
the melting region of the rock-ice mixture was mainly located in
the surface layer of the sample. When the ice debris in the surface
layer is melted, the meltwater will be transported downward
along the surface seepage path, eventually forming a meltwater
gathered zone at the bottom of the sample. The formation of the
meltwater gathered zone leads to a sharp decrease in the
compression and shear strength of the basal zone, where the
cohesion and occlusion between the rock debris almost disappear
entirely. The triaxial tests show that the basal damaged zone due
to meltwater gathering can lead to a basal strain effect during the
initial compression process. We found that the low strength of the
basal zone leads to a rapid compressive deformation with little
need for additional axial stresses at this stage. Meanwhile, the
results of 27 sets of triaxial tests indicate that increases in ice
content, environment temperature, and temperature control
duration all lead to a decrease in the peak deviator stress of rock-
ice mixtures and a promotion of the basal strain effect and mass
loss. We suggest that in the background of global climatewarming,
themelting of ice debris within large rock-ice avalanche deposits is
highly likely to lead to secondary hazards, such as the re-sliding of
deposits in gullies and flooding triggered by the failure of rock-ice
mixture deposit dams. Therefore, these risky mixed ice-rock de-
posits should be monitored, such as for their deformation and
meltwater seepage characteristics.
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