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Abstract

Landslide-dam breaching can generate short-lived, high-magnitude outburst floods, but
breach hydrograph prediction remains limited by uncertainty in dam material properties.
This review synthesises experimental, field, and modelling evidence through a process
chain-linking grain-size distribution (GSD) and inherited facies structure to erosion resis-
tance, seepage preconditioning, breach evolution, residual morphology, and hydrograph
characteristics. Across the reviewed evidence, material effects are response specific and
remain conditioned by hydraulic loading and dam geometry. Controlled experiments
report non-monotonic peak-discharge responses to median grain size (Dsg) and coarse
particle fraction (F;), with fine-rich and coarse-rich end members suppressing, delaying,
or reshaping the hydrograph through different pathways. A single Ds is therefore in-
sufficient for heterogeneous or bimodal materials. GSD shape, fines and coarse fractions,
packing state, and inherited facies influence different components of erosion initiation,
sediment export, seepage response, and residual breach geometry. Pre-breach seepage and
size-selective erosion can also alter the active material state, making resistance dependent
on breach stage and location. Evidence is strongest for these directional process links;
quantitative transfer remains limited by experimental scale, material preparation, hydraulic
forcing, and parameter-estimation method. For rapid assessment, the synthesis therefore
favours multi-descriptor observations used to define bounded, stage-dependent parameter
ranges or sensitivity cases, with material uncertainty propagated to hydrograph prediction
and downstream outburst-flood assessment.

Keywords: landslide dam; river blockage; dam-break flow; breach hydrograph; grain-size
distribution; material controls; seepage preconditioning; flood risk assessment

1. Introduction

Landslide dams form when mass movements, including rock avalanches, debris
flows, slides, and slumps, block river channels in steep mountain terrain. Their failure
has produced destructive floods. The two 2018 Baige landslide dams on the Jinsha River
generated peak breach discharges of approximately 10,000 and 33,900 m3/s, respectively,
and the second event required emergency excavation of a diversion channel to reduce
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downstream flood risk [1,2]. The 1786 Moxi earthquake dam on the Dadu River killed an
estimated 100,000 people downstream [3]. The time available for assessment is often short:
Peng and Zhang [4] documented that 34% of 204 historical landslide dams failed within one
day of formation and 51% within one week. Cascading failures in clustered landslide-dam
systems can further amplify downstream hazards because an upstream breach imposes
transient hydraulic loading on downstream dams [5]; sediment-rich outburst floods may
also generate secondary risks through channel adjustment and downstream deposition [6].

The breach parameters that matter most for downstream risk, including peak discharge
Qp, hydrograph shape, breach dimensions, and breach duration, depend jointly on dam
geometry, lake volume, inflow rate, and dam material. Material properties are difficult
to characterise rapidly after dam formation and can become a major source of model
uncertainty when misrepresented [3,4,7]. Peng and Zhang [4] demonstrated that applying
models calibrated for man-made earth and rockfill dams to landslide dams overestimated
Qp by approximately three times, overestimated breach size by more than 1.6 times, and
underestimated breach duration by more than half. This discrepancy is consistent with a
material difference: landslide dams consist of heterogeneous, poorly sorted, unconsolidated
debris, with GSDs spanning clay-sized particles to multi-metre boulders [3,8], whereas
engineered embankment dams are constructed from selected and compacted materials
under controlled specifications, with material zoning and properties that are generally better
constrained. Inflow rate, dam geometry, and lake volume each contribute independently to
prediction uncertainty [7,9], while material characterisation presents a separate practical
difficulty. Zhong et al. [7] identified the poorly constrained soil erosion coefficient as the
most important breach-model input.

The grain-size distribution (GSD) and internal facies of a landslide dam are strongly in-
fluenced by, and may be further modified during, its emplacement process. Rock avalanches
generate broad, fractal-like GSD with high geometric standard deviation (o) through dy-
namic fragmentation, and typically exhibit a coarse carapace overlying a finer body [10-12].
Debris flows produce poorly sorted matrices with frequent inverse grading from rheolog-
ical segregation [13]. Rockslides and slumps inherit GSD largely from fracture patterns
in the parent rock [14]. Korup [15], reviewing more than 130 New Zealand cases, docu-
mented systematic covariation of dam longevity and failure mode with landslide type.
Yet existing stability indices, including the Blockage Index of Casagli and Ermini [16], the
Dimensionless Blockage Index of Ermini and Casagli [17], and their derivatives, reduce
dam material to a single categorical variable or omit it entirely. Zheng et al. [18] identified
GSD-dependent erodibility as the primary unresolved factor in failure-mode prediction.
Across 42 landslide dams, Casagli et al. [8] found closer agreement between volumetric
and grid-by-number methods for coarse fraction than for fine fraction, and recommended
combining methods to reconstruct complete GSD. Fan et al. [19] explicitly recommended
that future case studies prioritise dam composition and sedimentary structure.

Prior reviews of landslide dam breaching have addressed material composition as a
single integrated effect characterised by mean grain size, erodibility class, or categorical
material type [3,4,7,20]. They have not systematically resolved which physically distinct
attributes of grain-size distribution are associated with particular breach responses. Within
the boundary conditions set by inflow rate, dam geometry, and lake volume, this review
considers four GSD descriptors: median grain size Dsg, coarse fraction F., GSD width
g, and gap-grading structure. These descriptors are associated with different erosion,
transport, and seepage mechanisms, which are represented, in part, through critical shear
stress 7, and erodibility coefficient K;. Both resistance parameters may evolve because
pre-breach seepage modifies material erodibility before overtopping, and size-selective
erosion modifies surface resistance during breach. Separating these descriptors links them
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to specific responses and provides information omitted by simplified models [4]. Their field
observability and representation in breach models are assessed in the Discussion section.
For rapid disaster assessment, uncertainty in material state propagates into estimates of
Qp, peak timing, breach duration, and residual breach geometry. These outputs provide
boundary conditions and time constraints for downstream flood assessment and emer-
gency planning [4,7]. The review focuses on material controls on breach evolution and
hydrograph response. Landslide-dam formation, longevity, flood routing, and emergency
management are considered only where they establish material state, constrain breach
boundary conditions, or use breach predictions.

Source material properties are not equivalent to the final internal structure of a land-
slide dam. During emplacement, sediment transport, deposition, and segregation redis-
tribute grain sizes and packing states, so the formed dam inherits stratification, facies
contrasts, and spatially variable pore structure that cannot be inferred from the source
GSD alone [21]. Sediment-water interaction adds a further transformation: controlled
experiments have shown that a channel water body changed momentum dissipation, lateral
spreading, and depositional sequencing, producing stratified deposits that differed from
those formed under dry-channel conditions [22]. The material state relevant to breach-
ing is an inherited architecture produced jointly by source properties and emplacement
conditions. Formation processes are considered here only where they establish the initial
material structure relevant to subsequent seepage, erosion, and breach evolution. This
boundary distinguishes the present review from Hou et al. [21], which addresses material
control during landslide-dam formation. The present synthesis begins with the inherited
material state and follows its effects on erosion resistance, breach development, hydrograph
response, and model parameterisation.

Seepage evolves during impoundment and cannot be represented as a static back-
ground condition. Broader geotechnical studies show that evolving seepage boundary
conditions can alter stability through changing pore-water and external water pressures,
while theoretical fractured-rock models illustrate threshold-like responses under coupled
seepage conditions [23,24]. These studies provide boundary-condition context but do not
quantify internal erosion or erosion-parameter evolution in granular landslide dams; direct
landslide-dam evidence is therefore treated separately below.

Figure 1 links material descriptors to resistance and material state, breach evolution,
hydrograph response, and model parameterisation. Line styles distinguish the breadth and
role of the supporting evidence. Solid arrows denote links supported across multiple studies
or evidence streams. The dashed descriptor-parameter arrow highlights the source-specific
associations of C, with 7. and of F; with K, which are based principally on one nine-test
experimental programme [25]. Dotted links denote interpretive synthesis or a transfer
boundary that has not been validated end-to-end: observable material descriptors can
define bounded priors or sensitivity cases, but do not uniquely determine parameter values.
The line styles are qualitative evidence classes rather than numerical confidence scores.
Primary process studies were included when they reported a traceable material descriptor
or spatial structure together with at least one breach-stage, morphology, erosion-parameter,
failure-mode, or hydrograph response. Theoretical studies, field cases, and models were
retained when they defined a mechanism, transfer boundary, or parameterisation needed
to interpret those links; studies reporting only general hazard consequences were used for
motivation rather than mechanistic inference. The framework is a conceptual synthesis
of experimental, field, and model evidence. Cross-study regression is not attempted.
Table 1 distinguishes the evidence streams and their transfer boundaries, while the relevant
sections evaluate the strengths and limitations of individual links. Direct quantitative
material-control evidence is concentrated in recent controlled studies from China; non-
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Chinese flume, embankment, and field studies are used primarily to examine transferability,

without inferring universal thresholds [26-28].
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Figure 1. Material control synthesis framework.
Table 1. Evidence streams for the material control synthesis.
Evidence Representative Material Informa- Main Process or Re-  Role and Boundary in This
Stream Sources tion Used sponse Supported Review
Field Baige, Tangjiashan, Dam type, field Hazard scale, model ~ Used to motivate the material
cases and Moxi, global inven- GSD, facies infor- error, material het- control problem and evaluate
databases tories, and facies- mation, residual erogeneity, residual field relevance; internal struc-
based field investi- morphology height ture and complete bulk GSD
gation [1-4,28] are often poorly constrained.
Controlled Grain composi- Dso, Ff, Fe, Cu, gap  Stage timing, erosion ~ Used to identify process links
flume experi- tion and parti- grading, density, mode, Qp, T, K4, lon-  under controlled conditions;

ments

cle composition
tests [25,26,29,30]

material type

gitudinal morphology

direct pooling is limited by
differences in scale, geometry,
inflow, notch configuration,
and material preparation.

Large-scale Overtopping and Seepage condition, Seepage precondition- Used as a scale-bridging ev-
physical tests  overtopping— deformation, grain  ing, coupled failure, = idence stream; inference re-
seepage experi- loss, dam geometry breach duration, hy-  mains limited by the small
ments [31] drograph amplifica- number of large-scale tests.
tion
Seepage- GSD- and GSD, internal struc- Pre-overtopping Used to support state-
overtopping  structure- ture, permeability-  seepage condition- dependent resistance be-
experiments  dependent seepage related response, ing, erosion acceler- fore overtopping; trends
tests [32-34] seepage condition  ation, breach widen-  are material- and geometry-
ing/deepening, Qp, t, specific rather than universal
amplification factors.
Physically Depth-varying Erodibility, trans- Parameterisation Used to translate mechanisms
based mod-  erodibility, 3D port parameters, gaps, size-selective into model requirements; con-
elsand back  flow—morphology  active layer GSD, erosion, residual mor- clusions depend on model
analysis models, active lay-  residual height, phology, model sensi- assumptions and available
ers, and rapid pre-  armour evolution tivity field constraints.

diction [20,35-37]
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Table 1. Cont.

