
1. Introduction
Landslides such as debris slides, rock avalanches, etc. (Hungr et al., 2014), can result in the local blockage of 
river channels and the formation of landslide dams. The formation and failure of landslide dams are common 
geophysical and geomorphic processes in mountainous regions (Costa & Schuster, 1988; Ermini & Casagli, 2003; 
Korup, 2002; X. Fan et al., 2021). A recent survey of these events (L. M. Zhang et al., 2016) reported 1,267 
landslide dams worldwide before 2010. Approximately 24% of these events formed between the years 2000 and 
2010, including 257 dams triggered by the 𝐴𝐴 𝐴𝐴𝑠𝑠 8.0 Wenchuan earthquake in China last 2008 (P. Cui et al., 2009). 
Landslide dams typically consist of unconsolidated, poorly sorted soils that are highly vulnerable to breaching 
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in erosional features that undermine the dam stability and facilitate the subsequent outburst flooding. A 
comprehensive understanding of dam surface evolution is therefore crucial for flood risk assessment and hazard 
mitigation. In this research, we study the mechanisms that influence the non-uniform morphology evolution 
of landslide dam breaches (i.e., non-linear variation of the dam surface gradient) through experiments and 
numerical modeling. Analog landslide dam models, constructed using unconsolidated poorly sorted soils, are 
exposed to different inflow discharges. We find that although the breach discharge evolves more consistently 
with the erosion along the sidewalls than with bed erosion, it is the erosion along the bed that controls the 
change in dam surface profiles. Erosion rates, expressed as a function of the difference between the flow 
shear stress and the apparent erosion resistance, vary at different points along the dam surface due to localized 
erosional features induced by scouring. The apparent erosion resistance is found to increase linearly along 
the dam surface. Dam failure is numerically modeled using depth-averaged equations which assume that the 
complex evolution of the dam profiles is due to the coupled effects of erosion, entrainment, and channel bed 
collapse. Good agreement between the observed and modeled dam profiles further demonstrates that the 
gradual saturation of the breach flow with entrained sediment is responsible for the linear variation of the 
apparent erosion resistance, which in turn contributes to the formation of the surface scouring.

Plain Language Summary Landslides that occur near rivers may block the incoming water flow 
forming natural dams. Landslide dams fail when the impounded water breaches the top of the dam. As the 
breaching flow travels along the downstream surface of the dam, it erodes surface sediment. Experiments 
have shown that this erosion is not uniform and that it results in non-linear changes in the dam surface 
steepness. Accurate modeling of both the erosion and the evolution of the dam surface profile is important 
for the prediction and mitigation of outburst floods that threaten downstream establishments. In this work, 
we investigate the factors that shape landslide dam surfaces during dam breaches through experiments 
and numerical modeling. We used landslide dam models composed of unconsolidated sediments to better 
understand their failure process under different inflow conditions. A numerical dam failure model captures 
the observed complex erosion behaviors and replicates measured dam surface profiles. We then find that 
non-uniform erosion is related to the saturation of the outburst floods with sediment as it travels downstream. 
The saturation diminishes the flood's ability to erode and entrain more surface material. This numerical model 
may help enhance early warning strategies for landslide dam outburst flooding.
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(Davies et  al.,  2007). Outburst floods resulting from dam breaches are types of non-meteorological floods 
(O'Connor & Beebee,  2009) that pose serious threats to residents, their livelihoods, and local infrastructure 
downstream (Costa & Schuster, 1988; Larese et al., 2015; X. M. Fan et al., 2020). These floods are short-lived 
and are usually several orders of magnitude greater than the discharges of the receiving rivers (Cenderelli & 
Wohl, 2001; Cook et al., 2018). Such processes can dramatically change the landscapes along the river channels 
(Brunner et al., 2020; Lang et al., 2013) and are major drivers of geomorphic evolution in mountain areas (Cook 
et al., 2018).

Landslide dam breaching processes are controlled by complex mechanisms which involve overtopping, seepage, 
localized collapses, and slope failure (Costa & Schuster, 1988; Davies et al., 2007; Korup, 2002). The primary 
failure mechanism is often overtopping, accounting for more than 90% of reported cases, complemented by either 
seepage or slope failure (Korup, 2004; Peng & Zhang, 2012). After a landslide blocks a river channel, the upstream 
water level gradually rises due to continuous inflow. Overtopping occurs when the water level exceeds the height 
of the dam. Several works focusing on the overtopping process (Feliciano Cestero et al., 2015; Garcia-Castellanos 
& O'Connor, 2018; Walder et al., 2015) found that the discharge at the dam shoulder upstream 𝐴𝐴 𝐴𝐴𝑏𝑏 is related to 
the outburst discharge 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 downstream. The change of 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 with time, known as outburst hydrographs, can be 
predicted if 𝐴𝐴 𝐴𝐴𝑏𝑏 is well-known (Chang & Zhang, 2010; Coleman et al., 2002). Indeed, to understand the temporal 
evolution of hydrographs, previous studies have been dedicated to defining the evolution of 𝐴𝐴 𝐴𝐴𝑏𝑏 in terms of the 
changes in the breach geometry (e.g., Davies et al., 2007; Hakimzadeh et al., 2014; Macchione & Rino, 2008; 
Walder & O'Connor,  1997) and hydraulic controls (e.g., Castro-Orgaz et  al.,  2022; Hager & Schwalt,  1994; 
Haun et al., 2011). Recently, G. G. D. Zhou et al. (2019) showed that the water flow at the dam shoulder initially 
appears to be sediment-free (i.e., clear water flow) but later evolves into turbulent sediment-laden flow (i.e., 
muddy water flow), or even debris flow, further downstream. This suggests that landslide dam failure is an 
erosion process along the flow direction and the sediment entrainment during the dam breach should also be 
considered in determining 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 .

The breaching process is physically tied to the breach morphology evolution, especially along the direction of the 
breach flow. Figure 1a shows a schematic diagram of a landslide dam breach process adopted in recent literature 
(e.g., Argentin et al., 2021; Korup, 2005; X. Fan et al., 2021) in a coordinate system where 𝐴𝐴 𝐴𝐴 is along the flow 
direction, 𝐴𝐴 𝐴𝐴 is along the lateral direction, while 𝐴𝐴 𝐴𝐴 is normal to the river bed. In this illustration, 𝐴𝐴 𝐴𝐴𝑏𝑏 is measured 
from the upstream dam shoulder (labeled section II) while 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 is measured at the dam toe. Both measurement 
locations may be displaced as the overtopping flood deforms the dam through erosion. Erosion during dam 
breaching occurs along the lateral (y-axis) and vertical (normal to the bed) directions and is quantified by the 
sidewall erosion rate 𝐴𝐴 𝐴𝐴𝑤𝑤 = 𝑑𝑑𝑤𝑤𝑏𝑏𝑏𝑏∕𝑑𝑑𝑑𝑑 (Figure 1b) and the bed erosion rate 𝐴𝐴 𝐴𝐴𝑏𝑏 = 𝑑𝑑𝑑𝑠𝑠𝑠𝑠∕𝑑𝑑𝑑𝑑 (Figure 1c) respectively. 
Several previous works have proposed conceptual models defining the longitudinal (x-direction) evolution of the 
breach channel profile during different stages of a dam breach. Some of these breach models are summarized 
in Table 1. Earlier conceptual models proposed by Fread (1988) and Visser (1999) assume that the change of 
the dam surface, as it is eroded by the breach flow, is uniform (i.e., surface gradient is constant). Later models 
depict dam surface evolution as a step-wise process accounting for sharp inhomogeneities in the breach flow 
conditions at the dam crest and at the slope surface. The abovementioned models assume that these erosion 
mechanisms remain uniform with time until the impounded water or the dam is depleted. On the other hand, G. 
G. D. Zhou et al. (2019) showed that during breaching the dam surface morphology is highly “non-uniform” (i.e., 
dam surface gradient is not constant), characterized by the emergence of scour holes, which can be likened to 
the step-pools that develop when water flows over cohesive soils (Izumi & Parker, 2000; Parker & Izumi, 2000). 
They speculated that this non-uniform surface evolution might be due to localized variations of the apparent 
erosion resistance, but they were not able to provide a quantitative expression for this mechanism. In addition, the 
evolution of sidewall erosion is often assumed to be uniform or is completely ignored in dam breaching models, 
including those featured in Table 1. This is despite the fact that landslide dam sidewalls are often unstable due to 
their unconsolidated material composition, and 𝐴𝐴 𝐴𝐴𝑤𝑤 should vary along the dam surface in response to changes in 
hydrodynamic conditions (Davies et al., 2007; Korup & Tweed, 2007).

As the flood passes through the dam shoulder onto the downstream slope, the flow velocity may vary signifi-
cantly due to sudden changes in the dam surface gradient (Powledge et al., 1989). This leads to varying levels 
of erosion along the dam surface that may result in the non-uniform breach morphology, that is, scour holes, 
reported by (G. G. D. Zhou et al., 2019) (Table 1). The emergence of similar erosional features has also been 
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reported in a large-scale landslide dam experiment (with a dam and reservoir volume six orders of magnitude 
greater than in G. G. D. Zhou et al.  (2019)) conducted by the Nanjing Hydraulic Research Institute in China 
(Figure  2), wherein detailed measurements of the surface evolution were obtained (Zhong et  al.,  2019). The 
surface profiles presented in Figure 2c are noticeably similar to the conceptual model proposed by G. G. D. Zhou 
et al. (2019). Non-uniform surface profiles have also been reported for small-scale flume tests using different dam 
materials (e.g., Do et al., 2016; Niu et al., 2012) which suggests that this erosional feature is not sensitive to the 
soil type. Although scour hole formation may also be a common feature in real landslide dams during breaching, 
no proof of its existence has been reported. This is probably because most dam materials are often washed away 
after breaching. The lack of evidence from field cases is also due to the turbidity of flows caused by erosion 
during breaching, which makes the measurement of underwater topography infeasible. Relying on recent exper-
imental evidence, the non-uniform evolution of the breach morphology appears to be a common feature during 
landslide dam breaches, however, its influence on the discharge and the mechanisms that lead to its formation 
remain unclear.

