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A B S T R A C T

Moraine dams formed by the accumulation of loose glacial materials, typically exhibit poor consolidation 
properties and complex structure characteristics (especially with buried ice) which make them susceptible to 
failure. Influenced by global climate warming, the risk of moraine dam breaching is further exacerbated. This 
article summarizes the breaching modes, breaching mechanisms, and breaching numerical models of moraine 
dams, and analyzes several deficiencies: 1) The accuracy of long-term monitoring of moraine dams is relatively 
low, the dynamic monitoring for individual dam and its environment is insufficient; 2) Systematic research on 
how buried ice affects dam breaching is lacking, and a significant gap remains in the study of combined multiple 
breaching modes of moraine dams; 3) The predictive results of moraine dam breaching parameter models are 
quite unreliable, and physically-based mathematical models have not consider the influence of buried ice. Based 
on this, the article puts forward the following recommendations: 1) Enhance the understanding of climate change 
impacts on moraine dam breaching through long-term dynamic monitoring of moraine dams; 2) Focus on the 
erosion characteristics of materials, study the breaching process and mechanisms of ice-rich moraine dams under 
various breaching modes; 3) Reveal the response mechanism of moraine dams to temperature variations using 
numerical simulation techniques that couple thermal-stress modules and consider the phase change of ice, 
further revealing the breaching mechanisms of moraine dams containing buried ice.

1. Introduction

Moraine dams are natural barriers located at the terminus or sides of 
glaciers, which formed by the accumulation of glacial erosion and 
depositional activities (Yao et al., 2018). During the retreat of glacier, 
the particulate debris generated by glacial erosion separate from the ice 
mass accumulating at the forefront of the ice tongue and forming a 
moraine dam (Hewitt and Liu, 2013). The meltwater from upstream 
glacier gathers behind the dam, forming glacial moraine lake. Moraine 
dams are primarily distributed in the mid and low latitude mountainous 
glacial regions, such as the Cordillera mountain range in South America 
and the Tibetan Plateau in Asia (Agarwal et al., 2023; Ding et al., 2021; 
Veh et al., 2020; Xu et al., 1989; Zhang et al., 2015), directly connected 
to glaciers or situated at a distance. They typically consist of poorly 
sorted glacial till particles (Iribarren et al., 2014; Worni et al., 2012), 
and some of them contain buried ice (dead ice) (Fu et al., 2021; Worni 

et al., 2012). The buried ice usually exists within the dam in layers or as 
ice lenses (Xu et al., 1989), and its changes in quantity and form of 
buried ice increase complexities to soil strength (Eichel et al., 2018). In 
sub-zero temperatures, the dam remains in a frozen state, with its 
strength composed of both ice and soil particles, and the dam and its 
surrounding environment are in a stable condition. However, with 
ambient temperatures rising, the solid ice melts, leading to alterations in 
strength and internal moisture content, potentially compromising dam 
stability and increasing the risk of moraine dam breaching (li et al., 
2011; Richardson and Reynolds, 2000; Wei et al., 2019; Zhao et al., 
2022).

Over the past several decades, rising global temperatures have led to 
glacier retreat and a significant expansion of glacial lake (Agarwal et al., 
2023; Hugonnet et al., 2021; Khadka et al., 2024; Shugar et al., 2020). In 
regions like the Himalayas, the Hindu Kush-Karakoram range, the 
Andes, and the European Alps, glacial lake outburst flood events have 
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become increasingly frequent (Fig. 1) (Wang and Zhang, 2013; Worni 
et al., 2012; Yao et al., 2012; Yao et al., 2014), posing a considerable 
threat to local lives and property. Further climate change is anticipated 
to expose millions worldwide to risks from glacial moraine dam failures 
(Taylor et al., 2023), which could severely constrain global economic 
development. Historical moraine dam failures have inflicted substantial 
socio-economic losses. In recent years, the frequency of moraine dam 
failures has risen in tandem with global temperature increases (Ding 
et al., 2021; Taylor et al., 2023). Considering the potential impacts of 
future climatic conditions, the instability of regional environments will 
elevate the significance of melting buried ice as a trigger for moraine 
dam breaching. Therefore, this study focuses on moraine dams con
taining buried ice, reviewing the current research both domestically and 
internationally across three main aspects: the breaching modes, the 
mechanisms underlying their failures, and breaching numerical models 
of moraine dams. Furthermore, recommendations for future research on 
moraine dam failures are provided.

2. The breaching modes of moraine dams

The breaching modes of moraine dams refer to failure form exhibited 
when dams breach (Clague and Evans, 2000). Similar to landslide dams, 
the breaching modes of moraine dams are characterized by overtopping 
failure, piping failure, slope instability failure, and combined multi- 
modal failures(Table 1 and Fig. 2) (Liu and Zhou, 2018). Liu et al. 
(2008) analyzed the outburst events of moraine dams in the Tibet and 
highlighted overtopping failure and piping failure, with the former 
being the primary mode. Currently, extensive researches have been 
conducted on the overtopping failure mode (Ruan et al., 2024; Ruan 
et al., 2021b). However, there is relatively less study on the piping 
failure triggered by the melting of buried ice and the multiple failure 
modes induced by various factors' coupling. Additionally, less attention 
is given to the temperature within dam and differences in materials 
under low and ambient temperature.