Evidence Representative Material Informa- Main Process or Re-  Role and Boundary in This
Stream Sources tion Used sponse Supported Review
Supporting  Controlled em- Controlled GSD Spatial widening, Used only as supporting ev-
spatial bankment breach width under fixed  breach growth rate, idence for isolated GSD ef-
breach evi- studies [27] hydraulic setting model calibration sen- fects in spatial breaching; not
dence sitivity treated as direct evidence for

landslide-dam material origin
or emplacement structure.

Guided by Figure 1 and Table 1, Section 2 reviews macroscopic breach responses,
including stage timing, longitudinal and lateral erosion patterns, peak discharge, and
failure mode, and identifies which GSD variables show the strongest associations with each.
Section 3 reviews the grain-scale mechanisms represented by 7. and K;. The Discussion
section synthesises across scales, evaluates proxies observable in the field, identifies repre-
sentation gaps in current models, and proposes research priorities. Because the reviewed
experiments differ in scale, dam geometry, inflow boundary, initial notch configuration,
material preparation, and measurement method, quantitative values are retained from
individual sources. Pooling these values into a meta-regression would obscure differences
in the tested conditions.

2. Macroscopic Breach Response
2.1. Stage Division of the Breach Process

Statistical analyses of landslide dam failures have established that breach outcome
depends on three classes of input: hydraulic loading, dam geometry, and material composi-
tion [3,4]. Among these, material composition is particularly difficult to constrain remotely
after dam formation [4]. Material composition can alter the dominant erosion mechanism,
so different materials may advance the breach front through different pathways as well as at
different rates. Under otherwise identical hydraulic conditions, Shen et al. [29] documented
that, among the eight tests that actually breached, duration of the initiation stage ranged
from 31 s in the sand-dominated B4 test to 550 s in the fines-dominated F1 test, a nearly
18-fold spread that cannot be represented by Dsj alone.

The reviewed stage frameworks share a recurring physical transition, while diverging
where material properties become consequential. Across the hydraulic frameworks of
Shen et al. [29] and Zhou et al. [34], the morphological framework of Ma et al. [30], the
mechanistic framework of Meng et al. [38], and the knickpoint-based framework of Zhang
etal. [25], an important transition occurs when the erosion front, whether tracked as erosion
point (EP) position, headcut location, or knickpoint, reaches the upstream dam slope. Zhou
et al. [39] provided direct experimental support: the outflow hydrograph inflection point
(t = 47 s) roughly corresponded to erosion front arrival at the upstream crest (t = 43 s),
with the small lag attributed to the downstream measurement distance. Field analysis of
the Tangjiashan breach [40] and physical-numerical analysis by Zhang et al. [41] identified
a comparable transition at larger scales. The frameworks nevertheless differ in how the
erosion front reaches this point, how fast it does so, and whether a seepage-dominated
pre-breach phase precedes overtopping.

Material effects are especially evident in stage timing, where individual GSD variables
need not act as proxies for a single index. Zhang et al. [25] examined these contributions
in a controlled multivariable design and found that F. was more strongly associated with
early-stage duration than Fy within their tested range. Hu et al. [42] identified a separate
association: at fixed GSD, relative density was associated with breach duration, with denser
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dams producing longer failure times and lower peak discharges across all three gradation
types. Stage durations can differ between dams with identical Dsy but different F; or
compaction state.

Individual studies use two-, three-, or four-stage schemes and do not place stage
boundaries at identical times. For comparison, these schemes are aligned using four
observable markers: establishment of continuous channel flow, arrival of the erosion front
at the upstream crest or slope, peak hydraulic response, and subsequent hydraulic or
morphological stabilization (Table 2). Building on the experimental definition of Qin
et al. [33], Stage 0 extends from initial impoundment-driven infiltration to continuous
flow through the incipient discharge channel. Stages 1-3 describe breach initiation, rapid
enlargement, and attenuation or stabilization. This alignment is interpretive and does not
define a universal classification.

Table 2. Integrated breach stage framework.

Review Stage  Process Signature Observable Transition Marker Representative Evidence
Stage 0: Seepage Infiltration, saturation change, Continuous flow through the Direct seepage—overtopping
conditioning and possible fine particle incipient discharge channel; rapid evidence [33]; piping tests
migration; a connected pipeis surface or headward erosion and model-derived
not inferred without channel  begins. consequence estimates [43];
evidence. channel-expansion model
with an assumed initial
channel [44].
Stage 1: Overtopping, downstream face The erosion front reaches the Flume evidence [25,29,34,39];
Initiation incision, and upstream upstream crest or slope, coinciding process models [30,38].
migration of an erosion front, with a hydrograph or stream
headcut, or knickpoint. power inflection.
Stage 2: Rapid breach deepening and  Peak discharge or stream power  Flume evidence [25,29,34,39];
Enlargement widening, sidewall collapse, marks the onset of sustained process models [30,38].
and rising discharge or stream attenuation.
power.
Stage 3: Declining discharge and Discharge approaches inflow, or ~ Flume evidence [25,29,34,39];
Stabilization erosion, deposition or breach dimensions and residual ~ armour model [37].

armouring, and development morphology change only slowly.
of residual morphology.

Note: Stage definitions are harmonised in this review. Original studies use different numbers and
boundaries; the cited evidence supports the listed processes or transition markers rather than identical
stage numbering.

Qin et al. [33] explicitly defined seepage and discharge channel flow as Stage 0 and
compared normal seepage—overtopping tests with controls in which this interval was by-
passed. Complementary evidence from Chen et al. [43] quantified the consequences of
pre-overtopping piping for the Gyalha dam simulation: in the first soil layer, 5-15% particle
loss increased K; by approximately 3.2-8.4 times relative to the benchmark, while 15% par-
ticle loss shortened the simulated initiation stage from 3.8 h to 0.7 h and increased dam site
Qp from 31,700 to 73,054 m?3/s, an increase of about 130%. Eight documented combined
piping—overtopping cases compiled in that study showed observable seepage indicators
before overtopping. The experiments of Qin et al. [33] further indicated that the degree of
pre-overtopping modification is GSD-dependent. Stage 0 therefore changes the material
state used as the initial condition for breach analysis (Section 3.3).
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The available evidence covers separate parts of the pre-breach seepage sequence. The
seepage—overtopping experiments of Qin et al. [33] documented pre-breach fine-particle
migration but did not identify a connected piping channel. The Gyalha estimates of Chen
et al. [43] quantified the consequences of prescribed particle loss within a laboratory-
informed model. Table 3 summarises these evidence types, their interpretive implications,
and their scope of transfer. Suffusion remains distinct from a developed pipe because
channel-expansion results require an observed or explicitly assumed connected flow path.

Table 3. Evidence types and scope of transfer for seepage conditioning before breach initiation.

Evidence Type

Reported Observation or Model Interpretive Implication

Result

Scope of Transfer

Seepage condi-
tioning and suffu-
sion

Turbid seepage and fine-particle
migration before breach initia-
tion, without a distinct piping
channel [33]

Pre-breach seepage can modify
the material state entering later
erosion

Does not establish a univer-
sal change in K, 7, breach
timing, or Q,

Developed or
assumed piping
channel

Internal-erosion experiments
and a channel-expansion model
with an assumed initial chan-
nel [44,45]

A connected path can localise
flow and amplify particle loss
after channel formation

Does not establish that a
developed pipe occurs in
every landslide dam

Quantitative
particle-loss con-
sequence

Gyalha laboratory-informed
model scenarios prescribed
5-15% particle loss and propa-
gated the resulting parameter
change to breach timing and

Qp [43]

Demonstrates model sensitivity
to a specified particle-loss sce-
nario

Applicable only to the pre-
scribed scenario and cannot
be assigned to other dams
without calibration

Interface localisa-
tion

Local hydraulic gradients
and interface-related ero-
sion responses were reported

Interfaces motivate spatially ex-
plicit seepage observation and
erosion-parameter zoning

The temporal link from in-
terface weakening to later
interface erosion has not

in structured dam experi-
ments [30,46,47]

been measured within one
experiment

Material effects on stage boundaries operate within hydraulic conditions that can
independently modulate stage duration. Across seven inflow rates spanning 1-4 L/s, Jiang
et al. [48] found that the three-stage sequence of slow overtopping, backward erosion, and
rebalancing was preserved, while higher inflow accelerated the stages without eliminating
or reordering them. The ratio of breach width to depth shifted from a regime dominated by
incision to one dominated by widening as inflow increased, reflecting hydraulic modulation
of vertical and lateral erosion within a material-mediated stage sequence. The model for
time to peak of Zhang et al. [49] explicitly incorporated lake area, upstream inflow, and dam
geometry, whereas material effects entered through a source-specific coefficient (denoted k
in that study) that showed only a weak correlation with Dsg (R? = 0.0508). This coefficient
is distinct from the hydraulic conductivity k used in Section 3.3. Stage timing prediction
requires both material characterisation and hydraulic boundary specification; material
variables are necessary but not sufficient inputs.

2.2. Longitudinal Breach Morphology

Experiments and models informed by field evidence reported four recurrent lon-
gitudinal breach patterns: layer erosion, erosion pit migration, headcut erosion, and
interface-controlled erosion (Table 4). The patterns reflect the interaction between ma-
terial composition, inflow rate, dam geometry, density, and evolving hydraulic head, not
universal material classes with fixed thresholds [29-31,46,50].

https://doi.org/10.3390/w18172166


https://doi.org/10.3390/w18172166

Water 2026, 18, 2166

8 0f 35

Table 4. Observed longitudinal breach morphology patterns associated with material composition.

Pattern Material Conditions = Representative Sources Profile Characteris- Along-Flow Erosion
Reported in Represen- tic Rate
tative Tests
Layer erosion F. < 0.20in selected  Shen etal. [29]; Ma et al. [30] Slope angle de- Monotonically de-
tests; D5 small material F; Shen et al. [46] creases continuously; creasing
T3; Zhang et al. [25] uni- concave-up
form mode; Zhu et al. [50]
Mode 1/2
Erosion pit F. > 0.35inselected Maetal. [30] C/W; Mid-slope pit mi- Increases then de-
migration tests; Dsq large Takayama and Imaizumi [26] grates upstream; creases; maximum
F. > 0.5; Zhang et al. [25] stepped channel at mid-slope
T3/T5/T9; Zhu et al. [50]
Mode 3/4

Headcut ero-
sion

Fr > 0.15in the Shen et Shen et al. [29] high-fines; Near-vertical head- Concentrated at head-
al. test series; high fine Shen et al. [46] T2/T6; Zhou cut face; step-pool  cut; two-peaked

content

Interface-
controlled

overburden

et al. [31] large-scale structure

Inverse grading; coarse Shen et al. [46] T4/T5; Nian = Upper layer slides; Maximum during ini-
et al. [47] rock avalanche interface scour pit;  tial interface exposure;
carapace multistage scarp decreases thereafter

Note: Quantitative responses refer to values or trends directly reported in the cited studies, whereas
mechanistic responses summarise interpretations based on experimental observations and pro-
cess analyses.