In this study, we investigate the mechanisms that lead to the development of non-uniform breach morphologies 
during landslide dam breaching. To clarify some terminology, the term “dam surface” refers to the portion of the 
dam over which the overtopping flood flows and is often represented by profiles (drawn in the x–z plane) obtained 
from the axis of symmetry (details are provided in the Methodology section). “Breach morphology evolution” 
refers to the change of the shapes of the dam surface profiles with time. Here, we conduct breaching experiments 
using dams composed of unconsolidated sediments for different inflow discharges. Results are presented on the 
evolution of the flow discharges and erosion rates. Measurements are compared with numerical simulations that 
model the different processes that control dam breaching. The numerical model captures the role of the apparent 

Figure 1. (a) The schematic diagram of the landslide dam failure process adopted in recent literature (Argentin et al., 2021; Korup, 2005; X. Fan et al., 2021). 
Diagrams of the erosion along (b) the breach width (lateral widening) and (c) the dam height (vertical cutting) from which the sidewall erosion rate 𝐴𝐴 𝐴𝐴𝑤𝑤 and bed erosion 
rate 𝐴𝐴 𝐴𝐴𝑏𝑏 are calculated, respectively. The trapezoidal shape in panel (b) illustrates the effects of flow velocity gradients along the height wherein the greater velocities 
at the free-surface result in greater 𝐴𝐴 𝐴𝐴𝑤𝑤 at the top than at the bottom. The dot-dashed line represents varying lateral erosion with time, the dashed line represents slope 
parallel lateral erosion. 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the width of breach channel measured from the top, while 𝐴𝐴 𝐴𝐴𝑏𝑏 is the width of breach channel measured at the water surface. 𝐴𝐴 𝐴𝐴𝑖𝑖 is the time 
at step 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏 is the channel bed shear stress at a certain section 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏 , and 𝐴𝐴 𝐴𝑠𝑠𝑠𝑠 are the erosion width and height, respectively within a certain period 𝐴𝐴 ∆𝑡𝑡 . 𝐴𝐴 𝐴𝐴2 is the angle 
between the dam toe downstream and the river bed, 𝐴𝐴 𝐴𝐴𝑠𝑠 is the side slope angle, and 𝐴𝐴 𝐴𝐴3 is the ambient slope of the river bed. Sections labeled I and II are the downstream 
and upstream dam shoulders, respectively.
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erosion resistance and flood sediment concentration on the evolution of non-uniform surface profiles. We then 
discuss the mechanisms that control the breach morphology evolution and how the enhanced understanding of 
the erosion process can improve the modeling of landslide dam failures. This work is an extension of the research 
presented in G. G. D. Zhou et al. (2019) which recognized the non-uniform dam surface evolution during breach-
ing. It should be mentioned that different from this previous work, which focused mainly on the influence of the 

Source Longitudinal profile evolution Comments

Fread (1988) A model for the surface erosion of 
man-made earthen dams or natural 

landslide dams made up of cohesive 
material. Bed erosion is assumed to 
be uniform along the flow direction. 

Uniform sidewall erosion is only 
considered in the breach section

Visser (1999) A model for sand dikes made up of 
non-cohesive sands. Bed erosion 

is assumed to be uniform but with 
two linear modes along the flow 

direction. Uniform sidewall erosion 
is only considered at the dam crest

Chang and Zhang (2010) A model for landslide dam failure, 
wherein the bed erosion is assumed 
to be uniform but occur step-wise 
along the flow direction. Uniform 

sidewall erosion is only considered at 
a certain cross-section

Yang et al. (2011) A model for dams made up of 
natural non-cohesive sands with 

𝐴𝐴 𝐴𝐴50 ∼ 1.5 mm, wherein bed erosion is 
assumed to be uniform but step-wise 

along the flow direction. Sidewall 
erosion is ignored

Zhong et al. (2018) A model for the landslide dam failure 
wherein the bed erosion is assumed 

to be uniform but step-wise along the 
flow direction. Two uniform sidewall 

erosion modes are assumed at the 
dam crest and the slope surface, 

respectively

G. G. D. Zhou et al. (2019) A model for landslide dams composed 
of non-cohesive soils with 𝐴𝐴 𝐴𝐴50 

∼0.85 mm wherein the bed erosion 
is non-uniform and is characterized 

by the formation of erosional 
features (scour holes) along the flow 
direction. Sidewall erosion is ignored

Note. (i) The shapes of the modeled dams above are drawn based on their original geometry in the literature. (ii) The first three models are proposed or verified 
according to real dam breach cases while the last three are derived from experiments. (iii) Based on the American Society for Testing and Materials standard, soils 
are classified as cohesive if the amount of fines, that is, silt and clay-sized materials (Figure S5 in Supporting Information S1) exceed 50% by weight (Mitchell & 
Soga, 2005). (iv) The dashed lines represent the dam surfaces at different time steps during breaching.

Table 1 
Conceptual Models for Breach Morphology Evolution
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inflow discharge on the outburst discharge, the work here elucidates the mechanisms that lead to the non-uniform 
breach morphology.

2. Methodology
2.1. Characterization of the Experimental Set-Up

Hughes (1993) and Iverson (2015) proposed that physical mechanisms derived from model experiments remain 
valid for their natural counterparts if their geometries scale similarly. The geometry of the model dams here is 
chosen considering the geometric ratios proposed by Peng and Zhang  (2012)—𝐴𝐴 𝐴𝐴𝑑𝑑∕𝐿𝐿𝑑𝑑 , 𝐴𝐴

3
√

𝑉𝑉𝑑𝑑∕𝐻𝐻𝑑𝑑 , 𝐴𝐴
3
√

𝑉𝑉𝑙𝑙∕𝐻𝐻𝑑𝑑—
where 𝐴𝐴 𝐴𝐴𝑑𝑑 is the dam height, 𝐴𝐴 𝐴𝐴𝑑𝑑 is the toe to toe dam length of the dam, 𝐴𝐴 𝐴𝐴𝑑𝑑 is the dam volume, and 𝐴𝐴 𝐴𝐴𝑙𝑙 is the lake 
volume, that express the combined effects of relevant geometric parameters for landslide dams. These geometric 
ratios have lately been used as construction criteria in modeling landslide dams to ensure that the dams' geomet-
ric, kinematic, and dynamic failure processes are similar to real landslide dams (G. G. D. Zhou et al., 2019; 
J. Y. Zhang et al., 2021; X. G. Jiang et al., 2020). The geometric ratios of the experimental dams fall within 
the range of values that characterize hundreds of reported landslide dams worldwide (Figure S7 in Supporting 
Information S1).

The materials used to build the dams control the permeability, stability, compaction, and overall strength of the 
landslide dam (Casagli et al., 2003). We obtained granular materials with a wide grain size distribution (GSD) 
from the alluvial fan of the Jiangjia Ravine (103°8′4″ E and 26°14′47″ N) near the Dongchuan Debris Flow 
Observation and Research Station, Yunnan Province, China. The accumulated GSD is shown in Figure S5 in 
Supporting Information S1. To simulate the natural accumulation process of uniform and unconsolidated block-
ages, materials are mixed well prior to being poured into the flume from the same height, thereby forming dams 
that are graded to the natural repose angle of soils. Manual layer-by-layer compaction is adopted to ensure that 
the void ratio (0.78–0.80) is consistent with field conditions that are mostly in the range of 0.59–1.11 (Chang & 
Zhang, 2010). The dams are then molded into the desired geometry. Moreover, the use of in-situ materials ensures 
that the initial (gravimetric) moisture contents (6% ± 0.5%) of the model dams are comparable to those of natural 
landslide dams. Despite the measures taken to ensure the model dams' consistency with their natural counterparts, 

Figure 2. Large-scale overtopping failure experiments of landslide dams composed of cohesive material carried out by the 
Nanjing Hydraulic Research Institute, China (a) during and (b) after breaching (Zhong et al., 2019). (c) Erosion profiles 
during dam breach recorded at different time steps (in s). Arrows are pointing at locations where scour holes are evident. 
(Images are used by permission of the Journal of Geotechnical and Geoenvironmental Engineering, American Society of 
Civil Engineers).
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Fan et al. (2020) pointed out that laboratory-scale set-ups only represent dams that form through slides or flows 
of unconsolidated sediments. Such dams make up only a small subset of those that form in nature. Nevertheless, 
the mechanisms of surface erosion that we determine here are also manifested in other natural slopes other than 
landslide dam surfaces and may hence be applicable to dams that form through different depositional processes.

2.2. Experimental Set-Up

Experiments are conducted in a large experimental flume that is 45 m long, 0.7 m wide, 1.4 m deep, and is 
inclined at 12° from the horizontal (Figure 3a). The flume is connected to a water container, with a maximum 
capacity of 12 m 3, through a steel tube with a manual hydro valve. The inflow discharge (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 ) can be accurately 
estimated by the water level gauge positioned behind two sharp-crested weirs (G. G. D. Zhou et al., 2015), located 
at the head of the flume ∼20 m away from the upstream dam toe. The turbulent inflow subsides after passing 
through two rows of saw-teeth which effectively improves the estimation accuracy of the inflow discharge based 
on the widely accepted sharp-crested weir model (G. G. D. Zhou et al., 2015). An energy dissipation pool at the 
bottom of the test flume (near the second sharp-crested weir) further minimizes the flow turbulence. Reinforced 
glass windows (1.5 m in width) with reference grids (0.1 × 0.1 m) are installed along the right side of the flume 
allowing for the observation of the longitudinal dam profiles (Figure 3c). The glass window serves as the dam's 
axis of symmetry. Although border effects are unavoidable in semi-symmetric set-ups, we minimize their influ-
ence by using large inflow discharges and a large ambient inclination (12°). After constructing the dam according 
to the desired geometry, a rectangular notch (0.05 × 0.1 m), adjacent to the glass sidewall, is excavated on the 
dam crest (Figure 3b) to ensure that overtopping is initiated at the same location and encourages the repeatability 
of the test cases. The location of the notch here is consistent with the literature involving semi-symmetric dams 
(Balmforth et al., 2008; Coleman et al., 2002) but it should be mentioned that other works position the notch at 
the center axis of the modeled dam (e.g., Hanson et al., 2005; Walder et al., 2015; Walsh et al., 2021).

Four test cases corresponding to different inflow discharges ��� = 2.0, 3.0, 5.3, 6.9 × 10 −3 m 3/s labeled with Test 
IDs C-Q 2.0, C-Q 3.0, C-Q 5.3, and C-Q 6.9, respectively, are conducted to study the influence of the inflow 

Figure 3. Schematic diagram of the experimental set-up with the exact dimensions as viewed from the (a) side and from the (b) front. (c) The side view of the dam 
(from Camera #1) is divided into sections. (d) Top view of the dam (from Camera #3) and a (e) zoomed-in image of the dam crest during breaching. 𝐴𝐴 𝐴𝐴𝑏𝑏 is the width of 
the breach channel and 𝐴𝐴 �̃�𝑊𝑏𝑏 is the arch length of the breach. Sections I and II are the downstream and upstream dam shoulders, respectively.
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on the landslide dam breaching process. Each test is performed at least twice. Three video cameras (SONY 
FDR-AX40, 1,440  ×  1,080 pixels, 25 fps) monitor the dam breaching process from different vantage points 
(Figure 3). Camera #1 monitors the change of the flow depths based on the reference grids imprinted on the 
glass window (Figure 3c). The grids divide the window into nine sections labeled A–I which serve as reference 
points wherein 𝐴𝐴 𝐴𝐴𝑏𝑏 , 𝐴𝐴 𝐴𝐴𝑤𝑤 , and the shear stress (𝐴𝐴 𝐴𝐴 ) are evaluated. The interface between the breach flow and the 
dam body is defined as a boundary between a moving flow and a static layer defining the motionless dam. This 
interface is determined manually from image sequences representing certain periods of interest. Thus, camera #1 
can also capture the erosion depth change (𝐴𝐴 𝐴𝑠𝑠𝑠𝑠 ) with time, and the bed erosion rate (𝐴𝐴 𝐴𝐴𝑏𝑏 ). The flow velocity (𝐴𝐴 𝐴𝐴𝑓𝑓 ) 
is determined from the trajectory of tracer particles dropped onto the surface of the breaching flow. The distance 