2.1. Overtopping failure mode

The overtopping failure refers to the breaching mode where the 
water behind the dam overflows the crest and erodes the dam structure, 
leading to the dam's failure (Fig. 2b). Considering the characteristic of 
the overtopping flow, it can be categorized into two types: surge over
topping and overflow overtopping (Liu et al., 2019). Surge overtopping 
is generally caused by the collapse of glaciers or the sliding of lateral 
moraines (Fig. 3). The surges carry a substantial amount of energy in the 
form of waves, impacting the dam structure and resulting in instability 
and failure (Jiang et al., 2004a). On the one hand, surge waves deform 
the dam structure and erode the slope due to high-speed flow. When 
surge waves spill over the dam crest, it scours the crest and downstream 
slope, leading to overtopping failure and “slope” retrogressive erosion 
(Su et al., 2021). On the other hand, surge waves cause violent fluctu
ations in the water level in front of the dam, leading cyclical changes in 
pore water pressure within the dam, which reduces the dam's erosion 
resistance to some extent (Yang et al., 2021; Zhou et al., 2017). The scale 
of surge waves determine the amount of energy they carry, directly 
affecting the formation of the initial breach and the erosion rate (Lu 
et al., 2022). Typically, surge waves triggered by the source entering the 
lake are usually the largest in volume for the first wave, with subsequent 
waves gradually decreasing in volume. The initial wave that strikes the 
dam is the most likely to cause an instantaneous breach, leading to 

Fig. 1. Cases of moraine dams breaching. (a) The Jialongco moraine dam, located in Nyalam country, Tibet. It breached in 2002. (b) The Imja Tsho lake, located in 
the eastern Nepal Himalayas, experienced a breaching on August 4th, 1985. (c) The Rejieco moraine dam, characterized by a glacial lake directly connected to the 
glacier and tensional crevasses on the glacier surface, breached in 1992. Pictures modified from Allen et al. (2022), Kafle (2018),and Liu et al. (2019), respectively.

Table 1 
The breaching modes of moraine dams, modified from (Liu et al., 2019).

Breaching modes Triggers (Fig. 2a) General breaching 
characteristics

Surge 
overtopping

Ice/snow/rock avalanche and 
landslide

Sudden destruction

Overflow 
overtopping

Glacier melting/heavy rainfall/ 
upstream flooding

Sudden or gradual 
destruction

Piping Buried ice melting Gradual destruction
Slope instability Heavy rainfall/earthquakes Gradual destruction
Multi-mode 

failure
Comprehensive action Sudden or gradual 

destruction
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catastrophic destruction (Wolper et al., 2021; Xue et al., 2019).
Overflow overtopping primarily occurs due to intense glacial 

melting, heavy upstream rainfall, floods, and the inflow of debris into 
the lake, resulting in a rapid rise in water levels. During this period, the 
velocity and flow rate at the regular overflow outlet experience a sig
nificant surge. The flow velocity reflects the hydrodynamic conditions of 
the fluid. The greater the velocity, the stronger the erosive action on the 
dam, and the more intense the turbulent action and sediment transport 
capacity(Dou, 1999; Wang et al., 2022). Consequently, this process is 
prone to intense downward cutting erosion, potentially resulting in 
partial or total dam failure. Additionally, under high-temperature con
ditions, the melting of buried ice within the dam can result in dam 
settlement or the formation of cracks, providing favorable conditions for 
the breach. Currently, field studies have observed the settlement of dam 
crests in moraine dams (Sawagaki et al., 2012) and have a qualitatively 
understood the correlation between the rate of dam crest settlement and 
the amount of ice within the dam (Tonkin et al., 2016). However, the 
interaction among environmental temperature, material heat transfer 
mechanisms, and ice melting remains unclear and necessitates further 
study.

2.2. Piping failure mode

Piping refers to fine particles loss through the pores formed by the 
skeleton of coarse particles under the drive of seepage flow, and even
tually forming a permeable channel within the dam body (Liao et al., 
2023). Piping failure is a common mode of destruction for glacial 
moraine dams (Fig. 2c), which initially manifests as the stable seepage 
flow. Whether seepage develops into piping and causes damage is 
influenced by hydrodynamic conditions, mechanical factors, and the 
inherent properties of the soil materials (Yin et al., 2021). When these 
three factors reach a state of equilibrium, with minimal movement of 
fine particles without affecting the structural framework, and stable 
hydrodynamic and mechanical conditions, the dam can maintain stable 
seepage flow (Luo et al., 2011). If any of these factors change, the bal
ance may be disrupted. Currently, scholars have conducted extensive 
research on the critical conditions for the formation of seepage in dam 
bodies under ambient temperature environments, as well as the con
ventional factors that influence seepage (Shi et al., 2014). However, less 
consideration has been given to situations where materials contain ice 
and the coupled effects of dam seepage and temperature fields. In 
permafrost research, Zhang et al. (2016) pointed out that seepage can 
deepen the melting depth and deformation of permafrost. Furthermore, 
under seepage, the melting process of permafrost accompanies changes 

Fig. 2. Breaching triggers and modes of moraine dams.