Layer erosion describes a comparatively smooth retreat and flattening of the
downstream face. It is reported in fine-to-medium or low-coarse-fraction experiments
where the breach surface lowers as a coherent erosional front without discrete steps or
pits [25,29,30,50]. In Section 3, this pattern is interpreted as a case in which surface material
is mobilised without persistent coarse lag control.

Erosion pit migration describes the development of a mid-slope scour pit or stepped
channel that migrates upstream. This pattern is associated with coarse-rich or widely
graded mixtures in which coarse particles partly resist entrainment, creating local disconti-
nuities in bed lowering [25,26,30,50]. At the macroscopic scale, breach deepening is spatially
concentrated, which can accelerate the arrival of the erosion point at the upstream slope.

Headcut erosion describes a steep retreating face and step-pool morphology. It is
most commonly reported in fine-rich, partially saturated, or weakly cohesive materials
where vertical or near-vertical scarps can persist during upstream migration [29,31,46,51].
Matric suction and apparent cohesion provide the resistance mechanisms that maintain
these steep faces and are discussed in the grain-scale resistance section.

Interface-controlled erosion occurs when vertical facies contrasts, such as inverse
grading or a coarse carapace overlying finer body material, create abrupt discontinuities in
erosion behaviour [46,47]. These cases commonly show multistage scarp development, local
scour at the interface, or an erosion platform. At this macroscopic level, the key limitation
is that bulk GSD cannot represent this response; the physical basis of carapace-body and
layer interface contrasts is discussed in Section 3.4.

Ma et al. [30] used the Erosion Point (EP) and Deposition Point (DP) to locate the active
longitudinal adjustment zone, while Takayama et al. [52] proposed a suspended sediment
fraction discriminant for separating backward erosion from surface erosion with deposition.
These approaches indicate that morphology classification requires more information than
Dsp alone, but remains bounded by hydraulic and geometric conditions. For example,
centrifuge and flume studies show that dam height, crest length, downstream slope, and
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channel gradient can independently alter the duration and rate of headward erosion [53,54].
Material descriptors help predict erosion mode and residual geometry, while hydraulic and
geometric boundary conditions remain independent factors.

2.3. Lateral Breach Evolution and Sidewall Collapse

Sidewall collapse is primarily a geotechnical instability triggered and modulated by
hydraulic undercutting and pore pressure evolution. Ma et al. [30] formalised this through
a Mohr—Coulomb stability criterion applied to the breach sidewall: collapse is triggered
when undercutting exceeds the critical height at which the factor of safety SF falls below
unity. Lateral widening is represented through cohesion C, friction angle ¢, pore pressure
u, and hydraulically driven undercutting rate. This pathway is mechanically distinct from,
but hydraulically coupled to, the surface erosion associated with longitudinal incision.
Breach models that treat widening as secondary or uniform on the grounds that vertical
incision drives hydraulic head [35,55] do not resolve these two pathways: Zhou et al. [34]
found experimentally that sidewall erosion rate E;, peaks nearly simultaneously with
breach discharge Q, (t = 54sandt = 56 s respectively), while bed erosion rate E,
shows no equivalent synchrony. GSD enters this geotechnical pathway primarily through
C and ¢: apparent cohesion C scales with fines content F; through capillary suction [51],
while ¢ decreases as the load-bearing framework transitions from grain contact to matrix
dominated [30]. In supporting spatial embankment breach experiments, wider GSDs
were associated with faster breach development and larger final breach discharge [27];
whether GSD width independently controls lateral widening in natural landslide dams
remains untested.

Sidewall collapse proceeds as a series of discrete mass failure events, each triggered
when undercutting of the breach channel sidewall exceeds a critical depth. The stability
threshold can be expressed as

C+ (7sz — Ywhw/3) tan¢

F =
S ¥szsin B cos B

(1)

All symbols in this expression are defined in the Nomenclature. The term vy, /3 is
a depth-averaged hydrostatic correction for the portion of the potentially unstable block
that is submerged; subtracting it from the overburden contribution reduces the effective
confining stress and therefore the frictional resistance (ysz — ywhy/3) tan ¢ [30]. The factor
1/3 is a source-model approximation for the assumed partial-submersion geometry, not
a universal pore-pressure distribution. Collapse occurs when SF < 1. This expression
is used here as a conceptual threshold model, not a universal prediction formula. It is
most defensible for slump-type block failure represented by a quasi-static force balance; it
does not resolve granular ravelling, retreat of apparent-cohesion-supported headcuts, or
seepage-softened collapse during a transient wetting front. In those modes, suction, pore
pressure, seepage-force orientation, and the mobilised values of C and ¢ evolve with the
breach hydraulics and cannot be represented reliably by one fixed factor of safety [30,33,51].
Shen et al. [29] documented that dams with Fy > 0.15 experienced larger, more frequent
collapses than dams with F; < 0.05, consistent with higher matric suction sustaining higher
effective C in fine-rich materials.

GSD is associated with collapse character through several linked mechanisms. Fines
content Fy can influence apparent cohesion C: Shen et al. [29] showed that higher Ff
produced larger, more frequent collapses with width-to-depth ratios reaching 2.15-2.44,
while low-Fy dams maintained steep sidewall faces between events. GSD shape can also
affect collapse morphology independently of bulk fines content. Hu et al. [42] identified
three distinct modes: fine-grained dams produced large discrete collapses (trumpet-shaped
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breaches), well-graded dams produced multiple small collapses (trapezoidal breaches), and
coarse-grained dams showed limited sidewall scour. Dams with identical D5y can produce
different collapse sequences when their GSD shapes differ. Erodible bed composition
introduces a further association: Yang et al. [56] showed that finer bed material intensified
toe undercutting, advancing SF < 1 more rapidly and linking channel boundary conditions
to sidewall stability.

Ma et al. [30] resolved lateral evolution into two process intervals whose boundary
depends partly on material properties. Before sidewall failure, the breach deepens through
downward and lateral erosion until the near-upright slope height /s reaches a critical value
hse = 4Ccos¢psin@/[y(1— cos(6 — ¢))], where 0 is the sidewall angle and y is the material
unit weight. Sidewall failure then produces steep slopes in the unsaturated region near the
water surface, where capillary suction maintains near-vertical faces and gentler slopes in
drier material above. Water content measurements support this two-zone interpretation
under the tested conditions. Because the critical height depends on C and ¢, the transition
to rapid widening is material-mediated, while its timing remains coupled to hydraulic
undercutting and pore pressure evolution.

Meng et al. [38] quantified this stage dependence at the field scale: of 44 discrete
sidewall collapse events identified in Baige dam back analysis, 39 were concentrated in
the rapid-development stage, consistent with the positive feedback between discharge,
undercutting rate, and collapse frequency. The standard assumption of a fixed post-collapse
slope angle cannot capture this material-mediated acceleration.

Seepage modifies the collapse threshold through two mechanisms that both scale
with GSD. Elevated pore pressure reduces the effective confining stress term in the SF
expression: Qin et al. [33] reported a substantial reduction in downstream slope factor
of safety under combined overtopping-seepage conditions relative to pure overtopping,
with the magnitude of this reduction varying with Dsy, indicating that GSD affects both
the static threshold and its seepage sensitivity. Seepage also dissipates matric suction in
the unsaturated zone above the breach water surface, reducing the apparent cohesion C
that maintains steep sidewall faces between events. This effect is stronger in fine-rich
materials where capillary suction is larger and seepage-induced suction loss therefore
more consequential. Both mechanisms lower & and raise collapse frequency, providing
a basis at the grain-scale for the seepage amplification of Q, documented in large-scale
experiments [31].

2.4. Peak Discharge and Hydrograph Characteristics

Peak discharge and hydrograph shape are the outputs most relevant to warning of
breach evolution. The reviewed evidence shows that material effects on hydrographs
are multi-directional: the same increase in coarse fraction, fines content, or gradation
width may either amplify or suppress Q, depending on whether it accelerates breach
lowering, promotes collapse, increases seepage loss, or preserves residual dam height.
This subsection records the main observed hydrograph responses, while the underlying
threshold, erodibility, seepage, and armouring mechanisms are explained in Section 3 and
synthesised in Section 4.

A consistent experimental pattern is that Q) is not a simple function of Dsy. Shen
et al. [29] reported that Q) first increased and then decreased with Dsj in the breached
fines-dominated and balanced-composition tests, with the maximum occurring at the
intermediate B3 material (Dsp = 2.08 mm). Takayama and Imaizumi [26] similarly showed
that, for cases differing only in coarse fraction at the same inflow, peak discharge was
largest at F. = 0.50: increasing F. up to this point promoted step formation and backward
erosion, whereas further increases moderated sediment transport and reduced Q. Guan
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et al. [57] observed that, under identical inflow, a fine-grained dam produced a peak
discharge 1.6 times that of a widely graded dam, whereas the widely graded dam retained
a larger residual height and breached more slowly.

Material also affects hydrograph timing and shape. Fine-rich or collapse-prone
dams can generate multi-peak hydrographs, because sidewall collapse temporarily blocks
the breach channel and is later re-eroded, whereas more uniformly eroding or coarse-
dominated cases tend to produce smoother single-peak hydrographs [29]. Pre-breach seep-
age provides an additional shift in timing: Qin et al. [33] found that combined overtopping—
seepage failure increased Qy, shortened breach duration, and advanced peak timing relative
to pure overtopping, and large-scale experiments by Zhou et al. [31] showed that seepage-
induced internal erosion can shorten outburst duration and nearly double peak discharge.
Inherited vertical structure, such as a coarse carapace over finer body material, can delay
overtopping and reshape the hydrograph by changing the amount of water impounded
before rapid breach development [47].

Table 5 provides an evidence matrix organised by claim for these hydrograph obser-
vations. It distinguishes direct landslide-dam experiments from supporting embankment
evidence and model-based inference, while separating reported quantitative responses from
mechanistic interpretation. Across these studies, material affects peak magnitude, time to
peak, breach duration, the number of peaks, and residual dam height; these responses are
not reducible to a single grain-size index.

Table 5. Evidence matrix for material controls on breach hydrographs and morphology.