𝐴𝐴 𝐴𝐴 =
√

∆𝑥𝑥2 + ∆𝑦𝑦2 , where 𝐴𝐴 ∆𝑥𝑥 and 𝐴𝐴 ∆𝑦𝑦 are changes in the particles' 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 positions, traveled by the particles 
within a specific timeframe is measured using an open-source image processing software, ImageJ (Schneider 
et al., 2012) (Figure 3c). We also evaluate the flow velocity at different length scales (𝐴𝐴 ∆𝑥𝑥 = 0.1, 0.2, 0.4 m). A 
small 𝐴𝐴 ∆𝑥𝑥 = 0.1 m results in significant fluctuations in the estimation of 𝐴𝐴 𝐴𝐴𝑓𝑓 , whereas a large 𝐴𝐴 ∆𝑥𝑥 = 0.4 m results in 
diminished estimation resolution. A moderate 𝐴𝐴 ∆𝑥𝑥 = 0.2 m is therefore used to measure 𝐴𝐴 𝐴𝐴𝑓𝑓 along the longitudinal 
dam profile. Camera #2 monitors the channel width change (𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏 ), whose measurement is calibrated against the 
flume width (0.7 m) (Figure 3e). The breach discharge (𝐴𝐴 𝐴𝐴𝑏𝑏 ) is defined as the volume of water flowing through a 
given section per unit time (Szymkiewicz, 2010). 𝐴𝐴 𝐴𝐴𝑏𝑏 is calculated at the breach cross section O using the Open 
Channel Flow Assumption (Chanson, 2004):

𝑄𝑄𝑏𝑏 = 𝛼𝛼 × 𝛾𝛾 × 𝑢𝑢𝑓𝑓 × ℎ𝑓𝑓 ×𝑊𝑊𝑏𝑏 (1)

where 𝐴𝐴 𝐴𝐴𝑏𝑏 is the channel width, 𝐴𝐴 𝐴𝐴𝑓𝑓 is the flow velocity, and 𝐴𝐴 𝐴𝑓𝑓 is the flow depth. Note that, different from the 
illustration in Figure 1a, 𝐴𝐴 𝐴𝐴𝑏𝑏 is measured at a fixed point since the concrete wall prevents us from determining the 
upstream dam shoulder (section II) that has migrated upwards due to erosion. Nevertheless, this hidden portion 
makes up only a small fraction of the dam body and has little effect on the measurement of 𝐴𝐴 𝐴𝐴𝑏𝑏 . The constant 𝐴𝐴 𝛼𝛼 = 
0.71 is the mean parabolic coefficient, and 𝐴𝐴 𝐴𝐴 = 2/3 is the ratio between the surface velocity and mean velocity. 
The value of 𝐴𝐴 𝛼𝛼 is obtained from the mean of values previously calculated for 37 dams having different geome-
tries and soil properties. Since this value is relevant only to the breach discharge, its accurate determination does 
not change the conclusions drawn from this work. Details on the estimation of 𝐴𝐴 𝛼𝛼 and 𝐴𝐴 𝐴𝐴 are provided in Text S1 
in Supporting Information S1. The 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏 is measured along the sloping surface from the footage of Camera #3 
(Figure 3d), from which the lateral widening rate (𝐴𝐴 𝐴𝐴𝑤𝑤 ) can be obtained. Downstream, ∼5 m from the foot of the 
dam, the outburst flow velocity and height, from which 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 is calculated (same with 𝐴𝐴 𝐴𝐴𝑏𝑏 ), are measured from 
images obtained by Camera #4 and a laser sensor (Leuze, ODSL 30/V-30MS12) with a resolution of ±1 mm, 
respectively. We mention that the same experimental setup and procedures have been adopted in our previous 
work (G. G. D. Zhou et al., 2019; M. J. Zhou et al., 2019). However, in this work, the results obtained from the 
experiments are reanalyzed to provide a deeper understanding of the processes that control the surface evolution 
of landslide dam failure that has been largely ignored in the previous research.

2.3. Theoretical Background of the Numerical Model

An overtopping flood can be simplified into a homogenous incompressible fluid flowing down an inclined erod-
ible surface. The flow can be defined by the following mass and momentum equations:

𝜕𝜕𝜕𝜕𝑓𝑓

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝜕𝜕𝑓𝑓𝒖𝒖) = ∆𝑚𝑚𝑚 (2)

𝜕𝜕𝜕𝜕𝑓𝑓𝒖𝒖

𝜕𝜕𝜕𝜕
+ ∇ ⋅ (𝜕𝜕𝑓𝑓𝒖𝒖⊗ 𝒖𝒖) = 𝜕𝜕𝑓𝑓𝒈𝒈 + ∇ ⋅ 𝑻𝑻 + ∆𝑀𝑀𝑀 

where 𝐴𝐴 𝐴𝐴𝑓𝑓 is the flow density, 𝐴𝐴 𝒖𝒖 is the flow velocity vector, and 𝐴𝐴 𝒈𝒈 is the gravitational acceleration. 𝐴𝐴 𝑻𝑻  is the stress 
tensor (𝐴𝐴 𝑻𝑻 = −𝑃𝑃𝑰𝑰 + 𝝉𝝉 ) where 𝐴𝐴 𝑰𝑰 is the unit tensor, 𝐴𝐴 𝐴𝐴  is the normal component, and 𝐴𝐴 𝝉𝝉 is the deviatoric component. 
For simplicity, these stress components are referred to as the pressure and the shear stress respectively. 𝐴𝐴 ∆𝑚𝑚 is the 
rate of mass change of the overtopping flow that results from entrained sediment materials and 𝐴𝐴 ∆𝑀𝑀 is the corre-
sponding change of flow momentum. Since the flow is incompressible, 𝐴𝐴 𝐴𝐴𝐴𝐴𝑓𝑓∕𝐴𝐴𝜕𝜕 can be set to zero. The mixture 
flow is assumed to be a shallow water flow because its characteristic length greatly exceeds the flow depth 
(Savage & Hutter, 1989). A depth-averaged form of Equation 2 can be written as:
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𝜕𝜕𝜕𝑓𝑓

𝜕𝜕𝜕𝜕
+

𝜕𝜕 (𝜕𝑓𝑓𝑢𝑢𝑓𝑓 )

𝜕𝜕𝜕𝜕
=

𝜌𝜌𝑠𝑠

𝜌𝜌𝑓𝑓

𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝜕𝜕
(1 − 𝑝𝑝), (3a)

𝜕𝜕𝜕𝑓𝑓𝐶𝐶𝑠𝑠

𝜕𝜕𝜕𝜕
+

𝜕𝜕 (𝜕𝑓𝑓𝑢𝑢𝑓𝑓𝐶𝐶𝑠𝑠)

𝜕𝜕𝜕𝜕
=

𝜌𝜌𝑠𝑠

𝜌𝜌𝑓𝑓

𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝜕𝜕
(1 − 𝑝𝑝), (3b)

𝜕𝜕 (ℎ𝑓𝑓𝑢𝑢𝑓𝑓 )

𝜕𝜕𝜕𝜕
+

𝜕𝜕

𝜕𝜕𝜕𝜕

(

ℎ𝑓𝑓𝑢𝑢
2
𝑓𝑓
+

1

2
𝑘𝑘𝑎𝑎𝑎𝑎𝑔𝑔 sin 𝜃𝜃𝑏𝑏ℎ

2
𝑓𝑓

)

= 𝑔𝑔 sin 𝜃𝜃𝑏𝑏ℎ𝑓𝑓 − 𝑓𝑓𝑏𝑏𝑏𝑏 + 𝑢𝑢𝑓𝑓
𝜌𝜌𝑏𝑏

𝜌𝜌𝑓𝑓

𝜕𝜕ℎ𝑏𝑏

𝜕𝜕𝜕𝜕
(1 − 𝑎𝑎), (3c)

where 𝐴𝐴 𝐴𝑓𝑓 , 𝐴𝐴 𝐴𝐴𝑓𝑓 , and 𝐴𝐴 𝐴𝑓𝑓𝑢𝑢𝑓𝑓 represent the flow depth, the depth-averaged flow velocity, and the flow discharge in the 𝐴𝐴 𝐴𝐴 
direction, respectively. 𝐴𝐴 𝐴𝐴 is the gravitational acceleration. The flow density is calculated as 𝐴𝐴 𝐴𝐴𝑓𝑓 = 𝐶𝐶𝑠𝑠𝐴𝐴𝑠𝑠 + (1 − 𝐶𝐶𝑠𝑠) 𝐴𝐴𝑤𝑤 
where 𝐴𝐴 𝐴𝐴𝑠𝑠 = ℎ𝑠𝑠∕ℎ𝑓𝑓 is the volumetric sediment concentration, 𝐴𝐴 𝐴𝐴𝑠𝑠 and 𝐴𝐴 𝐴𝐴𝑤𝑤 are the density of the sediment and water 
having fixed values of 2,650 and 1,000 kg/m 3 respectively. The source terms on the right-hand side of the mass 
balance Equations 3a and 3b denote the mass change rate due to bed erosion. In Equation 3c, 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏 represents the 
basal frictional resistance calculated from Manning's formula, 𝐴𝐴 𝐴𝐴 is the bed porosity, and 𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎 is the lateral earth 
pressure coefficient which is equal to one in this study. Further details on the model setting parameters are listed 
in Table S2 in Supporting Information S1.

A natural extension of the Lax-Friedrich first-order central differencing scheme is used to solve the hyperbolic 
equation system above. This scheme avoids characteristic decomposition since we do not need to solve Riemann 
problems (Nessyahu & Tadmor, 1990). The excessive Lax-Friedrich scheme is a second or higher-order resolu-

tion Riemann-solver-free family of central differencing schemes (G.-S. Jiang 
et  al.,  1998; Kurganov & Tadmor,  2000; Sweby,  1984). The resolution of 
the simulation domain is 0.01 m. Our numerical model setup satisfies the 
Courant-Friedrichs-Lewy condition, thus ensuring numerical stability in 
each time step.

3. Results
3.1. Dam Breach Hydrographs

The hydrographs of the dimensionless breach discharge 𝐴𝐴 𝐴𝐴𝑏𝑏∕𝐴𝐴𝑖𝑖𝑖𝑖 and outburst 
discharge 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜∕𝐴𝐴𝑖𝑖𝑖𝑖 are presented in Figure 4a. The 𝐴𝐴 𝐴𝐴 = 0 s is the time when 
the flow starts to travel along the notch and reaches the dam shoulder 
(Figure 3a). After a certain period of time, both dimensionless discharges 
abruptly increase and reach peak values. The time at which this increase is 
observed is called the inflection point and is determined for both the breach 

𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 and outburst 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 discharges. Peak breach and outburst discharge points 
are labeled 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 and 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 respectively. 𝐴𝐴 𝐴𝐴𝑏𝑏 starts to increase at 𝐴𝐴 𝐴𝐴 = 20 s, while 

𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 increases at 𝐴𝐴 𝐴𝐴 = 30 s. The time lag between the two hydrographs can be 
attributed to the infiltration within the loose and unconsolidated dam. 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 
is minimal when 𝐴𝐴 𝐴𝐴𝑏𝑏 has just begun to increase since a large portion of the 
water infiltrates into the landslide dam. This time lag becomes smaller as 𝐴𝐴 𝐴𝐴𝑏𝑏 
increases. There is a 6-s time difference observed between inflection points, 
while there is only a 2-s time lag between peak points (Figure 4a). A larger 

𝐴𝐴 𝐴𝐴𝑏𝑏 usually implies greater flow velocities since there is little change in flow 
height during this stage (G. G. D. Zhou et al., 2019). More sediment is trans-
ported at a higher rate thus resulting in shorter lag times. 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is greater than 

𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 since outburst floods include more entrained sediments. Indeed, it can be 
observed in Figure 3c that the breaching flood starts off as a clear water flow 
at the dam shoulder (II) and becomes increasingly turbid further downstream 
indicating a gradual increase in the sediment concentration 𝐴𝐴 𝐴𝐴𝑠𝑠 . The role of 𝐴𝐴 𝐴𝐴𝑠𝑠 
in the erosion process will be made clear in the successive sections.