Fig. 3. Wave trigger slides into the lake and causes surge waves.
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in the temperature and fluid velocity fields (Patton et al., 2021; Shi et al., 
2017). Permafrost melting further promotes the development of seepage 
channels until the seepage strain accumulates to a critical state (Fig. 4). 
For dam bodies containing buried ice, under the coupled action of water, 
heat, and force multi-field, there will be a mutual promotion between 
seepage and the melting of buried ice. The water seepage action is 
further enhanced, weakening the dam structure and stability until 
reaching critical failure conditions.

2.3. Slope instability failure mode

The upstream and downstream slopes of a hazardous moraine dams 
are relatively steep, and when subjected to heavy rainfall, earthquakes, 
and surge waves, they are prone to instability and causing damage to the 
dam structure (Fig. 2d). At this time, the dam is susceptible to failure 
under static/dynamic water pressure. Additionally, the melting of 
buried ice leads to deformation of the dam body and the formation of 
cracks, accelerating the entry of water into the interior of the dam, 
further deteriorating the slope strength and reducing the slope's ability. 
Hubbard et al. (2005) concluded that climate warming is the primary 
cause of reduced stability in moraine dams through the measurement 
and simulation of the dam's shear strength parameters. Moreover, due to 
the saturation of local areas of the dam by meltwater from buried ice, the 
dam slopes are prone to shallow surface sliding, which also affects the 
overall stability of the dam structure.

2.4. Multi-modal failure

The breaching of moraine dams is influenced by multiple factors and 
results from interactions among climatic condition, topography, and the 
dam's characteristics. The breaching mechanisms are complex and often 
involving a combination of modes with one mode predominating (Liu 
and Zhou, 2018). Moraine dams typically exhibit conditions conducive 
to significant breach disasters prior to failure (Sun et al., 2014). These 
conditions include the long-term stable expansion of glacial lakes, the 
development of crevasses in the ice tongue with steep slopes, the dam's 
large slope gradient coupled with the presence of buried ice, and so on, 
until a relatively routine disturbance triggers the breaching of the 
moraine dam (Clague and Evans, 2000). Furthermore, as one of the 
factors influencing dam breaching, climatic conditions affect both the 
moraine dam and its surrounding environment. For example, increasing 
temperatures can destabilize both the ice tongue and the dam, resulting 
in breaching and destruction due to surge overtopping and piping. The 
Guangxieco moraine dam, the Ceringmaco moraine dam, and the Yin
dapuco moraine dam have all experienced the combined effects of ice 
avalanches and buried ice melts, resulting in both surge overtopping and 
piping failure modes (Chang et al., 2017; Liu et al., 2019). However, 
research on the coupled multi-mode failure of moraine dams is still in its 
early stages. Hence, there is a need for more systematic research to 
elucidate the complex mechanisms of breaching in glacial moraine 
dams.

3. The breaching mechanism of moraine dams

Moraine dam breaching is a complex phenomenon involving the 
interaction between water and soil, as well as between continuous and 

discontinuous media. To comprehensively understand the mechanisms 
and influencing factors of moraine dam breaching, scholars have con
ducted extensive field monitoring and model experimental studies. 
Additionally, relatively mature research findings exist on the breaching 
of landslide dams, which can provide guidance for investigating the 
breaching mechanisms of moraine dam. This section, based on a sum
mary of research related to moraine and landslide dams, identifies po
tential avenues for future research on moraine dams by leveraging 
existing knowledge.

3.1. In situ detection and monitoring of moraine dams

In situ detection can contribute to understanding physical phenom
ena and processes. In the 1970s, countries such as Nepal, China, and 
Canada conducted numerous field scientific expeditions to moraine 
dams in various regions(Clague and Evans, 2000; Liu et al., 2016; Xu 
et al., 1989). These expeditions generated comprehensive summaries on 
the formation, development, breaching morphology, and characteristics 
of moraine dams, providing valuable insights into the breaching 
mechanisms of moraine dams. In recent years, the distribution of multi- 
year buried ice within moraine dams has become crucial for assessing 
the risk of dam breaching due to rising temperature (Eichel et al., 2018). 
Modern geophysical probing technologies, such as two-dimensional 
electrical resistivity tomography (ERT) and two-dimensional seismic 
refraction tomography (SRT), exploit differences in the resistivity values 
and refractive properties to discern the material composition and dis
tribution of the surveyed cross-section (Loke, 2001). These techniques 
are currently widely used for detection of subsurface material compo
sition and structure. Dahal et al. (2018) used the ERT method to detect 
the spatial distribution of buried ice within the Imja moraine dam, 
revealing its heterogeneous characteristics (Fig. 5). Hauck et al. (2008)
combined ERT and SRT technologies to quantify the content of water, 
ice, air, and rock debris in loose materials. However, limitations in 
interpretation techniques, necessitate further field validation to enhance 
the accuracy of the result. Furthermore, the variation of internal ice 
within the dam is an indispensable factor in the breaching process. Some 
scholars reflect the changes in the internal buried ice by the overall 
settlement deformation of the dam (Tonkin et al., 2016), or predict the 
melting situation of the buried ice within the dam by monitoring and 
simulating the temperature field(Zhang et al., 2024). However, there are 
currently no published results regarding equipment for detecting 
changes in buried ice within the dam.