Reference/
Evidence Status

Material Con- Main Material De- Hydrograph Response =~ Morphological/Mechanistic

scriptor Response

Shen et al. [29]; di-

rect flume evidence

Fine-, balanced-  Dsy, fines content, Q) first increases then Fine-rich cases involve pip-
, and coarse-
dominated mix-

gravel content decreases with Dsp; hy-  ing and collapse-controlled
drograph changes from  response; coarse-rich cases
single to multiple peaks preserve higher residual dam
with increasing fines con- and lower breach degree

tent

Takayama and

Imaizumi [26]; di-

rect flume evidence

Different coarse F;

Intermediate F, produces Coarse particles alter erosion
the largest peak dis- pattern, promote backward
charge; excessive coarse  erosion at moderate fraction,
fraction reduces transport and suppress sediment trans-
and Q, port at high fraction

Zhang et al. [25];
direct flume ev-
idence, one pro-

Controlled vari- Dsg, Cy, Ff, F.
ation of Dsgg, Cy,

Hydrograph and stage T. is strongly associated with
duration are sensitive to  C, and influenced by F;; K; is
Dsy, Cy, and F; Ff has primarily associated with Ff

gramme weaker effect on hydro-
graph magnitude
Qin et al. [33]; di- Combined D5, permeability, Seepage amplification of Pre-breach seepage reduces
rect flume evidence overtopping— gradation Qp first increases and slope stability, increases erodi-
seepage Vs pure then decreases with bility, accelerates widening
overtopping Ds; strongest ampli- and deepening, and alters

fication occurs in the
intermediate-size group

downstream deposition

Guan et al. [57];
direct physical
model evidence

Fine-grained vs ~ Material
widely graded  type/gradation duces Q 1.6 times that of longer breach duration and

Fine-grained dam pro- ~ Widely graded dam has

width the widely graded dam  larger residual height under
and reaches peak earlier  the tested conditions
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Table 5. Cont.

Reference/ Material Con- Main Material De- Hydrograph Response = Morphological/Mechanistic
Evidence Status trast scriptor Response
Ma et al. [30]; di- Fine-, coarse-, Material type, den- Used mainly to explain =~ Fine-grained: layer erosion;
rect flume evidence well-graded, and sity, GSD shape pathway differences coarse-grained: stable under
gap-graded mate- rather than direct Qp low inflow; well-graded: ero-
rials ranking sion pits; gap-graded: piping-
prone
Ma et al. [37]; Fine and well- Active layer, breach- Peak prediction depends Size-selective erosion forms a
process model and ~ graded cases; induced armour on dynamic breach depth breach-induced armour layer
field back analysis modelled active layer, size-selective and armour layer evolu- that limits final breach depth
layer erosion tion and affects initial and final
low-flow stages
Halso et al. [27];  Uniform vs 0y at fixed mean Wider GSD produces Single grain morphodynamic
supporting em- mixed-size spa-  grain size faster breach develop- model overestimated breach
bankment evidence tial embankment ment and larger dis- growth for wider GSDs; trans-
breach charge under the tested  fer to landslide dams remains

conditions untested

Nian et al. [47];
direct flume evi-
dence

Homogeneous  Inherited carapace Coarse carapace can de- Carapace-body interface
dam vs dam with thickness and verti- lay overtopping and am- modifies hydraulic jump,

upper coarse cal facies structure  plify Q,, but thicker cara- scarp development, breach
carapace pace may reduce scouring profile, and failure mode
discharge through seep-
age loss

2.5. Failure Mode Classification

Failure mode classification summarises the macroscopic outcomes associated with
material control. The reviewed experiments distinguish three recurring outcomes: stable or
seepage-transmitting dams, pure overtopping erosion, and combined overtopping-piping
or overtopping—seepage failure [29,30,46]. At this descriptive level, the key distinction
is which process becomes dominant first: surface erosion of the downstream face or
internal instability within the dam. In this review, overtopping-piping is reserved for cases
reported as developing a connected erosional channel or explicitly classified as piping by
the source, whereas overtopping—seepage describes tests with an imposed or observed
seepage contribution without assuming a pipe. The criteria at the grain-scale for erosion
threshold, erodibility, and suffusion are discussed in Section 3; here, they are used only to
organise observed failure outcomes.

Shen et al. [29] reported three outcomes across eleven grain compositions: coarse-
dominated dams (gravel > 80%) remained stable under sustained seepage, fines-dominated
dams (silt > 45%) failed by combined overtopping and piping, and balanced-composition
dams failed by overtopping-triggered backward erosion without a co-occurring piping
pathway. Shen et al. [46] independently reproduced the same general correspondence
between GSD and failure mode. GSD thus provides a first-order partition of likely failure
behaviour, but not a complete prediction rule.

The boundaries between modes are conditional. Ma et al. [30] showed that the same
coarse-grained material remained stable at an upstream inflow discharge of Qin =1L/s
but failed by overtopping at Qin = 3 L/s, and that gap-graded material shifted from
combined piping-overtopping to pure overtopping when dry density increased from
1500 to 1780 kg/ m3. Hu et al. [42] and Qin et al. [33] further showed that inflow and
seepage boundary conditions can move the same material across different failure outcomes.
Thus, material composition provides a first-order constraint on susceptibility, whereas
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inflow rate, compaction density, pre-breach seepage, and internal structure shift the actual
mode boundary.

The reviewed classification is conditional. Gap grading, high fines content, and
vertical interfaces can increase the likelihood of internal instability, but actual piping or
coupled failure requires a compatible seepage path and hydraulic gradient. Coarse-rich or
widely graded dams may be more stable or retain greater residual height, but sufficient
hydraulic loading can still force overtopping failure. This conditionality explains why
stability predictors based only on geometry or D5y show large scatter when applied across
datasets with different material compositions and hydraulic histories [4,17].

3. Material Effects on Breach Resistance at the Grain Scale

Section 2 described the macroscopic expression of material differences in stage dura-
tion, longitudinal pattern, widening style, hydrograph, and failure mode. Their physical
basis is considered here through grain-scale factors and material-state changes associated
with erosion resistance. Layer erosion, pit migration, headcutting, seepage-coupled failure,
and residual height preservation are treated in Section 2 as observed responses; the present
section relates them to initiation threshold 7, erodibility coefficient K;, seepage precondi-
tioning, size-selective transport, armour formation, and inherited structural contrasts.

Particle mobility and dam-scale stability need to be distinguished. Coarse-dominated
or widely graded dams may remain stable, breach slowly, or produce lower peak discharges
than intermediate-composition dams, yet the result at the particle scale presented below is
that high F. can lower the initiation threshold of exposed particles through hiding—exposure
effects [25,58]. These findings concern different scales. At the grain scale, exposed coarse
particles may initiate more easily than their size alone predicts. At the dam scale, coarse-
rich materials can still preserve a larger residual height because transport efficiency is
low, an armour layer persists, and the final breach depth is restricted [37,57]. Macroscopic
stability does not imply high 7.; it also depends on K, armouring, seepage history, and
residual geometry.

3.1. Critical Shear Stress T,
3.1.1. Theoretical Basis: From Shields to Hiding-Exposure

The Shields [59] dimensionless threshold framework established that particle initiation
in uniform sediment occurs when the ratio of fluid drag to submerged weight exceeds a
material-dependent critical value. For mixed-size beds, however, Wiberg and Smith [58]
demonstrated through a force balance model that this framework breaks down: 7, for any
individual grain depends on its own size and on the pocket geometry defined by the ratio
of the mobile grain to its supporting neighbours, with 7. departing systematically from
the Shields curve once the size ratio exceeds approximately 1.5. This produces the hiding—
exposure effect: large particles exposed above finer beds initiate at lower shear stress
than their size predicts, whereas small particles sheltered within coarser pockets require
disproportionately higher shear stress to dislodge. Wilcock [60] confirmed experimentally
that this effect is negligible in unimodal sediments but becomes dominant in strongly
bimodal and gap-graded mixtures, where the absence of intermediate particles eliminates
the mutual sheltering between adjacent size classes and exposes both tails of the distribution
to flow.

Chen et al. [61] applied this contact geometry framework specifically to landslide-dam
materials through torque equilibrium at the particle contact point. The following two
equations are retained as representative geometric relations, rather than as a reproduction
of the complete erosion model. They are the step at which the radius ratio R;/R; of the
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mobile particle (Ry) to the supporting particle (R) enters the lower bound and mean of the
initial contact-angle distribution. The lower bound is

Ri—R
X0 min = arctan(z\l/TRz) 2)

and the mean used for the contact-angle probability distribution is

7T X0, mi
Hag = I + ;nm' ©)

These equations do not themselves determine erosion rate. In the source model, torque
balance and particle rotation provide the motion time, from which the erosion rate E; is
calculated for one contact angle. For each R;—R; pair, «g is represented by a truncated
normal distribution over [xo min, 77/2]; the angle-specific E; values are probability weighted,
and the resulting rates are then averaged over all mobile-supporting size-class combi-
nations defined by the GSD. Thus, Equations (2) and (3) are displayed only to make the
material-to-geometry link explicit; the particle-to-mixture transition also requires the source
model’s motion, probability-integration, and size-combination equations.

Within this formulation, R; > Ry shifts the ag distribution towards larger angles
and lower critical shear stress, so a larger mobile particle can be relatively exposed on
smaller supporting particles. Conversely, R; < R; shifts the distribution towards smaller
angles and higher critical shear stress, representing hiding of a smaller particle by larger
neighbours. Averaging these contact states produces the S-shaped erosion-rate—shear-stress
relation reported in the source study. Validation against the Tangjiashan and Bangiao cases
yielded peak-discharge and breach-timing errors within 13% and 2%, respectively. For
this material class, the formulation represents hiding—exposure through particle contact
geometry and contact probabilities rather than through a correction based on D5 alone.

Note: the model assumes dense random packing and negligible interparticle cohesion; its
applicability to loosely packed or cohesive dams requires independent validation.

Boundary of Particle-to-Dam-Scale Parameterisation

The particle-scale derivation is not, by itself, a dam-scale homogenisation rule. In
the landslide-dam formulation of Chen et al. [61], surface erosion is represented in a
two-dimensional, unit-width domain; contact-angle variability is treated probabilistically
under dense random packing, while interparticle cohesion is neglected. Under these
assumptions, the model represents the response of an exposed surface layer but does not
establish a representative elementary volume (REV) for an entire dam. The preceding
hiding—exposure theory likewise concerns the initiation of individual surface grains in
uniform or heterogeneous sediment beds [58].

The averaging assumption must be stated at the scale at which a breach model as-
signs its parameters. Evidence from 74 jet-erosion tests in visually homogeneous cohesive
streambank layers showed that locally inferred 7, and K; can vary by up to three orders of
magnitude and cannot be predicted consistently from the measured physical descriptors
alone [62]. Although this is not direct evidence for landslide dams, it shows that visual ho-
mogeneity does not establish parameter homogeneity. In an analogous stochastic hillslope
treatment, effective critical shear stress and erodibility varied during transient flow, even
when local properties were represented as statistically homogeneous random fields; adding
a spatial trend changed the effective response despite the same overall arithmetic average
critical shear stress [63]. That analysis concerns one-dimensional overland flow rather
than breach erosion and therefore supplies an averaging warning, not an REV criterion
for landslide dams. A dam with mapped vertical layers, facies contrasts, or systematic
depth trends can instead be represented by separate material zones or depth-dependent
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parameter fields, with within-zone variability carried through sensitivity or uncertainty
analysis. Back analysis of the Baige dams has used depth-dependent trend functions for K
and 7, constrained by multiple breach observations [64]. Statistical homogeneity remains
a conditional within-zone assumption, not a dam-wide default; the reviewed studies do
not provide a universal REV size, sampling threshold, or laboratory-to-prototype scaling
relation for heterogeneous landslide dams.