The breach discharge 𝐴𝐴 𝐴𝐴𝑏𝑏 can be representative of the dam breaching hydrody-
namics as well as the erosive capacity of the water flow. The stream power, 

Figure 4. Hydrograph of a sample case C-Q 5.3 showing the change of the 
(top) dimensionless breach 𝐴𝐴 𝐴𝐴𝑏𝑏∕𝐴𝐴𝑖𝑖𝑖𝑖 and outburst 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜∕𝐴𝐴𝑖𝑖𝑖𝑖 discharges, and 
(bottom) stream power � with time at 𝐴𝐴 𝐴𝐴 = 0 m. 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 is the inflow discharge. 
Stages of the hydrograph are characterized by the inflection (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) and 
peak points (��� and 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) of the breach discharge, outburst discharge, and 
stream power. Error bars are measurement standard deviations.
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given by Bagnold (1966), (i.e., � = ������� , where 𝐴𝐴 𝐴𝐴𝑤𝑤 is the clear water density, 1,000 kg/m 3, 𝐴𝐴 𝐴𝐴 is the gravita-
tional acceleration, and 𝐴𝐴 𝐴𝐴𝑏𝑏 is the slope of the channel bed) expresses the dissipation rate of the potential energy 
against the bed and sidewalls per unit length and quantifies the work needed to erode and transport sediment 
downstream (Haschenburger & Church, 1998). The stream power is widely used to describe the flood erosive 
capacity over the dam surface (Annandale, 2006). The dam failure process is designated into three stages accord-
ing to the evolution of 𝐴𝐴 𝐴𝐴𝑏𝑏 and � (Figure 4). Stage 1 spans from the initiation time to the inflection point of 𝐴𝐴 𝐴𝐴𝑏𝑏 
and � (𝐴𝐴 𝐴𝐴 =0–40 s). At this stage, erosion is weak, and the erosion point slowly migrates back upstream from the 
dam shoulder (from Points I to II in Figure 3c). Stage 2 spans the inflection point to the peak point of 𝐴𝐴 𝐴𝐴𝑏𝑏 and � 
(𝐴𝐴 𝐴𝐴 =40–56 s). During this stage, the erosive capacity increases rapidly due to the sudden increase in 𝐴𝐴 𝐴𝐴𝑏𝑏 caused by 
the sudden release of dammed water (G. G. D. Zhou et al., 2019). The increased discharge erodes and entrains 
larger volumes of sediment. The enhanced erosion induces steep channel inclinations along the dam surface 
which randomly collapse under the continuous shear of the incoming flood above. At Stage 3, the dammed water 
runs out and the erosive capacities start to decay up until the end of the dam breaching (𝐴𝐴 𝐴𝐴 = 56–80 s). In the liter-
ature, these stages are also referred to as the headward, accelerated, and attenuated erosion stages (G. G. D. Zhou 
et al., 2019). Note that other works have also designated the dam breach hydrograph into stages using different 
criteria (i.e., outburst discharge or erosion morphology) other than the breach discharge and stream power (Peng 
et al., 2021; Ruan et al., 2021). Movies showing the erosion process are provided in References in Supporting 
Information S1.

3.2. Erosion Mechanisms

As the flood travels from the breach crest to the dam toe, it displaces and carries the sediments from the dam 
surface. The dam crest is a hydraulic control structure that acts as a natural weir. In other words, it controls the 
breach flow discharge and the erosion dynamics during dam breaching and thus the outflow discharge (Walder 
et al., 2015; Walsh et al., 2021). Here, we measure the erosion at the discrete cross-sections along the sloping 
surface to gain insight into the mechanisms that influence the evolution of the dam morphology.

3.2.1. Effects of Flow Discharge on Erosion Rates

The dam crest acts as a broad-crested weir that controls the flow discharge during breaching. However, different 
from the non-erodible weirs that are typically used to control the discharge of incoming flows (Castro-Orgaz 
et  al.,  2022; Hager & Schwalt,  1994; Haun et  al.,  2011), the dam crests of landslide dams are erodible and 
their evolution affects the flow conditions downstream. As shown in Figure 4, the changes in the dam crest 
are reflected in the evolution of 𝐴𝐴 𝐴𝐴𝑏𝑏 , that is, the wider and deeper the dam crest becomes due to the erosion of 
breach flow, the greater the amount of dammed water is released until the water supply is depleted (Singh & 
Scarlatos, 1988; Walder et al., 2015). In this work, we are more interested in the erosion and breach morphology 
evolution of the sloping surface resulting from the variations in the breach discharge, hence the evolution of the 
dam crest geometry itself will no longer be discussed in detail.

Figure 5a shows the temporal profiles of the bed 𝐴𝐴 𝐴𝐴𝑏𝑏 and sidewall 𝐴𝐴 𝐴𝐴𝑤𝑤 erosion rates respectively, calculated in the 
breach section. The erosion rates are plotted alongside the breach (red) and outburst (blue) discharges. Both 𝐴𝐴 𝐴𝐴𝑏𝑏 
and 𝐴𝐴 𝐴𝐴𝑤𝑤 are observed to exhibit a similar trend as 𝐴𝐴 𝐴𝐴𝑏𝑏 , they initially increase prior to decreasing after reaching a 
peak value, although both reach peak values at different times. Specifically, 𝐴𝐴 𝐴𝐴𝑏𝑏 reaches a peak value at 62 s, while 

𝐴𝐴 𝐴𝐴𝑤𝑤 is almost synchronized with 𝐴𝐴 𝐴𝐴𝑏𝑏 having peak values at 54 and 56 s, respectively. This coincidence indicates 
that the breach discharge is better correlated with lateral widening than it is with vertical cutting. In addition, 
we also observe that the erosion rates at Stage 2 almost remain constant with time while the flow discharges 
increase rapidly. Similar results can also be found in Walsh et  al.  (2021) which involved dams composed of 
uniformly sized sand. We further plot the temporal evolution of erosion rates in sections C (Figure 4b) and G 
(Figure 4c) along the flow direction in which different results are observed: 𝐴𝐴 𝐴𝐴𝑏𝑏 is up to two or three times greater 
than 𝐴𝐴 𝐴𝐴𝑤𝑤 at both sections. The higher erosion rates along the bed, relative to the lateral directions, are likewise 
observed in the experiments of Turowski et al. (2006) and Yang et al. (2011). We also find that the changes in the 
erosion rates with time are non-uniform in the different sections considered (sections O, C, and G), which may 
be caused by the non-uniform erosion of the flow, the varying resistance of the channel bed, or both (G. G. D. 
Zhou et al., 2019). Details of the evolution of erosion rates and mechanisms are further studied in the successive 
sections.
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3.2.2. Longitudinal Distribution of Erosion Rates

Here, we study the relationship between erosion rates and the shear stresses along the flow direction. Dam surface 
erosion can be directly quantified using the linear erosion equation proposed by Partheniades (1965), which has 
been widely applied for sediment erosion (Fraccarollo & Capart, 2002; Graf, 1984; Howard, 1994; Iverson, 2012; 
Sheng & Lick, 1979). These equations are written as:

𝐸𝐸𝑏𝑏 = 𝐾𝐾𝑑𝑑𝑏𝑏 (𝜏𝜏𝑏𝑏 − 𝜏𝜏𝑐𝑐𝑏𝑏) , 

𝐸𝐸𝑤𝑤 = 𝐾𝐾𝑑𝑑𝑤𝑤 (𝜏𝜏𝑤𝑤 − 𝜏𝜏𝑐𝑐𝑤𝑤) , (4)

for erosion along the vertical and lateral directions, respectively. 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 are dimensional constants of erod-
ibility; 𝐴𝐴 𝐴𝐴𝑏𝑏 and 𝐴𝐴 𝐴𝐴𝑤𝑤 are the shear stresses exerted by the fluid on the channel bed and sidewall. 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 and 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 are the 
apparent erosion resistances, also known in the literature as critical shear stress (Cheng, 2004; Chepil, 1959; 

Figure 5. Erosion rates as functions of time during dam breaching of representative test case C-Q 5.3. (a) The sidewall 
erosion (lateral widening) at the breach better coincides with the flow discharges. Temporal variation of the (b) bed and (c) 
sidewall erosion rate at Sections C and G, respectively.
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Paphitis, 2001). The vertical flow shear stress 𝐴𝐴 𝐴𝐴𝑏𝑏 can be determined using Manning's equation (Cantero-Chinchilla 
et al., 2016; Wu, 2013; Z. Y. Chen et al., 2015):

𝜏𝜏𝑏𝑏 =
𝜌𝜌𝑓𝑓𝑔𝑔𝑔𝑔

2
𝑢𝑢
2
𝑓𝑓

ℎ
1∕3

𝑓𝑓

, (5)

where 𝐴𝐴 𝐴𝐴𝑓𝑓 is the flow density, 𝐴𝐴 𝐴𝐴 is the acceleration due to gravity, 𝐴𝐴 𝐴𝐴 is the Manning coefficient, and 𝐴𝐴 𝐴𝐴𝑓𝑓 is the flow 
velocity. The flow depth 𝐴𝐴 𝐴𝑓𝑓 is also known as the hydraulic radius in the literature, especially when flow depth is 
much smaller than breach width (Dazzi et al., 2019; Guo & Jin, 1999). The lateral shear stress 𝐴𝐴 𝐴𝐴𝑤𝑤 is calculated as:

𝜏𝜏𝑤𝑤 = 𝜀𝜀𝜏𝜏𝑏𝑏, (6)

where 𝐴𝐴 𝐴𝐴 is a function of the flow width-depth ratio 𝐴𝐴 𝐴𝐴𝑏𝑏∕ℎ𝑓𝑓 which ranges between 0.537 and 1.479 in this study 
(Figure S4 in Supporting Information S1). A detailed definition of 𝐴𝐴 𝐴𝐴 can be found in Text S2 in Supporting 
Information S1. Note that although alternative expressions for the erosion rate have also been presented in the 
literature, obtained empirically (Takahashi, 1991) or theoretically (Fraccarollo & Capart, 2002), most of them can 
be generalized into the basic framework presented in Equation 4 (G. G. D. Zhou et al., 2020).

Figure  6 shows the erosion rate versus the shear stress along the vertical 
𝐴𝐴 (𝐸𝐸𝑏𝑏, 𝜏𝜏𝑏𝑏) and lateral 𝐴𝐴 (𝐸𝐸𝑤𝑤, 𝜏𝜏𝑤𝑤) directions of four different test cases at different 

sections of the dam. The erosion rates appear to vary linearly with the shear 
stress although significant scatter is observed. The dashed lines are best 
fits obtained from Equation  4. Similar linear relationships have also been 
reported by Fujisawa et al. (2008) and Knapen et al. (2007) from both field 
observations and experiments. Note that only data points corresponding to 
Stages 2 and 3 are considered in this analysis since the erosion in Stage 1, 
as shown in Figures 4 and 5, is much weaker and depends only on the small 
variations of the overtopping flow velocities. More details on the fitting can 
be found in Table S1 in Supporting Information S1.

The slopes of the best fit lines in Figure 6 correspond to 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 for the 
erosion along the vertical and lateral directions. Figure  7 shows that both 
erodibilities do not change systematically along the dam surface but instead 
fluctuate around an average value. For convenience in the subsequent anal-
ysis, we take the mean of the fluctuating values (dashed lines) and get two 
distinct soil erodibilities for the vertical and lateral directions (Figure 7a). 
Note that the mean 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 is slightly larger than 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 , which is apparently incon-
sistent with the erosion rate data (Figure 5) wherein 𝐴𝐴 𝐴𝐴𝑏𝑏 is greater than 𝐴𝐴 𝐴𝐴𝑤𝑤 both 
at the dam crest and the downstream surface. 𝐴𝐴 𝐴𝐴𝑏𝑏 is greater than 𝐴𝐴 𝐴𝐴𝑤𝑤 because 
the measured basal shear stresses are generally larger than those measured 
at the walls (Figure S4 in Supporting Information S1). This implies that the 
erosion rate and its evolution along the dam surface are more sensitive to the 
shear stress than they are to the soil erodibility.