The transition of a moraine dam from a stable to an unstable state, 
culminating in breaching, is a process of risk accumulation. A breach 
occurs when the accumulated risk surpasses the safety threshold of the 
moraine dam. Long-term monitoring of the moraine dam and its envi
ronmental system is instrumental in elucidating the mechanisms of 
moraine dam breaching and enhancing understanding of this phenom
enon. Fujita et al. (2009) elucidated changes in lake area, water depth, 
and the height of the Imja moraine dam through on-site investigations 
and interpretation of multi-temporal ASTER imagery. Sawagaki et al. 
(2012) monitored glacier movement, ground subsidence, and changes in 
slope gradient using multi-temporal remote sensing images. Addition
ally, numerous scholars have conducted research on the regional 
changes in glacial lakes and glacier areas using multi-source remote 
sensing interpretation (Liu et al., 2020; Wang et al., 2015; Zhang et al., 
2015). In summary, the rapid expansion of glacial lakes and the weak
ening stability of moraine dams pose an increased risk of dam breaches 
(Bajracharya and Mool, 2009). Moreover, changes in the physical con
ditions within the dam can profoundly affect its stability. Wang et al. 
(2023a) and Wang et al. (2018) conducted long-term monitoring of soil 
temperature, moisture, and heat flux at different depths within the 
Longbasaba Moraine Dam in the Himalayas (Fig. 6). They analyzed the 
thermomechanical and hydrodynamic effects on the stability of the 
moraine dam and pointed out that the annual residual heat will lead to 
further deterioration of permafrost, gradually reducing the stability of Fig. 4. The impact of buried ice melting on moraine dams.
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the moraine dam.
In summary, the fundamental characteristics and changes of moraine 

dams have been synthesized through in-situ detection and monitoring. 
This work has provided a novel perspective for understanding the 
breaching mechanisms of moraine dams.Nonetheless, different moraine 
dams may exhibit variations in their breaching processes (Peng et al., 
2023). Hence, more comprehensive and detailed on-site investigations 
and detection of moraine dams should be conducted. Furthermore, from 
a technical perspective, point-source and two-dimensional geophysical 
exploration techniques for internal structure detection have reached 
relatively mature stage. However, the detection of changes within the 
dam, particularly the variation of buried ice, still warrants enhanced 
investigation. Remote sensing technology offers unique advantages in 

monitoring glacial moraine dam breaching disasters (Liao, 2021). 
However, the accuracy of remote sensing data is greatly influenced by 
climatic conditions, and different periods of imagery and interpretation 
methods can affect the conclusions. At the same time, it is necessary to 
strengthen the integration of remote sensing methods with field obser
vations to achieve real-time and continuous monitoring of moraine 
dams.

3.2. Experimental study on the breaching mechanism of moraine dams

Model experiments serve as a primary research tool for acquiring 
data that is challenging to obtain under natural conditions, enabling the 
study of physical processes (Ruan et al., 2023; Ruan et al., 2021a; Zhou 

Fig. 5. The ERT conducted at the moraine dam of the Imja Glacier in eastern Nepal confirmed the existence and spatial distribution pattern of buried ice. The 
electrical resistivity's values of subsurface materials are classified as saturated moraine (<5000 Ωm), frozen moraine (5000 Ωm to 20,000 Ωm) and buried ice 
(>20,000 Ωm). The upper figure shows the distribution of resistivity values along a profile of the moraine dam; the lower figure presents the geological structure 
profile inferred from the resistivity values. Figure is modified from Dahal et al. (2018).