3.1.2. GSD Associations with 1.: Experimental Evidence

The contact geometry framework predicts that 7. for landslide-dam materials depends
on GSD shape, not only on Dsy. Zhang et al. [25] examined this relation in nine flume tests
using sieved and reconstructed landslide deposits placed in three layers in a 6 m long, 0.4 m
wide flume at 6° slope and 0.5 L/s inflow. The PSD groups were designed around D5, Cy;,
Fy¢, and F, although changing one descriptor could not fully isolate it from the others. With
T, fitted from each breach record using the linear excess-shear formulation, 7. was strongly
correlated with C,, within this nine-mixture dataset (R> = 0.975) and was also associated
with coarse particle size and fraction, while D5y alone was a weaker descriptor than coarser
percentile sizes such as the 70th-percentile diameter D7. This statistic is evidence of
an association within that preparation, hydraulic, and fitting domain, not a field-scale
conversion from C;, to 7.. Higher C;, changes the distribution of local mobility and apparent
erosion resistance; within the tested range of Zhang et al. [25], T, was strongly associated
with C,, but this should not be interpreted as a universal monotonic reduction in the
erosion threshold. This source-specific association is consistent with the Wiberg—Wilcock
hiding-exposure framework and inconsistent with a Shields-only characterisation.

Additional evidence comes from Peng et al. [65], who measured 1. directly for three
material types under surge-wave conditions: coarse (Dsy = 30 mm, C, = 16) produced
T, = 27.2-58.2 Pa, medium (Dsp = 9 mm, C;, = 467) produced 12.0-25.7 Pa, and fine
(Dsp = 2.3 mm, C, = 150) produced 4.7-10.1 Pa. The ordering (coarse > medium >
fine, despite medium having the highest C,) indicates that the C, association should be
interpreted within the tested material range rather than as a universal monotonic rule: the
coarse material’s high Dsg raises 7. through direct size effects, while contact geometry ef-
fects operate within narrower material classes. Nian et al. [47] extended this to within-dam
spatial variation: carapace facies (D5 coarser) exhibited systematically higher 7. than body
facies at nine cross-sections, indicating that the GSD—1, relationship also operates within
the dam structure.

Packing density may modify the contact-angle distribution and hence the inferred
erosion threshold, but the source formulation does not provide a universal density-to-7,
direction. Hu et al. [42] found that increased dam density delayed breach initiation across
three gradation types, and Ma et al. [30] showed that gap-graded material transitioned from
piping to overtopping failure when dry density increased from 1500 to 1780 kg/m?3. These
observations are consistent with density-dependent resistance, but neither study isolated a
change in the & distribution or 7, from concurrent changes in hydraulic conductivity and
packing structure.

Note: both Cy and og are used as GSD width descriptors in the reviewed literature, but
their definitions are source specific and should not be treated as interchangeable for widely graded
materials. For Halso et al. [27], GSD width is reported using the source definition og = +/Dgs/Drs.

3.2. Erodibility Coefficient K

K, is the fitted slope of erosion rate per unit excess shear stress above 7. in the linear
law E = Ky(1, — 7;), where E is erosion rate and T is bed shear stress. This formulation
was developed for cohesive clay beds [66] and later applied through jet-erosion testing
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to non-cohesive and weakly cohesive materials [67]. Its coefficients should not, however,
be assumed to represent identical material properties across these regimes. In cohesive
material, the fitted response can include physicochemical bonding, plasticity, and aggregate
detachment. In predominantly non-cohesive landslide-dam mixtures, K; is more cautiously
interpreted as an operational coefficient that aggregates detachment and sediment-export
efficiency under the tested packing and hydraulic conditions [25]. This interpretation is
conditional on the erosion law and experiment, not a new universal material constant.

Selectivity of transport mode offers a physical explanation for the source-specific
K;—Fy association. Guan et al. [57] documented that fine-grained dams exhibited rapid
layered erosion with selective mobilisation of fines into suspension, whereas widely graded
dams developed progressive surface re-armouring that reduced sediment export. Within
the nine non-cohesive mixtures of Zhang et al. [25], Fy, defined there as particles smaller
than 1 mm, had the strongest reported association with fitted K;; this definition is not
interchangeable with conventional silt—-clay limits. The field relation of Chang et al. [68], in
contrast, related Kj to void ratio and C,,, showing that packing, material regime, and test
method can change the apparent descriptor—parameter relation. No independently verified
fine-content percentage was located at which K; should universally be reinterpreted from
non-cohesive transport efficiency to cohesion-influenced erodibility. Evidence of plasticity,
cohesive aggregation, or a fine-supported matrix is therefore a more defensible warning
criterion than a universal Fy threshold.

Cross-study comparison also requires the physical regime to be distinguished from the
parameter definition. In the linear excess-shear formulation, K is the slope relating erosion
rate to (7, — T.) and has units determined by that formulation. Other erosion laws use
coefficients with different definitions: for example, the parameter k in the gravel-silty-clay
experiments of Gao et al. [69] is the erosion rate at 7, = 27, not a linear excess-shear
Kj. In those tested mixtures, the preferred erosion law changed across an approximately
30-35% silty clay transition, and 7. showed non-monotonic behaviour at lower silty clay
contents [69]. This result demonstrates regime dependence, but it neither defines a universal
fines threshold nor maps directly to the source-specific F; used here. Estimates for the
same cohesive soils can also be more consistent for 7. than for K; when the test device or
calculation procedure changes [70]; analyses of jet-erosion data likewise show that inferred
parameter pairs depend on model form, fitting method, and tested stress range [71,72].
Treating fitted 7. and K as independently known can therefore preserve a calibration fit
yet misrepresent erosion outside the fitted stress range: bias in 7. changes predicted onset,
whereas compensating bias in K; changes the post-onset rate. The net direction of error
in breach timing or discharge is not universal because it depends on the fitted pair and
the applied stress history. A reported parameter set should therefore include its erosion
equation, units, material preparation, apparatus, stress range, joint estimation method,
and parameter dependence before comparison with, or use in bounding, a landslide-dam
model input.

Field measurements by Chang et al. [68] at two Wenchuan earthquake landslide
dams documented substantial spatial variation in erodibility. At the Hongshihe dam,
mean K; decreased from approximately 113 to 36 mm3 N~! s~! between the surface and
12 m depth, illustrating depth-dependent heterogeneity in the deposited material. Meng
et al. [38] quantified the consequence for the model: when K; was set to 0.5 and 1.5 times
its calibrated value in the Baige back analysis, the relative error in predicted Q, increased
to 42.64% and 47.70%, respectively, relative to the observed peak discharge. In that back
analysis, K; was a major source of parametric uncertainty.

The K;—Fy relationship currently rests on a single experimental programme [25] with
nine material combinations. It is a mechanistic hypothesis supported by one direct dataset
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and consistent with indirect evidence from field heterogeneity [68] and observations of
transport patterns [57]; independent replication is needed before it is used as an established
quantitative relationship. Table 6 compares representative formulations by the material
descriptors they retain. It is not a complete formula catalogue; P, P, and e denote fines
content, clay content by weight, and void ratio, respectively.

Table 6. Representative erosion parameter formulations and material descriptors.

Parameter Representative Main Material De- Relevance to Breach Main Limitation
Source/Expression scriptor Modelling
T Neill [73]; Annandale [74]: Median grain size Provides a simple Cannot represent bi-
Dsp-based threshold rela- D5, density, friction incipient-motion estimate modal GSD, hiding-
tions angle for relatively uniform or exposure, coarse frac-
coarse non-cohesive mate- tion, or inherited facies
rials structure
T Smerdon and Beasley [75]; Plasticity index, clay Captures fine particle Does not distinguish
Julian and Torres [76]: PI-,  content P, fines con- or cohesive effects on fine-rich matrix effects
clay-, or fines-based rela-  tent P erosion threshold from broad GSD or
tions coarse tail effects
7., Ky Chang et al. [68]: PI, fines content P,  Field-based erodibility =~ Does not explicitly in-
7. = 6.8(PI )1'68P_1'73e_0'97; void ratio ¢, coeffi-  formulation for fresh clude F,, active layer
Ky = 20075¢*77C;; 076 cient of uniformity = landslide deposits; sup-  coarsening, or seepage-
Cy ports the importance of  induced state change
depth-varying erodibility
Ky Hanson and Simon [67]; 7., fines content, dry Provides a practical link Treats K; as a static
Wu [77]: erodibility rela- unit weight between erosion rate and parameter and does
tions based on excess shear excess shear stress not represent selective
or fines and density transport or armouring
7., Ky Zhang et al. [25]: 7. strongly C,, F, Ff, and char- Separates threshold resis- Based on one con-
associated with C,, and af-  acteristic percentiles tance from post-initiation trolled experimental
fected by F; K; primarily ~ beyond Ds erodibility and directly =~ programme; indepen-

associated with Fy in the
tested programme

supports material param-
eterisation based on mul-

dent validation and
scale extension are still

tiple descriptors needed

Published erosion parameters are comparable only when their definitions and estima-
tion conditions are retained. The linear excess-shear coefficients fitted in landslide-dam
flume tests cannot be pooled with a source-specific coefficient defined under another ero-
sion law, such as the erosion-rate parameter reported at 7, = 27, [25,69]. Jet-erosion and
conduit-flume estimates can also vary with apparatus hydraulics, applied stress range,
specimen condition, inversion method, and parameter dependence [70-72]. Back-analysed
depth trends provide effective model inputs for a constrained case, but do not establish
a universal spatial law [64]. Any transferred parameter set should therefore retain its
erosion equation, units, material preparation, apparatus, stress range, estimation method,
and dependence between 7. and K;. Table 8 applies these requirements to the principal
experimental evidence streams.