The intercepts of the best fitting lines on the abscissa in Figure  6 are the 
apparent erosion resistance of sediments (𝐴𝐴 𝐴𝐴𝑐𝑐 ) (G. G. D. Zhou et al., 2019), 
defined separately for the channel bed (𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 ) and the sidewalls (𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 ). The 
apparent erosion resistance may be related to the soil properties (e.g., plas-
ticity index, mean particle size, repose angle, void ratio, etc.), flow proper-
ties (e.g., sediment concentration, the kinematic viscosity of flow, etc.), and 
other hydraulic parameters (e.g., the relative density of particles submerged 
in the flow, the acceleration of gravity or local channel slope, etc.) (D. Chen 
et  al.,  2018; G. G. D. Zhou et  al.,  2019; H. W. Zhang,  2012; Wainwright 
et al., 2015; Wu et al., 2018). Figure 7b shows that 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 and 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 are almost 
identical (most data points fall within a 95% confidence interval) and linearly 
increase with the longitudinal distance.

Figure 6. Relationships between erosion rate and shear stress in the (top) 
vertical and (bottom) lateral directions at the different sections (A–I) during 
Stages 2 and 3 for all experiments. Dashed lines are best fits provided by 
Equation 4. Different colors represent different sections. The calculated 
bed and sidewall shear stresses are obtained based on Equations 5 and 6, 
respectively. Error bars for shear stress express the measured standard 
deviations.
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The deviation of the data points from the best fit lines can be quantified by the ratio of the Root Mean Squared 
Error (𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ) and the Standard Deviation (𝐴𝐴 𝐴𝐴𝐴𝐴 ) (Figure 7c). The 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∕𝐴𝐴𝑆𝑆 ratio quantifies the deviation of 
the measured 𝐴𝐴 𝐴𝐴𝑏𝑏 and 𝐴𝐴 𝐴𝐴𝑤𝑤 from the best-fit lines relative to the spread of the erosion rate data around their mean 
values at different cross-sections. Specifically, 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∕𝐴𝐴𝑆𝑆 𝑆 1 means that the deviation from the best-fit line 
(dashed lines in Figure 6) is less than the random scatter of the data set, while 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∕𝐴𝐴𝑆𝑆 ≥ 1 means that the 
data is simply randomly distributed around the best fit (Bruce et al., 2016). The latter condition means that the 
best-fit line does not correctly define the relationship between the shear stress and erosion rate. Figure 7c shows 
that all 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∕𝐴𝐴𝑆𝑆 are less than 1. This indicates that despite the scatter observed in Figure 6 for both erosion 
rates, the deviation of the measured erosion rates from the predictions of Equation 4 are still much less than the 
random scatter of the data set at each section.

To further explore the correlation between the erosion rate and shear stress, the calculated (Equation 4) and 
measured basal (Figure 1c) and lateral (Figure 1b) erosion rates are plotted alongside their corresponding shear 
stresses (Equations 5 and 6) under different inflow discharges in Figure 8. These data points are obtained during 
Stage 2 of the breaching process. Note that in contrast to Figure 6, here we aim to see the similarity of the longi-
tudinal distributions of the abovementioned quantities. It can be observed  that both the calculated and meas-
ured erosion rates follow a similar pattern and vary consistently with the shear stress, further indicating a close 
correlation between the two variables. 𝐴𝐴 𝐴𝐴𝑏𝑏 varies similarly with 𝐴𝐴 𝐴𝐴𝑤𝑤 so their peak values are measured at the same 
positions along the dam. Similar behavior is observed with the longitudinal evolution of 𝐴𝐴 𝐴𝐴𝑏𝑏 and 𝐴𝐴 𝐴𝐴𝑤𝑤 . Since 𝐴𝐴 𝐴𝐴𝑑𝑑 is a 

constant value for each case along the flow direction (Figure 7a), this implies 
that the difference between shear stress (𝐴𝐴 𝐴𝐴 ) and apparent erosion resistance 
(𝐴𝐴 𝐴𝐴𝑐𝑐 ) controls the erosion rates and thus the evolution of the dam morphology 
based on Equation 4 (J. P. Johnson & Whipple, 2010). It is also noted that 
some slight deviations between the calculated and measured values can be 
observed, which is visualized in Figure 8e. It can be noticed in Figure 8e that 
some measured data points can be twice as large as the calculated values in 
some regions. However, in most cases, the deviation between the two quan-
tities is less than 50%. This deviation may be due to systematic and random 
errors in the measurement of 𝐴𝐴 𝐴𝐴𝑓𝑓 and 𝐴𝐴 𝐴𝑓𝑓 , or the estimation of 𝐴𝐴 𝐴𝐴𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑐𝑐 . Even 
then, Figure 8 demonstrates that the erosion mechanisms are consistent both 
in the vertical and lateral directions across different inflow discharges.

3.2.3. Physical Interpretation of the Distribution of Erosion Rates

Most previous studies assume that dam failure occurs uniformly along the 
dam surface (Table 1). In contrast, results in our study show that dam fail-
ure profiles can vary significantly due to the nonlinear change of the shear 
stresses and the linear increase of the apparent erosion resistance along the 
flow direction. Since the shear stress is mainly controlled by the flow veloc-
ity (Equation  5), we argue that the non-uniform evolution of the erosion 
profiles is due to local variations in the flow velocity during dam breaching. 
According to the kinetic energy theorem, the theoretical velocity of a tracer 
particle moving along the dam surface can be written as:

𝑢𝑢
2
𝑖𝑖+Δ𝑡𝑡 − 𝑢𝑢

2
𝑖𝑖
= 2𝐿𝐿 (𝑔𝑔 sin 𝜃𝜃𝑏𝑏 − 𝜇𝜇𝑘𝑘𝑔𝑔 cos 𝜃𝜃𝑏𝑏) = 2𝑥𝑥 (𝑔𝑔 tan 𝜃𝜃𝑏𝑏 − 𝜇𝜇𝑘𝑘𝑔𝑔) , (7)

where 𝐴𝐴 𝐴𝐴𝑖𝑖 is the velocity of a tracer particle at any time step 𝐴𝐴 𝐴𝐴 ; 𝐴𝐴 𝐴𝐴𝑏𝑏 is the channel 
bed inclination angle; 𝐴𝐴 𝐴𝐴𝑘𝑘 is the dynamic friction factor; 𝐴𝐴 𝐴𝐴 is the travel distance 
projected onto the horizontal axis; and 𝐴𝐴 𝐴𝐴 is the travel distance. Assuming that 

𝐴𝐴 𝐴𝐴𝑖𝑖 = 0 m/s at 𝐴𝐴 𝐴𝐴 = 0 s, Equation 7 can be simplified as:

𝑢𝑢
2
𝑖𝑖+Δ𝑡𝑡 = 2𝑥𝑥 (𝑔𝑔 tan 𝜃𝜃𝑏𝑏 − 𝜇𝜇𝑘𝑘𝑔𝑔) (8)

In pure water, the 𝐴𝐴 𝐴𝐴𝑘𝑘 between fluid particle and a soil bed is relatively small, 
varying from 0.01 to 0.02 based on the Moody Diagram (LaViolette, 2017), 
and can therefore be neglected (mean gradient of local channel bed here is 
0.46) reducing Equation 8 into:

Figure 7. The (a) distribution of the soil erodibility along the vertical (black 
points) and lateral (red points) directions. The 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 are the mean of 
the erodibilities along the lateral and vertical directions represented by dashed 
lines. (b) The apparent erosion resistance 𝐴𝐴 𝐴𝐴𝑐𝑐 along the bed (black circles) and 
lateral (red triangles) directions. The black line is a linear regression curve 
defined by 𝐴𝐴 𝐴𝐴𝑐𝑐 = 57.36x + 0.25. The gray band represents a 95% confidence 
interval. (c) The ratio of the Root Mean Squared Error (𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ) and Standard 
Deviation (𝐴𝐴 𝐴𝐴𝐴𝐴 ) quantifying the scatter of the of bed and sidewall erosion rates 
from the best fit in Figure 6.
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𝑢𝑢
2
𝑖𝑖+Δ𝑡𝑡 = 2𝑔𝑔𝑔𝑔 tan 𝜃𝜃𝑏𝑏 (9)

It is illustrated in Figure 9 that for ideal non-erodible dams (depicted as dam A), the shear stress 𝐴𝐴 𝐴𝐴𝑏𝑏 linearly increases 
along the x-direction (Figure 9, line A) resulting from the steady increase of 𝐴𝐴 𝐴𝐴𝑖𝑖 downstream. Observations from 

Figure 8. (a–d) The evolution of the bed and sidewall erosion rates along the flow direction in the (red) vertical and (black) lateral directions for different 
inflow discharges. The measured erosion rates are defined in Figures 1b and 1c, while calculated values are obtained using Equation 4. The calculated shear 
stress is defined by Manning's Equations 5 and 6 for bed and sidewalls, respectively. (e) The percentage difference between measured and calculated quantities 

𝐴𝐴 ∆𝐸𝐸% = (Measured − Calculated)∕Calculated × 100 for different inflow discharges.
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the dam failures here at low inflow discharge reveal that the failure profiles 
are curved due to the influence of erosional features such as scour holes (dam 
B). Data points corresponding to shear stresses are measured from the exper-
imental dams. In such cases, 𝐴𝐴 𝐴𝐴𝑏𝑏 is minimal at the lowest point of the curvature 
on the dam surface resulting in weaker incoming flows with reduced erosive 
power. The slope of 𝐴𝐴 𝐴𝐴𝑏𝑏 is thus reduced but still positive, as depicted by line 
B. At higher inflow/breach discharges, the scour holes become more evident 
(dam C) and change the channel surface gradients, wherein 𝐴𝐴 𝐴𝐴𝑏𝑏 may become 
negative (inclining upwards). The negative inclination further reduces 𝐴𝐴 𝐴𝐴𝑖𝑖 , 
leading to a dramatic decrease in 𝐴𝐴 𝐴𝐴𝑏𝑏 (depicted as the decrease in the trend of 
line C in Figure 9). Therefore, the non-uniform distribution of the erosion 
rates is due to the irregular change of 𝐴𝐴 𝐴𝐴𝑏𝑏 (increases first and then decreases) 
caused by the feedback between the channel surface gradients and the flow 
velocities. However, the analysis above pertaining to the formation of the 
positive feedback is fundamentally based on the existence of curved surface 
profiles that are observed from experiments, and cannot explain the mecha-
nisms that control the initiation of these erosional features.

3.3. Numerical Results

Based on our experimental observations, the landslide dam failure process 
can be simplified as the erosion of steep channel beds inclined at angles larger 
than that of the receiving rivers (Rosgen, 1994). During dam breaching, sedi-
ment erosion, entrainment, and channel bed collapse (see Section 3.1) control 
the surface evolution during failure. Schematic diagrams of these processes 
for a unit area are depicted in Figure 10. Here we simulate the evolution of 
the dam surface profiles at the axis of symmetry by modeling the abovemen-
tioned processes using the numerical framework presented in Section 2.3.