Fig. 6. (a) Annual mean soil temperature at a depth of 0.1 m inside the dam under future scenarios (SSP1–2.6, SSP2–4.5, SSP5–8.5). Solid lines indicate the mean 
temperature from all climate models. Dashed lines indicate soil temperatures from individual models. (b) Maximum depths of buried ice melting under future 
scenarios. Solid lines indicate the mean depth for each scenario. Shadings indicate the ranges from the different climate models. Figure is modified from Wang 
et al. (2023a).
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et al., 2022a). Common methods for dam breaching experiments are 
flume tests and centrifuge tests. Flume experiments are simple and easy 
to conduct. Flume experiments have enabled scholars to investigate the 
effects of the dam's geometric shape, material composition, particle size 
distribution, reservoir capacity, and upstream inflow on the dam 
breaching process (Peng et al., 2020; Zhu et al., 2020). In general, 
smaller reservoir capacities, dam height-to-width ratios, and dam slopes 
result in less potential energy in the water body behind the dam, leading 
to weaker hydrodynamic conditions. Consequently, the breaching pro
cess tends to be more gradual, and the duration of breaching is pro
longed (Cai et al., 2023; Yang et al., 2021; Zhou et al., 2021). The better 
the particle size distribution of the dam body and the more compact the 
material, the stronger the dam's resistance to erosion. Under equivalent 
hydraulic conditions, the peak breaching flow occurs later, and the peak 
flow rate is reduced (Shi et al., 2022; Yang et al., 2023; Zhao et al., 
2018). Centrifuge tests address the limitation of flume model experi
ments in satisfying gravity similarity conditions, providing a reliable 
method for model experiment. Zhao et al. (2016) derived a calculation 
method for the flow of a rectangular thin-walled on dam under cen
trifugal fields, and further verified the breaching mechanism based on 
the breaching flow rate and the breach development process curve ob
tained from the experiments. Zhang et al. (2023) utilized the “space- 
time magnification” effect of the supergravity field generated by the 
high-speed rotation of the centrifuge test system to study the impact of 
dam height, downstream slope ratio, and dam material gradation on the 
overtopping breaching process of moraine dams. Additionally, the 
shaking table test system has been developed to study the breaching 
mechanisms of dams under different dynamic conditions (Shi et al., 
2015). Novel testing systems，such as thermo-mechanical coupled test 
system, are also gradually being applied to study the performance of 
geotechnical materials and slope stability under freeze-thaw cycles 
(Wang et al., 2023b).

Additionally, certain scholars have investigated more nuanced as
pects of the breaching process, including particle initiation and the 
evolution of the breach in longitudinal and transverse directions. 
Regarding particle initiation, the critical flow velocity or critical shear 
force is commonly employed to determine the initiation of particles 
(Dou, 1999; Qian and Wan, 1983; Zhang, 2012). However, obtaining 
these parameters in experiments is challenging. Yuan et al. (2019)
determined the critical runoff depth for the initial initiation of non- 
cohesive sediment based on experiments. This parameter is easily 
measurable in experiments and has a relatively accurate and straight
forward expression. Concerning the evolution of the breach, the rate of 
downstream erosion is primarily controlled by the difference between 
the shear stress of the water flow and the erosion resistance (Zhou et al., 
2022b). The lateral expansion of the breach is predominantly governed 
by slope collapse, and the geotechnical engineering profession has 
widely adopted the analysis of slope failure through circular arc or 
planar sliding surfaces (Chen et al., 2015). As for the longitudinal evo
lution of the breach, Zhou et al. (2019) investigated the pattern of 
breach evolution in the longitudinal profile of a moraine dam under the 
influence of overtopping flow using flume experiments. They proposed a 
novel longitudinal evolution model for breaches, which considers the 
variation of soil erosion rate during the breaching process, making it 
more aligned with real conditions.

The above findings are mainly related to the research achievements 
of landslide dams, which offer some insights for the study of moraine 
dam breaching. However, moraine dams typically possess poor consol
idation properties, with dam particles often displaying macroscopic 
characteristics of being unsorted, non-oriented, and poorly rounded (Lv 
et al., 2011). Additionally, moraine dams have a small width-to-height 
ratio, contain less cohesive material, and may include buried ice 
within them (Chen et al., 2022b). Consequently, there are distinct dif
ferences in breaching mechanisms between moraine dams and landslide 
dams, especially when buried ice is present within a moraine dam: 
previous research has shown that the quantity of ice contained within 

the dam can significantly affect the breaching flow (Chen et al., 2022a). 
The morphology and content of buried ice will alter the physical and 
mechanical properties of the dam materials (Li et al., 2022). In case 
where the volume of buried ice is relatively small, its lower density 
compared to soil particles facilitates its initiation under equivalent hy
draulic conditions. Additionally, the initiation of ice can destabilize of 
the surrounding soil, accelerating the erosion of the dam body by water 
flow (Fig. 7a). If the volume of buried ice is large,under the continuous 
scouring action of water flow, buried ice may undergo local fracturing, 
and the accumulated fractured ice at the breach can affect the flow rate 
process (Worni et al., 2012) (Fig. 7b). Furthermore, temperature, by 
influencing the state of ice within the dam, can alter the dam's structure 
and internal physical environment. These changes make the dam more 
susceptible to piping failure. Therefore, temperature is also a crucial 
variable that cannot be overlooked in the experimental process of 
moraine dam breaching.

Presently, scholars have reached a consensus that the existence and 
melting of buried ice will impact the breaching of moraine dams. 
However, there have been no experiments studying the aforementioned 
scenarios. Firstly, moraine dams are often located in high-altitude un
inhabited areas, where equipment transportation and field in
vestigations are difficult to carry out. Thus, the reliable data that can be 
obtained to guide physical model experiments are limited (Zhang et al., 
2024). Secondly, physical experiments generally difficult to simulate the 
real physical environment and state in which the moraine dam is situ
ated, and can only simplify the other conditions by focusing on key is
sues, which causes the model tests to have differences from the actual 
situation. Lastly, in terms of experimental observation and measure
ment, there is a lack of observation technology that can quickly obtain 
the state of internal ice and the internal structure of the dam without 
destroying the dam.