3.3. Seepage Preconditioning

Stage 0 links impoundment to rapid breach development through a change in material
state: material characteristics condition the seepage response, which can produce internal
weakening and alter subsequent breach susceptibility. GSD, fines content, and packing
structure establish the initial permeability and internal stability conditions; seepage then
changes saturation, pore pressure, and matric suction and may mobilise fines where the
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granular skeleton is internally unstable [33,43]. These changes can increase K; and reduce
effective erosion resistance, although post-seepage changes in 7, have rarely been measured
directly. The spatial expression of this chain also depends on initial stratification, packing
contrasts, and zones enriched in fine or coarse material [21]. Such features establish
permeability contrasts that direct seepage before particle loss further modifies the dam.
The material state entering rapid breach development can differ from its initial state, with
the magnitude of the difference depending on the amount and grain sizes of material
removed. Shen et al. [29] measured k = 124-248 x 10~* m/s in coarse-dominated dams,
approximately an order of magnitude higher than in fine-dominated dams. This contrast
implies substantially different seepage transmission timescales, although actual travel
times also depend on dam geometry, hydraulic gradient, and saturation state. Its relevance
overlaps with the short failure window documented by Peng and Zhang [4], in whose
204-case dataset 34% of dams failed within one day and 51% within one week; seepage
preconditioning may modify the dam state before failure in a substantial subset of cases.

Experiments designed specifically around internal structure support this spatial in-
terpretation. Across 14 structural configurations, Meng et al. [32] found that differences
in seepage and saturation development altered pre-breach stability and the subsequent
breaking process. This evidence supports treating structure as a descriptor of the seepage-
conditioned material state, but not as a substitute for measured GSD, density, or hydraulic
boundary conditions.

3.3.1. Internal Erosion Terminology and Suffusion Cascade

Here, seepage denotes the movement of water through the dam, whereas internal
erosion requires seepage-driven particle removal. Following standard internal-erosion
terminology, suffusion refers to migration of the finer fraction through a load-bearing coarse
skeleton without wholesale displacement of that skeleton; contact erosion occurs where
flow removes fine material at an interface with a coarser layer; backward erosion develops
regressively from a downstream exit; and concentrated leak erosion enlarges a pre-existing
crack or preferential flow path [78]. The term piping is retained only where a cited source
uses it as a broad failure label or documents a connected erosional channel. Turbid seepage
or fines migration alone is treated as evidence of suffusion or internal instability, not as
proof of a pipe.

In the seepage—overtopping experiments of Qin et al. [33], turbid seepage water
indicated fine particle migration before breach initiation, although no distinct piping
channel was detected. Seepage preconditioning need not develop into a connected piping
channel. Where seepage drag selectively mobilises fines through a coarser skeleton, the
resulting suffusion requires a GSD that permits internal instability. Classic sandy gravel
piping experiments by Skempton and Brogan [45] showed why a bulk hydraulic gradient
criterion can underestimate this susceptibility: in internally unstable mixtures, strong
piping of fines occurred at hydraulic gradients of 0.20 and 0.34, only about one fifth to one
third of the corresponding theoretical critical gradients, whereas an internally stable mixture
required a gradient of about 1.0, close to the theoretical value. The authors attributed this
contrast to load transfer through a coarse gravel framework, which leaves the sand fraction
under relatively low stress and allows segregation piping without wholesale movement
of the gravel skeleton. In a model that assumes an initial seepage channel, Zhao et al. [44]
expressed the critical condition for particle initiation as a minimum flow velocity threshold
dependent on Dsy, friction angle ¢, and channel inclination. Progressive fine-particle loss
then increases void ratio e and decreases ¢: in Chen et al. [43], laboratory piping tests
produced void ratio increments from 20.2% to 48.7%, and the reported peak friction angle
decreased by up to 18.55%, corresponding to an angular reduction of about 6.99° in the
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cited case. These changes are expected to reduce effective threshold resistance through
the mechanisms discussed in Section 3.1, but Chen et al. [43] did not measure post-piping
7. directly. Where a seepage channel is present, increasing void ratio and continuing
fine particle removal can concentrate flow and accelerate further erosion; Zhao et al. [44]
modelled this progressive channel expansion explicitly.

The Gyalha analysis indicates a substantial change in K; under the prescribed particle-
loss scenarios. For the first soil layer of the Gyalha dam, Chen et al. [43] reported that
5-15% particle loss increased K, from 2592.3 to 8250.6-21,698.6 mm?3 /(N s), approximately
3.2-8.4 times the benchmark value. Applied to the Gyalha landslide dam simulation,
15% particle loss compressed the initiation stage duration from 3.8 h to 0.7 h and amplified
Qp from 31,700 to 73,054 m®/s, a 130% increase. Eight field cases compiled by Chen
et al. [43] all showed observable seepage indicators before overtopping, supporting the
relevance of this pathway to natural landslide dams.

3.3.2. Grain-5Size Dependence

The magnitude of seepage preconditioning varies with grain size in a way that com-
pounds the non-monotonic Q, dependence on Dsj established in Section 2. Within the
tested GSD range, Qin et al. [33] showed that seepage-induced amplification of Q) first
increased and then decreased with D5, while the influence of seepage on breach erosion
diminished for the coarsest mixture. Their experiments associated this response with GSD-
dependent permeability, fine particle loss, reduced matric suction, and material erodibility,
but did not directly measure corresponding changes in 7. or ¢. The result supports a GSD-
dependent seepage effect, but not a universal mechanism based on Dsj alone. It further
suggests that the Q,—Ds( relationship measured under no-seepage conditions [29] may
shift under pre-breach seepage, a testable implication that current experimental databases
have not yet addressed systematically.

3.3.3. Interface-Driven Localisation

The spatial distribution of seepage preconditioning is non-uniform wherever a high-
permeability structural contact exists. Ma et al. [30] Test G9 showed local interface gradients
of 0.75-2.57 triggering piping at a bulk gradient of only 0.37, well below the bulk critical
range of i = 0.93-1.15. Preconditioning is spatially heterogeneous: an interface zone
can experience particle loss and erodibility change while the surrounding bulk material
remains closer to its original state. A single K; assigned to the whole dam cannot capture
this contrast, and bulk-parameter models may overestimate initiation time in interface-
driven piping cases.

3.3.4. Temporal Coupling of Interface Weakening and Erosion

The reviewed evidence supports two component processes but does not demonstrate
their temporal coupling within the same experiment. Seepage can localise at a material
interface and modify the local material state before overtopping [30]. Once exposed, an
interface can focus scour, form an erosion platform, or alter the timing of rapid enlarge-
ment [46,47]. These observations suggest that interface-focused seepage weakening could
reduce local resistance before interface-controlled erosion begins. No reviewed study,
however, simultaneously measured interface-scale seepage, fines loss or pore-pressure
evolution, the corresponding change in 7. or Kj;, and the later erosion response at that
same interface. The proposed additive or sequential effect remains a testable hypothesis.
Future experiments should resolve this sequence with time-synchronised measurements
of local hydraulic gradient, pore pressure, fines migration, surface or subsurface GSD,
erosion rate, and breach morphology, while keeping inflow, geometry, and initial interface
configuration explicit.
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3.4. Dynamic Resistance During Breach

The initial material state is spatially heterogeneous. Stratification, grain-size contrasts,
and spatial variability in packing structure mean that breach-stage redistribution acts
on a structured deposit, not a uniform bulk mixture [21]. The resulting permeability and
resistance contrasts can focus erosion along interfaces or loosely packed zones and influence
longitudinal incision, interface-controlled erosion, and residual breach morphology.

The 7, and K} fields used to represent breach evolution are not fixed even after ini-
tiation begins [37,43]. Two distinct processes reshape the resistance field during breach:
size-selective surface erosion generates an increasingly coarse armour layer that raises
local 7, while structural discontinuities within heterogeneous dams create inherited resis-
tance contrasts that interact with the evolving flow field in ways that breach models with
homogeneous parameters cannot capture.

3.4.1. Erosion-Generated Armour Layer

Size-selective erosion preferentially removes fine particles, leaving a surface lag of
coarse particles whose T, exceeds the current flow shear stress. Ma et al. [37] formalised this
through a three-component active layer model: at each timestep, particles above the critical
diameter demax = 7,/[0.023p,¢(Gs — 1)] have zero rolling probability and accumulate
in the armour layer, where p,, is water density, g is gravitational acceleration, and Gs is
particle specific gravity; finer particles are progressively removed. The GSD of the active
surface coarsens over time, and its effective 7, rises accordingly. The armour layer primarily
constrains breach during the initiation and final stages, when flow shear stress is low;
during peak discharge, shear stress may exceed even the coarsest armour grain thresholds,
and the longitudinal erosion pattern converges toward layer erosion regardless of initial
GSD. In field case checks, the proposed model slightly underestimated observed Q, by
0.62% for Tangjiashan and 2.3% for Baige, with reported key breach parameter errors within
10% [37].

Takayama and Imaizumi [26] documented a distinct armour-mediated mechanism: im-
movable coarse particles near the dam crest (low 7,) create a spatial gradient in shear stress
that steepens the breach bed and triggers backward erosion, raising the effective erosion
rate through a mode transition rather than a change in the erosion law coefficient K; for
the tested material state. This result separates a state-specific K; from the effective erosion
rate as an emergent outcome of mode selection: the former can be measured under defined
material conditions, while the latter requires the breach pattern to be predicted concurrently.

3.4.2. Longitudinal Resistance Gradient

As breach discharge increases, the flow entrains sediment and progressively loads the
water column. The resulting increase in mixture density reduces the net erosive capacity of
the flow relative to clear water, raising the apparent erosion resistance 7. along the down-
stream face. Zhou et al. [39] first documented this mechanism experimentally, observing
that erosion rate along the sloping bed initially increases then decreases in the downstream
direction. Zhou et al. [34] quantified the spatial gradient as 7.'* = 57.36x + 0.25 Pa,
where x is distance downstream from the dam crest. The fit is specific to their experimental
conditions. Zhang et al. [25] independently reproduced the pattern: apparent erosion
resistance rose progressively with downstream distance due to increasing sediment con-
centration. The reviewed evidence suggests that this feedback from sediment loading
is GSD-dependent because suspended sediment production depends on transport effi-
ciency, but the relationship between F; and the steepness of the 7.PP gradient has not been
quantified directly. Models that assign a single 7, to the entire downstream face omit this
potentially material-dependent spatial resistance gradient.
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3.4.3. Carapace and Interface Contrasts

Rock avalanche dams carry a coarse carapace facies, with higher 7. and lower K; than
the underlying body facies, which constitutes a structurally inherited resistance contrast
distinct from the erosion-generated armour described above. The carapace originates from
kinematic segregation during avalanche emplacement, with coarse blocks preferentially
overriding finer debris. This depositional structure is documented in field investigations of
the Tsatichhu landslide dam [11] and characterised as process-dependent across multiple
rock avalanche deposits by Dufresne and Dunning [10]. Dunning and Armitage [12] further
showed that the carapace was associated with surface 7. and permeability anisotropy, iden-
tifying it as a major structural influence on seepage pathway geometry in rock avalanche
dams. Nian et al. [47] documented that the carapace layer: (i) delays overflow initiation
proportionally to carapace thickness; (ii) generates a hydraulic jump at the carapace-body
interface that suppresses bed shear stress in the body facies immediately downstream,
forming an erosion platform; and (iii) amplifies Q) relative to homogeneous dams, because
delayed overflow allows greater lake impoundage before rapid enlargement, accelerating
the subsequent discharge peak. The longitudinal 7. field of the carapace dam shows an over-
all increasing trend from upstream to downstream, reinforced by localised discontinuity at
the interface elevation, a pattern that homogeneous 7. models do not represent.