As expressed in Equation 4, erosion is defined as the change in elevation of the dam surface 𝐴𝐴 𝐴𝑠𝑠 when the shear 
exerted by the overtopping flood 𝐴𝐴 𝐴𝐴𝑏𝑏 exceeds the local apparent erosion resistance 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 (Figure 10a). In the model 
we only consider the erosion along the bed since bed erosion is found to be 2–3 times larger than sidewall erosion 
(Figure 8). The coefficient 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 is obtained from the mean value in Figure 7a while the linear equation in Figure 7b 

Figure 9. The change of the bed shear stress 𝐴𝐴 𝐴𝐴𝑏𝑏 along the flow direction. The 
schematic diagrams of dams are qualitative illustrations of different shear 
stress distributions for different inflow discharges. The inverted triangle 
represents the water table behind the landslide dam; the blue and orange colors 
in the schematic diagram represent the dammed water and modeled landslide 
dam respectively; the dotted lines are the initial and current dam surface 
profiles. The blue line indicates an ideal condition (dam A), where 𝐴𝐴 𝐴𝐴𝑏𝑏 varies 
linearly along the flow direction (hypothetical case). Pink and orange data 
points are 𝐴𝐴 𝐴𝐴𝑏𝑏 for different inflow discharges 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 . The scouring that result from 
these 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 are depicted as dams B and C, respectively. The solid lines are guides 
to the eye and simply show the direction of the data trends.

Figure 10. Schematic diagram of a two-layer model of a fluid flow interacting with an erodible bed capturing the (a) erosion, (b) entrainment, and (c) channel 
bed collapse for a unit calculation region. The 𝐴𝐴 𝐴𝐴𝑓𝑓 is the flow velocity, 𝐴𝐴 𝐴𝑓𝑓 is flow height, 𝐴𝐴 𝐴𝑠𝑠 is erosion depth, 𝐴𝐴 𝐴𝐴𝑓𝑓 and 𝐴𝐴 𝐴𝐴𝑤𝑤 are the flow density and pure water density, 
respectively. 𝐴𝐴 𝐴𝐴𝑏𝑏 and 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 are the bed shear stress and apparent erosion resistance, respectively, 𝐴𝐴 𝐴𝐴𝑏𝑏 is the inclination of channel bed while 𝐴𝐴 𝐴𝐴𝑟𝑟 is the repose angle of bed 
materials. (a) Erosion occurs when 𝐴𝐴 𝐴𝐴𝑏𝑏 is greater than 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 . (b) When this condition is satisfied, a soil layer of thickness 𝐴𝐴 𝐴𝑠𝑠 is added to the flood height 𝐴𝐴 𝐴𝑓𝑓 in the process 
of entrainment. The entrained sediment increases the density of the flood to be greater than that of water, that is, 𝐴𝐴 𝐴𝐴𝑓𝑓 > 𝐴𝐴𝑤𝑤 . (c) Channel bed collapse occurs when the 
inclination of the channel bed is greater than the repose angle of the bed materials. At this time, the area labeled “collapse and entrained layer” is incorporated into the 
breach flow until 𝐴𝐴 𝐴𝐴𝑏𝑏 = 𝐴𝐴𝑟𝑟 .



Journal of Geophysical Research: Earth Surface

ZHOU ET AL.

10.1029/2022JF006664

15 of 28

is used to obtain 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 . The eroded sediment mass is entrained by the flow, contributing to the increase of its volu-
metric sediment concentration 𝐴𝐴 𝐴𝐴𝑠𝑠 and bulk density 𝐴𝐴 𝐴𝐴𝑓𝑓 (Figure 10b). Channel bed collapse occurs when the local 
bed inclination 𝐴𝐴 𝐴𝐴𝑏𝑏 is larger than the repose angle of the dam materials 𝐴𝐴 𝐴𝐴𝑟𝑟 . The sediment mass belonging to sections 
where 𝐴𝐴 𝐴𝐴𝑏𝑏 > 𝐴𝐴𝑟𝑟 are also entrained into the mixture flow (Figure 10c). Soils from slides and collapses along the 
sidewalls, that is, breach channel bank collapse (Zhong et al., 2018), are ignored in the calculations. All of these 
processes are implemented at every computational time step.

Dam failure profiles are obtained at four different dimensionless timesteps 𝐴𝐴 𝐴𝐴∗ = 𝐴𝐴∕𝐴𝐴𝑏𝑏 where 𝐴𝐴 𝐴𝐴𝑏𝑏 is the time when the 
breaching flow reaches the flume bed through the lowest point of the scour hole. This timescale is selected as 
a scaling parameter since beyond this time scour holes cease to develop. Figure 11 shows that the observed and 
simulated dam failure profiles are highly consistent at different 𝐴𝐴 𝐴𝐴∗ . It is noteworthy, that the model captures the 
development of scour holes at approximately the same location observed in the experiments. There is, however, a 
time difference between the dam breaching durations of the numerical simulations (𝐴𝐴 𝐴𝐴𝑏𝑏 = 46 s) and the experimen-
tal (𝐴𝐴 𝐴𝐴𝑏𝑏 = 42 s) tests. This may be because the model does not capture the random collapses in the lateral directions 
which also promote faster erosion. It is also possible that the small non-uniformities in the dam surface after 
the weak erosion stage (Stage 1 in Figure 4) induce positive erosion feedbacks (see Section 3.2.3) which may 
also accelerate the erosion process. Nevertheless, the numerical model here can adequately capture the breach 
morphology evolution during landslide dam failure and the dominant mechanisms that control it.

Different from our experimental setup, simulations are conducted only on the lower triangular area of the dam 
(inset of Figure 11b) since the upper dashed region in the inset of Figure 11b is eroded under weak flow condi-
tions and is thus unstable. We are only interested in the stages when rapid erosion happens (Stages 2 and 3). 
Initially, the dam breach profile is assumed to be linear to avoid positive feedback during simulations.

4. Discussion
The landslide dam failure process is complex, involving flow dynamics (Powledge et al., 1989), hydraulic jumps 
(Walder et  al.,  2015), rapid bed and sidewall erosion (Chang & Zhang, 2010), breach side-slope instabilities 
(Zhong et al., 2018), and mass failures. Here we show that these mechanisms can be adequately accounted for 
by a simplified numerical model which assumes that the dam failure process is primarily controlled by erosion, 
particle entrainment, and channel bed collapse. In this study, we only focus on the morphological evolution 
under steady flow conditions and study the intrinsic mechanisms underlying the development of dam surface 
profiles. Numerical modeling can provide insights into the erosion processes that cannot be directly observed in 
experiments (e.g., volumetric sediment concentration) and allow for the evaluation of variables that are otherwise 
difficult to control (e.g., apparent erosion resistance). This allows us to elucidate the underlying mechanisms and 
factors that control the nonlinear erosional features during landslide dam breaching.

Figure 11. Comparison of longitudinal profiles obtained in the (a) experiments and (b) simulations. Dam profiles are 
obtained at different dimensionless failure times 𝐴𝐴 𝐴𝐴∗ = 𝐴𝐴∕𝐴𝐴𝑏𝑏 , where 𝐴𝐴 𝐴𝐴𝑏𝑏 is the total time when the water flow reaches the flume 
bed (the dashed gray lines in panel (b) are erosion surface profiles between the selected times).
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4.1. The Formation of Scour Holes

In Section 3.2.3, we have shown that the emergence of nonlinear erosional 
features (i.e., scour holes) influence erosion at the dam surface. Here, we 
explain the mechanisms behind its formation through results obtained from 
the simulations. Figure 12 shows the longitudinal variation of gradients of the 
erosion surface along the flow direction at 𝐴𝐴 𝐴𝐴 = 0 s (blue markers) and another 
obtained 1 s later (red markers). The intersection of the two lines indicates 
the bottom of the scour hole at this time step. The inset shows the correspond-
ing dam erosion profiles demonstrating that the scour hole forms at the very 
beginning of the dam breaching. This phenomenon can be partly explained 
in terms of the theory proposed by Parker and Izumi (2000) and Izumi and 
Parker (2000) on the emergence of cyclic step pools wherein the scour hole 
here can be assumed to be a solitary step. They explained that as the fluid 
makes its way downslope over a cohesive erodible surface, it entrains the 
bed sediment. The flow is initially slow-moving (in the sub-critical regime 
with respect to the Froude number), but at the same time inhibits deposi-
tion. Further downstream, the flow increases in velocity (moving toward the 
supercritical regime) up until it achieves a limiting velocity. This velocity is 
referred to as a hydraulic jump condition which corresponding to a threshold 
shear stress over which flow energy is abruptly dissipated. In such a case, 
further erosion is inhibited and the change in the surface gradient due to 
erosion is decreased. The bottom of the scour hole is the point at which this 

limiting velocity is achieved. Indeed, as shown in Figure 8, the increased velocity induces greater shear stress 
which results in more erosion. The hydraulic jump condition that controls the scouring at the initial step in their 
model, however, is not easy to define in this study. In the absence of irregularities in the erodibility and profile 
of the dam surface, the velocity and erosive capacity of the flow will ideally proceed unimpeded and will thus 
result in a linear surface profile (i.e., no scour hole). Hence, it is reasonable to assume that for a dam composed 
of homogenous soil, changes in the shear stress result from changes in the properties of the eroding flood. In the 
following section, we show that the limiting condition which results in stronger erosion at the bottom of the scour 
hole is instead related to the increase in the apparent erosion resistance 𝐴𝐴 𝐴𝐴𝑐𝑐 (Figure 7b).

4.2. The Influence of Apparent Erosion Resistance on Scour Hole Formation

To further explore the factors controlling of scour holes, additional simulations are implemented to investigate 
the influence of dam material parameters, and the processes of erosion, entrainment, and collapse on the dam 
failure profiles. Model settings are summarized in Table 2, and the corresponding flow velocity (i.e., the 𝐴𝐴 𝐴𝐴∗ from 
0 to 1) and longitudinal dam profiles are illustrated in Figure 13. Test case No. 1 (Figures 13a and 13b) considers 
all three possible processes involved in dam breaching and acts as a reference case. It should be noticed that flow 
velocity and dam profiles vary significantly with time because of the feedback mechanisms detailed in the previ-
ous sections. Test case No. 2 (Figures 13c and 13d) shows that although varying 𝐴𝐴 𝐴𝐴𝑑𝑑 results to slight variations 
in flow velocity and dam surface profiles, the non-uniform distribution of erosion rates and scour holes are still 
observed.

Figures 13e and 13g show that scour holes still form even when entrainment and dam collapse processes are 
not considered, whereas Figure 13i shows that scour holes develop sharply when only erosion is considered. 
Note that when entrainment is ignored, the sediment mass that is displaced due to erosion is not incorporated 
into the overtopping flow in such a way that the 𝐴𝐴 𝐴𝐴𝑓𝑓 equals to 𝐴𝐴 𝐴𝐴𝑤𝑤 at all times. The non-consideration of sediment 
entrainment confines erosion at the upper sections of the dam (near the dam crest) which then quickly weakens 
toward the lower portions where 𝐴𝐴 𝐴𝐴𝑐𝑐 is increasing (Figure 13f). Ignoring dam surface collapses results in very steep 
surface gradients near the breach section O (Figures 13h and 13j), which is inconsistent with what is observed 
in the experimental profiles. We further test the sensitivity of the dam profile evolution on the apparent erosion 
resistance (𝐴𝐴 𝐴𝐴𝑐𝑐 ) in Figures 13k and 13l wherein it is shown that no scour hole develops when 𝐴𝐴 𝐴𝐴𝑐𝑐 is kept constant 
along the dam surface, and the velocity profiles do not significantly change with time. This behavior is consistent 
throughout different values of 𝐴𝐴 𝐴𝐴𝑐𝑐 (i.e., 𝐴𝐴 𝐴𝐴𝑐𝑐 = 10 and 30 Pa, but not shown in Figure 13l). This illustrates that the 

Figure 12. The gradients along the dam erosion surface at the initial time 
step and 1 s afterward. The inset shows dam surface profiles at different times 
derived from numerical simulations. The intersection of two lines at 0.7 m 
represents the bottom of scour hole.
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increase in 𝐴𝐴 𝐴𝐴𝑐𝑐 along the flow direction is necessary for the initiation and development of scour holes along the dam 
surface. These results show that although erosion controls the formation of scour holes, through the longitudinal 
increase of 𝐴𝐴 𝐴𝐴𝑐𝑐 , sediment entrainment and channel bed collapse likewise affect the evolution of the landslide dam 
surface during failure.