4. The breaching numerical model of moraine dams

4.1. Breaching parameter models of moraine dams

Empirical models represent the simplest category of predictive 
models, comprising regression relationships derived from a series of 
data. Table 2 summarizes the commonly used empirical models for 
predicting breaching parameters. As shown in the table, the empirical 
models used in the early stages were structurally simple, often relying on 
predictions based on the dam's height, the volume of the moraine lake, 
or a combination of these two parameters (The volume of the lake can be 
derived from empirical equations or obtained through basin exploration 
(Westoby et al., 2014)). Although Such models can be quickly used for 
basic disaster assessments, their accuracy is constrained. In this paper, 
empirical models were employed to verify the breaching flow of four 
moraine dams that had already breached, and the resulting were quite 
dispersed (Table 2, Fig. 8).

This is due to the fact that, besides the parameters considered in the 
models, the dam's structure, composition, material properties, and the 
inducing factors of the breach all influence the breaching process 
(Westoby et al., 2014). There has been more research on particle 
composition and material properties in landslide dams, and detailed in 
Section 3.2. However, the parameterization of the dam structure is a key 
issue that needs to be resolved for both landslide dams and moraine 
dams. Additionally, for moraine dams, the amount of buried ice, the 
melting state of the buried ice, and the mode of breach all affect the 
magnitude of the peak flow. Studies have shown that the amount of ice 
contained in the dam significantly impact on the breaching. Chen et al. 
(2022a) concluded from simulations that as the ice content increases, 
the time to dam breach shortens, the peak time advances, and the peak 
flow increases. Moreover, the melting of ice changes the physical con
ditions of the dam (moisture content, temperature, heat flux, etc.) but 
also enlarges the pores of the dam, making it prone to seepage-induced 
breaching damage. Therefore, parameters such as ice content, particle 
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composition, and dam material properties should also be included in the 
peak flow prediction model.

For the overtopping breaching by a surge wave, there is a significant 
difference between a surge wave overtopping and a spillway over
topping. The overtopping by a surge wave has a strong instantaneous 
dynamic impact on the dam, and the surge wave may directly wash over 
the dam crest and erode the downstream area, thus affecting the sub
sequent breaching process. This differs significantly from overflow 
overtopping where the water continuously flows from upstream to 
downstream. Therefore, the parameter model for the peak flow of 
moraine dams should consider differences in parameter selection based 
on the mode of breach. Jiang et al. (2004b) proposed the critical hy
draulic conditions for overtopping breaching, pointing out that the 

height of the surge wave will directly affect the dam breaching. Lu et al. 
(2022) provided a formula for calculating the surge wave height through 
flume experiments. Taking the parameter of surge wave height into the 
peak flow pre-diction model for the overtopping breaching by a surge 
wave in moraine dams makes the model more rational and its physical 
significance clearer.

4.2. Breaching numerical models of moraine dams

Breaching of moraine dams represents a complex water-soil coupled 
problem, which becomes even more intricate when buried ice is present. 
Numerical models, consider the movement of breaching flow, sediment 
transport, slope stability, and other processes, providing a better un
derstanding of the breaching mechanisms. Numerical models are cate
gorized into simplified and detailed mathematical models based on the 
degree of simplification. Currently, the simplified mathematical models 
applied to barrier dams include the DABA model (Chang and Zhang, 
2010), DB-IWHR model (Chen et al., 2015; Wang et al., 2016), DB-NHRI 
model (Zhon et al., 2018; Zhong et al., 2017), and DL-BREACH model 
(Wu, 2013). These models simulate the breach process by setting up a 
coordinated evolution pattern for the breach in longitudinal and trans
verse directions and erosion formulas, using the broad-crested weir flow 
formula, and calculating iteratively under the set step size and termi
nation conditions. They can reflect the breaching process of barrier dams 
to a certain extent and have the advantage of faster computation in 
rapidly simulating dam breaches. However, they still possess certain 
limitations in revealing the breaching mechanisms. For example, the 
relationship between the water head and dam width at the breach may 
not meet the conditions for using broad-crested weir flow throughout 
the entire process; erosion formula parameters often rely on empirical 
values; employing D50 to represent the particle size distribution char
acteristics of the dam ignores the wide gradation characteristics of the 
dam, thereby simplifying the treatment and impeding the accurate 
representation of flow characteristics and water-soil coupled actions 
during the breaching process.

Advancements in fluid dynamics, sediment dynamics, and digital 

Fig. 7. The potential rule of ice in the breaching process. (a) It illustrates that the initiation of ice can provide a free surface for the nearby soil particles, which may 
accelerate the erosion rate of the dam. (b) It depicts that large blocks of ice may affect the breaching by breaking, collapsing, and plugging the breach during the 
breaching process.

Table 2 
Parametric models and applications for predicting the peak discharge of moraine dam breaching.