Shen et al. [46] demonstrated the comparable effect of inverse grading: in dams with
coarse overburden over finer material, maximum erosion rates occur during early exposure
of the upper-layer interface rather than during later breach enlargement, because the inter-
face is exposed to full flow shear before the more resistant lower material is reached. Using
properties of the top layer to characterise the whole dam produces systematic prediction
errors: breach parameters fall between values representative of the two constituent layers,
converging to neither extreme.

Large-scale experiments provide preliminary support for the persistence of these
mechanisms: under identical inflow, Guan et al. [57] observed lower Q, longer breach
duration, and greater residual height in a widely graded dam than in a fine-grained dam.
The lack of intermediate-scale validation still prevents scale effects from being excluded.

Together, armour dynamics, the longitudinal concentration gradient, and structural
contrasts make erosion resistance dependent on state and location. Material heterogeneity
appears to strengthen this dependence, although its magnitude has not been quantified
systematically across scales.

4. Discussion
4.1. Causal Chain Across Scales

Material descriptors are linked to breach outcomes through intermediate hydraulic
and mechanical states. Grain-size percentiles, GSD shape, fines content, coarse fraction,
density, and facies contrasts condition permeability, internal stability, erosion threshold,
and post-initiation erodibility. These states influence whether breach development pro-
ceeds through seepage-assisted weakening, headcut migration, rapid incision, sidewall
collapse, or transport-limited armouring. The selected pathway then shapes hydrograph
magnitude, timing, and form. Hydraulic loading and dam geometry also act at each
step, so the same material descriptor need not produce the same outcome under different
boundary conditions.

Within this mediated relation, 7. and K are state-dependent resistance variables. They
represent different parts of the erosion equation: 7. defines the fitted onset threshold,
whereas K; defines the fitted slope of material removal rate above that threshold. The
controlled experiments of Zhang et al. [25] associated 7, mainly with C,, and coarse particle
structure and K; mainly with Fy, but these descriptor-parameter relations describe only
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the tested material state. Before overtopping, seepage-induced particle loss can increase
void ratio, reduce interparticle resistance, and raise K; substantially [43]. During breach,
selective removal of fines and retention of coarse particles alter the surface GSD and develop
an armour layer, which can raise local 7, and restrict final breach depth [37]. Parameter
values inferred from the initially characterised material may cease to represent the active
erosion surface as the breach evolves.

These state changes complicate parameter transfer between material and hydraulic
settings. A calibration may reproduce one observed hydrograph while retaining too
little process information for another setting. A similar loss occurs when a broad GSD is
represented by one characteristic grain size: a calibrated single-grain model reproduced the
direction of the GSD response but overpredicted final breach discharge by 24-29% in two
mixed-size embankment tests [27]. Material descriptors can instead define initial parameter
ranges, with resistance updated as the represented state evolves.

Uncertainty in 7. and Kj; should be treated jointly. When both parameters are estimated
from the same erosion record, the recovered values can change with the assumed erosion
law and solution procedure, even when the underlying specimen is unchanged [71,72].
This does not establish a universal mathematical trade-off, but apparent coupling can
arise from limited stress coverage, model form, and fitting choices. In a recent landslide-
dam application, depth-dependent K; and 7. trend functions for the Baige dams were
constrained by peak discharge, timing variables, final breach depth, prior information, and a
probabilistic back analysis that retained posterior coefficient correlations [64]. Independent
erosion tests, spatial observations, and informative prior ranges can reduce compensation
risk. Unique joint identification of excess-shear 7, and K, from a breach hydrograph alone
remains insufficiently demonstrated.

Inherited facies structure is relevant to this argument only as a supporting description
of the initial material state. Stratification, packing contrasts, and layer interfaces can create
spatial differences in permeability and erosion resistance, focusing seepage or erosion
where a bulk GSD would predict none [21,30]. These features need not introduce a separate
formation framework into breach prediction; their modelling value lies in constraining
spatially distributed initial states or bounded parameter zones. Bulk GSD and geometry-
based stability indices [17] may otherwise miss local hydraulic gradients or resistance
contrasts that redirect the breach pathway.

Evidence is strongest where repeated flume observations and models informed by field
evidence converge on stage dependence, longitudinal erosion patterns, and the distinction
between threshold resistance and transport efficiency. Support is more limited for the Fy-Ky
association, seepage-induced erodibility change, and transfer of active layer armouring
models to field scale. Each currently depends on one experimental programme, a source-
specific simulation, or a small number of back analysed cases. Evolving 7. and K; can be
treated as a process-level modelling requirement, but quantitative transfer between dams
still requires independent field constraints.

4.2. Material Parameterisation Across Model Categories

Table 7 compares model categories by the material information they retain. The
ordering ranges from broad empirical descriptors to evolving material states and does not
rank overall complexity or predictive performance.
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Table 7. Material representation in landslide-dam breach models.

Reference Model Basis and Dataset Main Inputs Material Representation = Material-Related
Limitation

Empirical prediction models

Costa [79] Empirical regression; 10 cases Hy, V; None No material term;
validated on engi-
neered dams only

Froehlich [80] Empirical regression; 22 cases Vy, Iy None No material term;
heterogeneous de-
posits excluded

Peng and Empirical regression; 52 Hy, Wy, Vi, Vi; Ordinal Qualitative class; no

Zhang [4] cases; R? = 0.946 (full), 0.939  erodibility (3- high/medium/low erodi- quantitative GSD link
(simplified) class) bility class

Shan et al. [81] Empirical regression; 86 field Hy, Wy, Vi, Cy Cn = 1.326C; +1.013C; — Broad size groups; C,
cases, 44 for validation; 2.237C;; fine, cobble, and  and o, absent
R? = 0.908, root-mean-square boulder fractions
error = 0.217

Guan et al. [82] Empirical regression; 46 field Hj, Vj; erodibility & = 0 (low) or 1.38 (high); Binary erodibility; no
cases plus laboratory tests index & binary material proxy internal structure

Physics-based erosion models

Zhong Simplified physical model =~ Hj, geometry, 7., 7. and K; enter as lumped No seepage/armour

etal. [55] (DABA); Tangjiashan field Kyq, ¢, C material inputs and remain evolution; single-
case plus flume fixed through simulation =~ material calibration

Meietal. [36] Three-dimensional RANS-  Three- Coupled bedload, Detailed hydraulics;

VOF hydro-morphodynamic dimensional to- suspended-load, morphol- no evolving GSD or
model; benchmark testand  pography, sedi-  ogy, and side-slope evolu- seepage-conditioned
Baige field case ment transport,  tion resistance

side-slope proper-

ties

Meng et al. [38] Two-stage numerical model Hj, geometry, K;, Calibrated Kj;; 0.5-1.5x K; No GSD-based K;

(headcut + collapse); Baige  Cy, void ratio gives 42.64-47.70% relative site-calibrated inputs
dam field case Qp error

Material-informed process models

Maetal. [37]  Active-layer physical model; Hj, geometry, GSD-informed 7. via Fixed Kj; field GSD
Tangjiashan and Baige field = dynamic 1., soil  size-selective active layer:  required
cases; Qp errors 0.62% and  particle density ~ demax = T5/[0.02304,8(Gs —
2.3% Os 1)]

Data-driven classification models

Takayama Discriminant classification of Full GSD curve,  Fg min is the theoretical No Qy prediction; no
etal. [52] backward versus surface ero- Hy, hydraulics minimum suspended sedi- 7./Kj link

sion; 37 laboratory conditions ment fraction derived from

and 3 field cases the full GSD

Empirical models represent material effects through no explicit term, an erodibility
class, grouped size fractions, or a binary index [4,79-82]. These descriptors distinguish
broad conditions but do not resolve how GSD, fines content, coarse fraction, or seepage
history modifies erosion resistance. Physics-based erosion models introduce 1, Ky, strength,
or permeability-related terms, yet these inputs commonly remain spatially uniform and
fixed during simulation [36,38,55]. Greater hydraulic detail therefore does not necessarily
produce a dynamic material representation.
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Material-informed and data-driven approaches retain more gradation information,
but in different forms. The active-layer formulation updates surface GSD and effective 7.
as armour develops, while retaining a fixed K [37]. Classification approaches use full GSD
information or derived indices to distinguish erosion modes or stability classes, but have
not been linked quantitatively to both 7. and K; or shown to predict Q, directly [52,83].
No reviewed formulation jointly updates seepage-conditioned erodibility and armour-
controlled resistance within a framework tested against field cases.

Operational parameterisation therefore remains bounded by observability. Field GSD
reconstruction does not resolve coarse and fine fractions equally well [8], and neither DCI
nor Fg min uniquely determines erosion parameters. These descriptors are better used to
bound initial 7., K;, and permeability than to assign single constants. Combining those
bounds with inflow, lake volume, and geometry allows material uncertainty to propagate
to Qp, tp, Ty, and residual breach morphology.

4.3. Scale Effects and Field Applicability

Laboratory experiments isolate material effects under controlled hydraulic and geo-
metric conditions, but natural landslide dams contain stronger spatial heterogeneity than is
usually represented in prepared specimens. Field measurements at the Hongshihe land-
slide dam showed that mean K,; decreased from about 113 to 36 mm3 N~! s~! between
the surface and 12 m depth, demonstrating substantial depth-dependent heterogeneity in
erodibility [68], while field GSD reconstruction requires sampling methods that resolve
both coarse and fine fractions [8]. Laboratory trends identify material sensitivities; their
field applicability depends on whether the tested state represents the spatial variability of
the prototype dam.

Bulk descriptors capture a smaller fraction of the relevant material variability as the
represented volume and structural complexity increase. D5 records the median grain size
but omits gradation width and the coarse tail; fines content records the amount of fine
material but not its spatial distribution; and a single bulk GSD curve averages layers, local
zones, and interfaces into one composition. This averaging can assign the same material
description to locations with different hydraulic conductivity and erosion resistance. The
24% and 29% overprediction of final breach discharge in the two mixed size cases of Halso
et al. [27] illustrates the information lost when a broad GSD is reduced to a single grain
representation. Bulk Ds, fines content, and GSD can constrain prototype material states
but do not represent them completely.

The boundary conditions for particle-to-dam-scale parameterisation are specified in
Section 3.1. Because effective erosion parameters depend on spatial support, averaging pro-
cedure, and hydraulic forcing, layered or facies-contrasted dams are better represented by
explicitly stated zones or depth-dependent parameter fields with uncertainty bounds than
by an unqualified dam-wide average [62-64]. This is an evidence-informed representation
strategy, not a validated homogenisation rule for landslide dams.