4.3. The Influence of Volumetric Sediment Concentration on the Apparent Erosion Resistance

In this work, the apparent erosion resistance (𝐴𝐴 𝐴𝐴𝑐𝑐 ) increases consistently along the flow direction (Figure 7b). Previ-
ous literature has shown that 𝐴𝐴 𝐴𝐴𝑐𝑐 depends on the bed geometry (Turowski et al. (2011), physical properties of the 
bed sediment (e.g., particle size, moisture, compaction, soil shear strength, dispersion, and plasticity), chemical 
composition (Na, K, Ca, Mg content, and soil pH), meteorological (temperature and freeze-thaw), and biological 
conditions (plant roots) (Knapen et al., 2007). Other works have also shown that the properties of the overtopping 
flow, such as flow regimes, particle Reynolds number (Cheng, 2004; Dade et al., 1992; Paphitis, 2001), and 
sediment concentration (Buffington & Montgomery, 1997; G. G. D. Zhou et al., 2019; H. W. Zhang, 2012; Papa 
et al., 2004) may also affect 𝐴𝐴 𝐴𝐴𝑐𝑐 . Papa et al. (2004) found that the capacity of the water flow to entrain particles 
on the channel bed depends on the sediment concentration. Zhang (2012) proposed that 𝐴𝐴 𝐴𝐴𝑐𝑐 is proportional to a 
critical incipient velocity that is correlated to 𝐴𝐴 𝐴𝐴𝑠𝑠 for both cohesive and non cohesive soils. Figure 14 shows that 
sediment concentration increases along the flow direction up until it reaches a maximum value (saturation). The 
breach flow first entrains the channel bed sediments with an approximately constant slope from 𝐴𝐴 𝐴𝐴  = 0 to 0.4 m. 
The slope then starts to decrease continuously until the flow becomes saturated. The larger the slope, the easier it 
is for the flow to entrain more sediment particles. This result is consistent with the findings of Wang (1999) and 
Zhang (2012), who suggested that it is harder for turbid sediment-laden fluid to entrain more particles than it is 
for clear sediment-free flow. We also find that this gradual saturation of breach flow coincides with the region 
where the scour hole is located, suggesting a relation between scour hole formation and the sediment concen-
tration. Since the formation of scour holes has been demonstrated to depend on the apparent erosion resistance 
(Figure 13), it is interesting to see whether 𝐴𝐴 𝐴𝐴𝑐𝑐 also depends on 𝐴𝐴 𝐴𝐴𝑠𝑠 as suggested by Wang (1999) and Zhang (2012).

Figure 15 shows the relationship between dimensionless apparent erosion resistance versus sediment concen-
tration from our simulations and from previous theoretical (H. W. Zhang, 2012) and experimental results (Papa 
et al., 2004). We find that 𝐴𝐴 𝐴𝐴𝑐𝑐 exponentially increases with the entrained sediment concentration, which means 
that 𝐴𝐴 𝐴𝐴𝑐𝑐 increases along the flow direction since the incoming flow is already gradually saturated with sediments 
due to erosion and entrainment. Figure 15c, compares our numerical results with the experimental trend of Papa 
et al. (2004), wherein our results are two orders of magnitude greater. This is probably due to the greater breach 
flow velocities, induced by higher inflow discharges and channel bed inclination used here, which in turn result 
in greater shear stresses (i.e., approximately 10 times greater). The apparent erosion resistance is also correspond-
ingly greater since here it is not only a function of the dam surface material but of the outburst flood as well. 
Despite the difference in scale, the qualitative similarity in the trend of both data sets - a positive relationship 
between 𝐴𝐴 𝐴𝐴𝑐𝑐 and 𝐴𝐴 𝐴𝐴𝑠𝑠 - is still evident. In the model of Zhang (2012), 𝐴𝐴 𝐴𝐴𝑐𝑐 exhibits a weaker positive dependence on 𝐴𝐴 𝐴𝐴𝑠𝑠 
(Figure 15a) probably because their model mainly accounts for the particle size distribution, grain protrusion of 
the channel bed, and the water flow temperature, thereby underestimating the influence of the sediment concen-
tration on the apparent erosion resistance. Based on Equation 4, the erosion rate decreases with the increasing 𝐴𝐴 𝐴𝐴𝑐𝑐 

Test ID Erosion Entrainment Collapse Erodibility 𝐴𝐴 𝐴𝐴𝑑𝑑 (mm/Pa-s) Apparent erosion resistance 𝐴𝐴 𝐴𝐴𝑐𝑐 (Pa)

*No. 1 Yes Yes Yes 𝐴𝐴 0.59 𝐴𝐴 𝐴𝐴𝑐𝑐 = 57.36𝑥𝑥 + 0.25 

No. 2 Yes Yes Yes 𝐴𝐴 𝟎𝟎.𝟒𝟒𝟎𝟎 

No. 3 Yes No Yes 𝐴𝐴 0.59 

No. 4 Yes Yes No 𝐴𝐴 0.59 

No. 5 Yes No No 𝐴𝐴 0.59 

No. 6 Yes Yes Yes 𝐴𝐴 0.59 𝐴𝐴 𝝉𝝉𝒄𝒄 = [𝟏𝟏𝟏𝟏, 𝟐𝟐𝟏𝟏, 𝟑𝟑𝟏𝟏] 

Note. Asterisk indicates the parameters that are identical to the experimental test 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖  = 3.0 × 10 −3 m 3/s. The parameters in 
bold are those varied in the simulations.

Table 2 
List of Numerical Input Parameters for Different Simulation Scenarios
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and thus 𝐴𝐴 𝐴𝐴s . Our model considers the influence of sediment concentration (𝐴𝐴 𝐴𝐴s ) on bed erosion rate (𝐴𝐴 𝐴𝐴𝑏𝑏 ), which 
was not taken into account in most of the previous models (Table S4 in Supporting Information S1). Only few 
models have captured this negative relationship between erosion rate and sediment concentration (e.g., Pontillo 
et al., 2010; Takahashi, 1991).

To summarize, we find that the initial formation of scour holes on the surface of landslide dams during breach-
ing results from the increase of the apparent erosion resistance along the dam surface. This apparent increase in 
erosion resistance is due to the gradual saturation of overtopping flow with entrained bed sediment. The satura-
tion diminishes the capacity of the flow to entrain more dam material as it makes its way further downslope. The  

Figure 13. Model simulation results for the different test cases enumerated in Table 2 for an inflow discharge of 
3.0 × 10 −3 m 3/s. The gradual change in color represents the transition in time from the beginning of the dam breaching 
(𝐴𝐴 𝐴𝐴∗  = 0) to the time at which the dam surface reaches the channel bed (𝐴𝐴 𝐴𝐴∗  = 1). The left column is the temporal evolution of 
the flow velocity, which corresponds to the longitudinal erosion profiles (the dashed lines are the erosion surface profiles 
between selected times) in the right column. Note that each line in panels (k and l) still represents different points in time 
although no change in color is observed since no scour holes form.
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initial formation of this erosional feature will further lead to localized changes in the flow velocity, and hence 
flow shear stress, which in turn will promote greater scouring.

4.4. Implications for Landslide Dam Modeling

The sudden drainage of lakes due to the failure of landslide dams may induce catastrophic outburst floods 
(House et al., 2002; P. Cui et al., 2012) that can rework valley floors (Cook et al., 2018; Delaney & Evans, 2015; 
Turzewski et al., 2019). The magnitudes and temporal evolution of these floods are influenced by the erosion of 
the dam surface by the breaching flood. Hence the accurate definition of the erosion process and its underlying 
mechanisms are necessary for the prediction of outburst flood hydrographs. A conceptual diagram of how erosion 
shapes the failure profile of landslide dams, derived from the results of this work, is presented in Figure 16. The 
distribution of erosion rates at different streamwise locations of the landslide dam surface varies non-uniformly, 
evidenced by the formation of erosional features such as scour holes. Although scour holes during dam breaching 
have not yet been observed in nature, they have been reported in experimental landslide dams having different 

Figure 13. (Continued)
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sizes and material compositions (Do et  al.,  2016; Niu et  al.,  2012; Zhong 
et al., 2019). This hints that this feature may also occur in natural landslide 
dams but remains undetected largely due to difficulties in observing landslide 
dam breaching in the field. The formation of these surface features results 
from the difference in the shear stress exerted by the breach flood on the dam 
surface and the resistance of the bed sediment to shear. Initially, as the flow 
proceeds further downstream it carries eroded sediments, becoming increas-
ingly saturated until such a point that it can no longer entrain more particles. 
This is manifested as an apparent linear increase in erosion resistance quan-
tified by 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 . This means that the apparent resistance is not necessarily an 
inherent property of the dam surface material but is also controlled by the 
capacity of the overtopping flood to entrain bed material. This results in the 
non-uniform entrainment of dam surface sediment wherein fewer sediments 
are carried near the dam toe relative to the upper regions, later leading to the 
observed scour holes. The curved surface profile influences flood velocity, 
and hence the flow shear stress 𝐴𝐴 𝐴𝐴𝑏𝑏 , in such a way that erosion weakens near 
the base of the scour holes.

Results from our numerical model further reveal a fundamental correlation 
between the erosion mechanisms and breach morphology evolution during 
landslide dam breaching. This information can be useful for developing 
more accurate physical-based outburst flooding models as well as means to 

accurately measure processes in the field to validate these models. Results here can also be used to develop 
three-dimensional landslide dam erosion models in the future. Specifically, accounting for the erosion, entrain-
ment, and mass collapse of dam sections is expected to enhance the predictive capabilities of landslide dam fail-
ure models as demonstrated in Figure 11. Results here also provide insight into the geomorphic changes in chan-
nel systems affected by dam breaching floods which may improve long-term landscape evolution models. Our 

Figure 14. The volumetric sediment concentration along the flow direction 
at dimensionless times corresponds to those in Figure 11b. The shaded area 
represents the location of the final scour hole in Figure 11b.

Figure 15. The relationship between dimensionless apparent erosion resistance and volumetric sediment concentration 
obtained (a) from our simulation results, (b) from the model of Zhang (2012), and (c) from the experimental results of Papa 
et al. (2004). The empty circles in panel (c) are the experimental data points from Papa et al. (2004) while the red solid line is 
the best fit line. Error bars for sediment concentration express the standard deviations.
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results can be beneficial in quantifying the potential for erodibilities and studying the channel evolution during 
outburst floods in different drainage network portions during dam breaching and outburst flooding processes.