No. Model expression Guangxieco Ranzeriaco Zhangzangboco Jilaipuco Reference of formula

1 Qp = 0.063PE
0.42 7518.58 5231.70 21,432.22 28,817.65 (Costa and Schuster, 1988)

2 Qp = 0.0048V0.896 2846.56 1313.21 15,883.68 20,773.10
(Popov, 1991)

3 Qp = 0.72V0.53 1871.60 1184.33 5174.37 6064.55
4 Qp = 0.0007V1.017 2499.20 1038.59 17,589.75 23,853.35 (Huggel et al., 2004)
5 Qp = 0.0045V0.66 80.48 45.52 285.55 347.96

(Walder and O'Connor, 1997)
6 Qp = 0.19(HwV)0.47 2278.48 2377.68 10,388.19 12,175.35

7 Qp = 46
(
V/106)0.66 90.21 51.02 320.05 390.01 (Walder and Costa, 1996)

8 Qp = 0.607V0.295hb
1.24 1668.03 4200.37 6253.61 9289.02 (Froehlich, 1995)

Notes: (1) PE: Potential energy of a lake (J); PE = Hd⋅V⋅γW; Hd: Height of the moraine dam (m); V: Reservoir capacity of the glacial lake before breaching (m3); γW: 
Specific weight of water, 9800 N/m3; Hw: Lake water level above the breach; hb: Ultimate height of the breach. (2) The data is sourced from Dang et al. (2019), Peng 
et al. (2023) and Costa and Schuster (1988).

Fig. 8. The predictive results of parametric models for the peak flow of four 
breached moraine dams.
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simulation technology have led to the development of refined mathe
matical models for simulating dam breaching processes. These models, 
including one-dimensional, two-dimensional, and three-dimensional 
variants, as well as some relatively mature commercial software (HEC- 
RAS, BASEMENT, ANSYS-Fluent, and Flow-3D et al.), have been 
developed (Chen et al., 2019; Liu et al., 2022). Refined mathematical 
models primarily comprise three modules: a fluid dynamics module, a 
sediment transport module, and a breach morphology evolution module 
(Worni et al., 2012). These models employ the Saint-Venant equations, 
shallow water equations, and Navier-Stokes (N-S) equations, which are 
based on clear water or sediment-laden flow, to describe the dynamic 
characteristics of the breach flow. They use equilibrium and non- 
equilibrium sediment transport models to depict the erosion and sedi
ment transport performance of the dam. Furthermore, they consider the 
impact of slope gravitational collapse mechanisms on the lateral 
expansion of the breach, enabling refined simulation of the dam 
breaching process. Currently, two-dimensional refined models have 
been widely applied in the simulation and study of moraine dam 
breaching (Worni et al., 2012; Zhou et al., 2019). However, the selection 
of governing equations for each module and the treatment of details will 
directly affect the accuracy of the simulation. For example, clear water 
dynamic models neglect the impact of sediment entering the flow on 
water density, viscosity, and subsequent erosion processes (Zhou et al., 
2019). In contrast, sediment-laden flow models are more realistic. 
Additionally, existing models often assume that the sediment erosion 
process of the dam is uniform, giving less consideration to the spatial 
variation of basal shear stress, soil erosion, and bed surface erosion 
resistance (Chang and Zhang, 2010; Zhou et al., 2019).

Furthermore, existing research has shown that ice melting and ice 
form will significantly affect the shear behavior and strength charac
teristics of moraine soil (Li et al., 2022; Liu et al., 2024), which com
plicates the issue of moraine dam breaching as a multi-field coupling 
problem. In recent years, this issue has gradually gained the attention of 
researchers. Some scholars have conducted studies on the physical and 
mechanical properties of moraine soil under the effects of multi-field 
coupling. For cases where ice is relatively uniformly distributed within 
the soil pores, scholars often employ the continuum method to handle 
the thermo-mechanical coupling research of ice (Fisher et al., 2020; 
Zhan et al., 2018). But this type of modeling is not suitable for materials 
containing block ice.

For materials containing block ice, Liu et al. (2024) conducted an 
indoor triaxial study to investigate the response of moraine soil's 
strength characteristics to temperature changes and derived a relation
ship between the strength of moraine soil and temperature. Fu (2021)
revealed that the melting of ice changes the material's internal friction 
angle and cohesion, thereby affecting the mechanical performance and 
behavior of the moraine soil. In addition, Wang et al. (2024) conducted a 
series of experimental-scale thermo-mechanical coupling simulations on 
ice-containing moraine soil under warming environment. They estab
lished a thermo-mechanical coupling framework considering the ice- 
water phase change and revealing the phased and nonlinear evolution 
characteristics of temperature, ice content, and permeability in the 
moraine soil system. Although relevant research is still relatively scarce, 
incorporating heat transfer and the thermal melting phase change of ice 
into existing models will fill the gap in the current modeling of moraine 
dam breaching and further reveal the hydro-thermal-mechanical 
breaching mechanism of moraine dams. The solution of moraine dam 
breaching is highly dependent on the solution methods and the devel
opment of computational capabilities. Commonly used discrete solution 
methods include the Finite Volume Method (FVM), Smoothed Particle 
Hydrodynamics (SPH), Discrete Element Method (DEM), and Distinct 
Element Analysis (DDA)(Chen et al., 2022b). Among them, the FVM is 
widely used in dam breaching simulation due to its stable and efficient 
solving capabilities, but it still struggles to handle large deformations of 
the grid. The SPH method uses a grid-free Lagrangian approach, which 
can better avoid grid distortion issues in large deformations and is 

suitable for numerical simulation of large-scale engineering problems, 
but it is computationally expensive when simulating multiphase flow 
calculations (Chen and Ge, 2021). The combined use of solution 
methods is indeed a wise idea. Marrone et al. (2016) developed a 
coupling method between SPH and FVM, where the introduction of SPH 
reduced the complexity of fluid-solid wall coupling, improving the ac
curacy and stability of the calculations. However, as the simulation scale 
increases and boundary conditions become more complex, new de
mands are placed on computational power. The use of large-scale par
allel computing and GPU-accelerated computing technology can 
significantly enhance computational efficiency (Ge et al., 2013; Mor
ikawa et al., 2020; Xiong et al., 2010). Moreover, selecting different 
discrete methods for material-based coupled solutions is a novel 
approach to simplifying calculations and improving computational 
efficiency.

The development of computational fluid dynamics and sediment 
dynamics has facilitated the emergence and application of breaching 
numerical models. Simplified mathematical models offer high compu
tational efficiency, but excessive simplifications lead to limited model 
accuracy, hindering a comprehensive understanding of the breaching 
mechanisms. Refined models provide better simulation of the breaching 
process. Currently, two-dimensional models have become relatively 
mature and offer higher precision in simulations. However, existing 
models still struggle to handle issues such as the existence of ice within 
the dam body, the rupture of ice at the breach site, and the phase change 
of ice within the temperature field. Future research should fully consider 
the structural and material characteristics of moraine dams, coupling 
thermal-stress modules to reveal the interaction mechanisms between 
water, ice, and sediment during the dam breaching process. At the same 
time, updating algorithms and developing three-dimensional numerical 
models with GPU acceleration technology would enable more in-depth 
studies on processes and mechanisms of moraine dam breaching.

5. Conclusions

As the global temperature rising and the frequency of extreme 
climate events increases, the risk of moraine dams breaching will esca
late further. Currently, scholars have reached a consensus on the 
breaching modes of moraine dams and possess a relatively compre
hensive understanding of the conventional factors influencing dam 
breaching. In addition, scholars have recognized that the structure of 
moraine dams, as well as the morphology, distribution, and content of 
buried ice within them, will significantly impact dam breaching. How
ever, research in these areas is still at an early stage. Therefore, based on 
the above review, three specific research recommendations are 
proposed:

(1) Improve the macroscopic understanding of moraine dam 
breaching through long-term monitoring of moraine dams. 
Moraine dam breaching results from accumulated risk surpassing 
safety thresholds. Long-term monitoring of moraine dams, 
topography, and the climate conditions aids in understanding the 
breaching mechanism of moraine dams from a macroscopic 
perspective, considering the climate, environment, and dam 
structure interactions. Therefore, maximizing the use of remote 
sensing technologies is essential to reflect the dynamic changes in 
moraine dams through multi-temporal remote sensing data 
analysis. Additionally, on-site investigations should utilize 
various monitoring equipment, including temperature, rainfall, 
heat flux, and displacement sensors, to monitor the dam and its 
surroundings. This comprehensive approach will reveal the dy
namic mechanisms of dam change and breaching.

(2) Focus on the erosion characteristics of moraine materials, and 
study the breach process and mechanisms of moraine dams with 
buried ice. Given the unique material composition and structural 
characteristics of moraine dams, their breaching processes differ 
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from those of typical landslide dams. For instance, the resistance 
of ice to water erosion differs from that of soil particles; the size 
and location of buried ice also significantly affect the erosion and 
evolution. Consequently, future experimental research should 
consider the material properties and structural features of 
moraine dams, focusing on the materials' susceptibility to 
erosion. Additionally, it is also essential to recognize changes in 
dam structure with temperature and time, and to consider the 
combined effects of buried ice melting and erosion. Finally，the 
evolution of the breach and the changes in breaching flow during 
the breaching process of moraine dams under conditions of 
buried ice presence and melting will be study, the breach mech
anism of moraine dams with buried ice will be revealed.

(3) Utilize numerical simulation techniques to further elucidate the 
response of moraine dam to temperature variations. Fluctuating 
ambient temperatures cause dynamic changes in the internal 
temperature of moraine dams, governed by heat transfer mech
anisms. This significantly affects the ice form and trigger both 
macroscopic and microscopic changes in moraine dams. The 
macroscopic responses, such as dam settlement and local 
collapse, are relatively easy observed. However, the microscopic 
responses are less visible. Numerical simulation techniques 
incorporating thermal transfer modules can effectively study the 
mechanisms of these microscopic responses. Therefore, consid
ering the interaction between ambient temperatures, the internal 
temperature of the dam, and ice phase change will be key issues 
for accurately simulating and predicting breaching in moraine 
dams containing ice, using existing numerical simulation 
technologies.
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