4.5. Limitations

The geotechnical characterization of landslide dams is closely related to the GSD of the materials that they are 
made of (Casagli et  al.,  2003). Dam materials and their size distributions may significantly vary depending 
on the process which led to their formation, for example, large rockslides, volcanic mass movements, debris 
flows, etc. (Hungr et al., 2014; X. M. Fan et al., 2020). To replicate real landslide dams, the model dams in this 
study use material obtained from the debris flow alluvial fan and are constructed following identical geometrical 
conditions. However, a common limitation in landslide dam experiments is that they cannot reproduce the actual 
damming or river blocking mechanisms that occur in nature (X. Fan et al., 2021; X. M. Fan et al., 2020). Idealized 
dams here are representative only of those formed by slides or flows of unconsolidated sediments which make 
up only a fraction of landslide dam cases occurring globally. In addition, in laboratory-scale studies, water only 
interacts with the dam after it has been constructed whereas in nature landslide materials are pushed into flowing 
rivers. The interactions that occur during this transient process may also affect the consolidation of the dam mate-
rials and their subsequent failure. Nevertheless, the mechanisms of dam surface evolution presented here largely 
depend on the interactions between the surface sediment and the overtopping fluid, and are expected to hold true 
in situations where particle sizes within the bulk do not dramatically vary so as to affect the local erodibility of 
the dam surface.

Processes that occur during material transport, such as particle size segregation (C. G. Johnson et al., 2012; K. 
F. E. Cui et al., 2021), may result in grain sorting in deposits and features such as carapaces (X. Fan et al., 2021). 
These features lead to heterogeneities in the dam's internal structure that may influence the dam's stability and the 
erosion mechanisms during breaching. Inhomogeneities in the grain size and degree of consolidation along the 
dam height may also affect the erodibility of the dam surface. Indeed, the mechanisms presented here that control 
the formation of scour holes largely assume that the surface erodibility is uniform at different locations and only 
the apparent erosion resistance varies (due to the gradual saturation of the overtopping flow with sediment) in  the 
modeling process. In this work, we are only interested in the influence of different hydrological factors on the 
surface evolution of landslide dams during breaching and for simplicity, the effects of grain sorting and stratigra-
phy are isolated by evenly distributing the component particle sizes within the dam body and preparing the dam 
under uniform compaction. A dedicated investigation of the influence of sedimentology on surface erosion in 
landslide dams is consigned to future work.

Figure 16. A conceptual diagram defining the formation of non-uniform erosional surface features during the landslide dam 
breaching.
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In this study, we only focus on erosion processes without any deposition. We minimize the random deposition 
at the dam toe and channel bed downstream in the experimental setup by using an angle of inclination that is 
larger relative to those observed in natural river beds in mountainous areas. This inhibits deposition by allowing 
the material to be easily washed away by the breach flood. However, it should be noted that the expanded breach 
channels due to erosion further increase the inflow discharge and may result in the collapse of unstable sections 
of the dam. These collapsed materials locally block the channel, forming knick-points which may also result in 
local negative 𝐴𝐴 𝐴𝐴𝑏𝑏 (Figure 9) that can further slow the flow down dramatically. This causes a dramatic decrease in 

𝐴𝐴 𝐴𝐴𝑏𝑏 and promotes the formation of scour holes during breaching. The systematic consideration of the deposition 
during landslide dam failure is consigned to future research.

In addition, we only use the dominant bed erosion to explore the controls of non-uniform erosional features and 
ignore the effects of sidewall erosion on the evolution of the channel bed. Even though the simulations show a 
good agreement with the observed erosion profiles, the specific effects of sidewall erosion on the channel bed 
evolution remain to be investigated.

5. Concluding Remarks
The failure of landslide dams is an erosion-driven process along the vertical and lateral directions. In this study, 
we elucidate the relationships between key hydraulic parameters and the breach morphology evolution during 
the overtopping failure of landslide dams through flume experiments and numerical simulations. We show here 
that the breaching process can be divided into three stages, where each stage is characterized by distinct levels 
of breach discharge and stream power. The breach discharge in the first stage is weak, and the erosive capacity 
of the overtopping flow is low. Erosion increases rapidly and is found to be strongest in the second stage. As the 
impounded fluid behind the dam is diminished and the breach size ceases to increase, the flood slows down and 
the erosive power weakens in the third stage. During the entire dam breaching, the erosion rates on the channel 
bed are greater than the erosion at the sidewalls.

The analysis of mechanisms that control dam surface evolution is conducted when the erosion is most rapid. 
Measurements of flow properties at different sections along the dam surface show that the difference between 
the flow shear stress and the apparent erosion resistance along the dam surface controls the erosion rates in both 
vertical and lateral directions. The shear stress, in both directions, increases before decreasing after exceeding a 
peak value while the apparent erosion resistance linearly increases with the longitudinal distance. This results in 
the formation of scour holes.

Based on observations from the experiments, a depth-averaged numerical model which accounts for the erosion, 
entrainment, and channel bed collapse is used to model dam surface evolution during failure. This model incorporates 
the constant erodibility and linear increase of the erosion resistance obtained from the experiments. Good agree-
ment is obtained between the simulation results and the measured dam profiles. Simulations further show that the 
initial development of erosional features such as scour holes is strongly dependent on the increasing apparent erosion 
resistance of the overtopping flow. Simulations, where the erosion resistance is assumed to be constant along the 
dam surface, do not result in scour holes. The apparent erosion resistance is not only a property of the dam surface 
but also of the water flow moving downslope. As soil particles are eroded and entrained into the flow, it becomes 
gradually saturated with sediment, and its ability to erode and transport sediment decreases. The point at which the 
limit sediment concentration is achieved determines the lower boundary of the scour hole. These localized erosional 
features induce changes in the local flow velocities, and shear stresses, which in turn further promote its development.

Our work attempts to understand the mechanisms that control the breach morphology evolution of landslide dams 
during breaching. A new perspective on the dam erosion process and its relationship with the sediment concentra-
tion and the apparent erosion resistance is presented and demonstrated here, making it possible to provide more 
accurate physically based outburst flood predictions. For future work, it will be beneficial to consider the effects 
of sedimentary sequences and stratigraphy on dam breaching.

Notations
𝐴𝐴 𝐴𝐴𝑠𝑠  Volumetric sediment concentration
𝐴𝐴 𝐴𝐴50  Mean diameter of the model dam materials
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𝐴𝐴 𝐴𝐴𝑏𝑏, 𝐴𝐴 𝐴𝐴𝑤𝑤 Bed erosion rate; sidewall erosion rate
𝐴𝐴 𝐴𝐴𝑖𝑖  Body force
𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏  Basal frictional resistance calculated from Manning's formula
𝐴𝐴 𝐴𝐴  Acceleration due to gravity
𝐴𝐴 GSD  Grain size distribution
𝐴𝐴 𝐴𝐴𝑑𝑑  Height of the landslide dam
𝐴𝐴 𝐴𝑓𝑓 , 𝐴𝐴 𝐴𝑠𝑠 Depth of water flow; erosion depth at a certain section or location
𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎  Lateral earth pressure coefficient
𝐴𝐴 𝐴𝐴𝑑𝑑, 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑, 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑 Erodibility of dam materials; erodibility of channel bed materials; and erodibility of sidewalls 

materials
𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 𝐴𝐴𝑑𝑑 Tracer particle travel distance; toe to toe dam length
𝐴𝐴 𝐴𝐴  Manning coefficient
𝐴𝐴 𝐴𝐴  Bed porosity

P Normal component
𝐴𝐴 𝐴𝐴𝑏𝑏, 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖, 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 Breach discharge; inflow discharge; and outburst discharge
𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 , 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 The inflection point of the hydrographs for the breach discharge and outburst discharge, 

respectively
𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝, 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  Peak discharge of the hydrographs for the breach discharge and outburst discharge respectively
𝐴𝐴 𝐴𝐴

2  Goodness of fit
𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  Root Mean Squared Error
𝐴𝐴 𝐴𝐴0, 𝐴𝐴 𝐴𝐴𝑏𝑏, 𝐴𝐴 𝐴𝐴𝑝𝑝, 𝐴𝐴 𝐴𝐴∗ The initial time of the overtopping; the total time when the water flow reached the flume bed; the 

time to peak discharge; dimensionless timesteps
𝐴𝐴 𝑻𝑻   Stress tensor
𝐴𝐴 𝑰𝑰  Unit tensor
𝐴𝐴 𝐴𝐴𝑓𝑓  Flow velocity
𝐴𝐴 𝐴𝐴𝑖𝑖  The velocity of a tracer particle at any time step 𝐴𝐴 𝐴𝐴

u Flow velocity vector
𝐴𝐴 𝐴𝐴𝑙𝑙, 𝐴𝐴 𝐴𝐴𝑑𝑑 The volume of the dammed lake and model dams
𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, 𝐴𝐴𝑏𝑏, 𝐴𝐴 �̃�𝑊𝑏𝑏 The top width of the channel breach; width of the breach; and the arch length of the breach crest
𝐴𝐴 𝐴𝐴𝑏𝑏  Channel width at different locations (sections)
𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 𝐴𝐴 Coordinate of downstream flow direction, lateral direction, and perpendicular to flow direction x 

and lateral direction y
𝐴𝐴 𝛼𝛼  Mean value of the parabola coefficient
𝐴𝐴 𝐴𝐴  The ratio between the surface velocity and the mean velocity
𝐴𝐴 𝐴𝐴  Coefficient between mean bed shear stress and sidewall shear stress
𝐴𝐴 𝐴𝐴1, 𝐴𝐴 𝐴𝐴2, 𝐴𝐴 𝐴𝐴3, 𝐴𝐴 𝐴𝐴𝑏𝑏, 𝐴𝐴 𝐴𝐴𝑟𝑟 The angle of dam toe upstream and downstream; the ambient slope of the river bed; the inclination 

of erodible channel bed; and repose angle of soils
𝐴𝐴 𝐴𝐴𝑘𝑘  Dynamic friction factor
𝐴𝐴 𝐴𝐴𝑤𝑤, 𝐴𝐴 𝐴𝐴𝑓𝑓 , 𝐴𝐴 𝐴𝐴s The density of water flow (1,000  kg/m 3); the density of flood; and the density of soils 

(2,650 kg/m 3)
𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 𝐴𝐴𝑏𝑏, 𝐴𝐴 𝐴𝐴𝑤𝑤 Shear stress exerted by the water flow on the channel bed and sidewalls
𝐴𝐴 𝐴𝐴𝑐𝑐, 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐, 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 Apparent sediment erosion resistance; apparent sediment erosion resistance of the channel bed 

and sidewalls
�  Stream power at the breach section
(I) Dam shoulder section downstream
(II) Dam shoulder section upstream

𝐴𝐴 𝐴𝐴  represents different time steps
𝐴𝐴 𝐴𝐴  represents different sections
𝐴𝐴 Δ𝑥𝑥, 𝐴𝐴 Δ𝑦𝑦 The distance along the x and y directions in a certain period for tracer particle
𝐴𝐴 Δ𝑚𝑚 , 𝐴𝐴 Δ𝑀𝑀 Rate of mass change of the overtopping flow; flow momentum change
𝐴𝐴 Δ𝐸𝐸%  The percentage difference between measured and calculated quantities
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Data Availability Statement
Figures were made with OriginPro  (2022) version 2022b Education Edition (OriginLab), available under the 
OriginLab license at https://www.originlab.com/. Data that can be used to replicate and validate the results 
presented here, including experimental measurements and simulation outputs, are available at Zenodo via: G. G. 
D. Zhou et al. (2022) (https://doi.org/10.5281/zenodo.7050542).
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