Parameters representing material control are also scale- and support-dependent. Lab-
oratory values of 1., K;, and hydraulic conductivity k are conditional on specimen density,
saturation, packing, stress range, applied hydraulic loading, and the spatial support of the
measurement or calibration [62,63]. At field scale, material states vary spatially, while flow
depths and hydraulic gradients extend beyond those imposed in most flume tests [28,57].
Direct transfer of one laboratory value can therefore misrepresent both the location and
rate of breach development. This limitation is important because K; is highly sensitive in
field back analysis [38], while the experimentally derived associations of 7, with C,, and of
K, with Fy have not yet been tested across prototype scales [25]. Hydraulic conditions must
remain explicit in this transfer: inflow variation alone changed Q,, by a factor of 6.3 under
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constant material in the experiments of Shen et al. [84], and independent tests likewise
showed a strong dependence of failure timing and breach response on inflow [85].

Specimen preparation forms part of the evidential boundary. Table 8 compares only
design features verified in the primary studies. The studies differ in material regime and
scale, and in whether mixtures were reconstructed, placed in layers, compacted to a target
density, sampled in situ, or evaluated under one or multiple hydraulic forcings. Preparation
changes packing, void ratio, permeability, and particle contacts; these state variables can
alter the inferred erosion response even where nominal GSD descriptors are similar. The
resulting differences preclude direct pooling of parameter associations and fitted magni-
tudes across studies. Cross-study comparison supports only the directional conclusion that
breach behaviour and inferred resistance are sensitive to material composition and state.
The non-monotonic Q,~Dsy response was observed directly within the controlled material
series of Shen et al. [29], but its turning point is not transferable across preparation and
hydraulic regimes. Separate seepage tests showed that seepage can change the magnitude
and pattern of this response [33]. The C,—7. and F;-Kj associations have a narrower basis
because they were fitted within the reconstructed nine-test series of Zhang et al. [25] and
have not been independently reproduced under another preparation protocol. Their numer-
ical magnitude and strongest descriptor remain conditional on the prepared or deposited
state, hydraulic forcing, apparatus, and parameter-estimation method.

Table 8. Preparation and forcing features in principal erosion-parameter evidence streams.

Study and Evi- Material Preparation or Sampling Hydraulic Forcing and Parame- Comparison Boundary

dence Type ter Provenance

Zhang Landslide deposits were sieved, re- 7. and K; fitted separately from Within-programme associ-

etal. [25]; nine constructed to nine PSDs, and placed each breach record with the ation only; no orthogonal

overtopping-  in three layers to promote homogene- linear excess-shear law single-variable calibration

flume tests ity; changing the PSD could not fully or field transfer

isolate Dsg, C,, Ff, and F;

Shen et al. [86]; Ten reconstructed GSDs from kaolin, 5m X 0.4 m flume under six =~ Supports multivariable in-

flume erosion = silica sand, and gravel; dry density =~ discharges; critical conditions  terpretation; reconstructed

tests and void ratio were recorded and erosion response evaluated materials and forcing differ
across forcings from overtopping-breach

tests

Shen et al. [29]; Coarse-, fine-, and balanced- Eleven tests under constant Broad material-response ev-

overtopping- composition materials with reported geometry and inflow; 7. and idence; definitions and the

flume tests void ratio and permeability contrasts K fitted only for the balanced- fitted subset limit transfer

composition subset of parameter relations

Ma et al. [30];
flume breach
tests

Fine-, coarse-, well-, and gap-graded Twelve tests comparing mate- Preparation-dependent
mixtures were placed in 5-cm layers rial class and density effects on density—gradation interac-
and lightly tapped to target dry densi- breach process and morphology tion; no independent C,—7,

Chang
et al. [68]; in-
situ JET tests

ties of 1500 or 1780 kg m 3 or Fy-K; calibration

Twenty-seven locations in fresh de-  Jet-index testing of deposited  Different material regime

posits included natural-depth and material; 7. and K; related to ~ and apparatus; parame-

controlled-recompaction series; bulk void ratio, plasticity, GSD, and ter magnitudes are not

density, moisture, GSD, and com- compaction state interchangeable with

paction state were measured reconstructed-flume val-
ues
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Multiscale material representations could improve future breach prediction. One
possible hierarchy combines bulk GSD and fines content for initial screening, spatially
distributed zones defined by heterogeneity, facies, and interfaces, and evolving material
states represented through bounded 7., K;, and k fields. Intermediate- and large-scale
experiments are needed to test how these parameter fields change with scale; current large-
scale evidence supports persistence of material-related differences in Q), breach duration,
and residual height, but remains too limited to exclude scale effects [57]. Field sampling
and subsurface observations could then update the parameter bounds, with validation
against both breach morphology and hydrograph response. The predictive expression of
material controls depends on spatial resolution and hydraulic scale.

4.4. Future Directions

Future studies should measure evolving erosion resistance and spatial variation in
material properties in forms that can update breach models. Such measurements would
represent material effects on breach pathways more directly than a fixed categorical input.

Testing state-dependent K; and 7, requires paired observations of material state and
erosion response. Measurements before and after seepage conditioning should record satu-
ration, void ratio, fines loss, and erodibility [43,87]. During breach, repeated measurements
of active-surface GSD and erosion rate are needed to resolve selective erosion and armour
development [37]. Synchronising these observations with hydraulic loading and breach
geometry would help distinguish parameter evolution from changes in forcing.

Field characterisation should extend bulk Ds; and fines content with observations that
locate coarse zones, fine-rich layers, interfaces, and packing or permeability contrasts. Com-
plete GSD reconstruction requires complementary methods for coarse and fine fractions [8],
while depth-resolved sampling is needed where K; varies through the dam profile [68].
Material zones or bounded spatial fields can combine these observations with density or
porosity, hydraulic conductivity, 7., and K;. Geophysical observations may extend sur-
face and subsurface sampling, and targeted interface measurements can resolve gradients
omitted by bulk values [28,30]. Alternative material fields can then carry this uncertainty
without collapsing it into one calibrated parameter set.

Evolving and spatially variable material states need to be observed within the same
breach event. Experimental datasets should synchronise high-resolution measurements
of seepage and pore pressure, particle redistribution and local GSD, internal structure
evolution during conditioning and breach, breach topography, and discharge response.
Existing seepage experiments and active layer models provide separate parts of this
dataset [31,33,37]. A common parameter-estimation workflow could infer K, 7., and
hydraulic conductivity from the measured material states and update them as redistribu-
tion proceeds. Evaluation against breach morphology and the complete hydrograph, rather
than peak discharge alone, would test parameter transfer across scales.

For emergency assessment during the first tens of hours after dam formation—
operationally framed here as an approximately 24-72 h response horizon where such
time is available—material information must be translated into model constraints before
detailed subsurface characterisation is possible. Figure 2 summarises the operational logic:
hydraulic and geometric boundary conditions and rapid material diagnosis provide paral-
lel constraints on a selected forward-model ensemble, while event monitoring can update
both the hydraulic state and the represented material state. Table 9 complements the figure
by recording the information retained at each step, the evidence basis, and the unresolved
transfer boundary. The individual components are supported separately, but the complete
workflow has not been validated as an integrated protocol [8,28,33,36,40].
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BOUNDARY CONDITIONS

Descriptor redundancy should be evaluated only within consistently measured mate-
rial domains. The nine-test programme of Zhang et al. [25] did not vary D5, Cy, F¢, and
F. orthogonally, and the broader evidence base differs in material preparation, hydraulic
forcing, erosion equations, and parameter-estimation methods. A pooled multivariate
reduction is therefore not sufficiently robust for this review. Where future datasets are large
and internally consistent, exploratory multivariate screening may help identify redundant
descriptors, but the retained variables should still define bounded material zones or joint
parameter fields rather than unique 7. or K; values [62,88]. Event observations can likewise
narrow scenario ranges through a specified back-analysis procedure, as demonstrated in
event-specific applications such as Baige [64]; this does not constitute a validated gen-
eral updating protocol. Each parameter field should retain its erosion equation, units,
provenance, dependence, and calibration method [62,68-70,72].

Dam: Hy, Wy, crest / spillway geometry |
Lake and forcing: V), lake level, Qi / overtopping

A

RAPID MATERIAL DIAGNOSIS

Fine-rich or
fine-supported

Rapid observation
High F; fine matrix

Process implication

Lower permeability; possible
apparent cohesion

Model representation

Bounded Ky, T¢;
seepage scenarios

Broad GSD or
coarse-rich surface

Visible seepage
indicators

Facies contrasts
or interfaces

Rapid observation Rapid observation Rapid observation
Layering; packing or

GSD contrasts

Wet areas; turbid seepage;

Wide GSD; high F¢ local discharge

Process implication Process implication Process implication
Possible Stage 0 conditioning

or fines migration

Preferential flow or
localised erosion

Potential selective erosion
and surface armouring

Model representation Model representation Model representation
Active layer or

multi-fraction transport

Updated material state;

Zoned k, Ky, Te seepage-assisted scenario

MODEL APPLICATION

|

L

Selected forward breach model + hydraulic and material scenarios
Empirical / rapid physics-based / process-resolving, as information permits

+

Monitoring update

Qp, tp, Tp, Q(t), residual breach morphology
lake level; seepage;

Downstream flood scenarios and conditional uncertainty ranges discharge; morphology

Figure 2. Evidence-informed workflow for rapid landslide-dam breach assessment. Hydraulic and
geometric observations and rapid material diagnosis provide parallel, conditional inputs to a selected
breach model; monitoring can update the represented boundary and material states. The workflow is
a review-derived synthesis rather than an end-to-end validated protocol.

Table 9. Evidence-informed workflow for translating rapid material observations into alternative
breach-model inputs.

Step Suggested Observation Model Representation Output to Retain ~ Evidence Basis and Status
or Information
Screen GSD, facies or inter- Material and process  Transfer boundary Component evidence from field

faces, seepage indicators, domain
lake/inflow conditions,

and geometry

characterisation and flume stud-
ies [8,28,33]; not a validated
minimum set

and missing infor-
mation
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Table 9. Cont.

Step Suggested Observation Model Representation Output to Retain  Evidence Basis and Status
or Information
Diagnose Consistently defined Check redundancy and Retained descrip-  Non-orthogonal PSD variation
descriptors within each missing information  tors, dependence  and cross-site inconsistency
material and source do- before parameter map- structure, and ex-  limit universal descriptor reduc-
main ping cluded duplicative tion [25,62]; multivariate screen-
information ing is conditional on adequate,
consistent data
Represent Depth profile or zones;  Alternative bounded  Equation, units, Field variability and back-
density or packing joint 7., Kz, and provenance, depen- analysis evidence [62,64,68];
where available hydraulic-conductivity dence, and range  bounded-field construction is a
fields for each input synthesis
Predict Alternative material Ensemble breach and  Distribution of Q,, Proposed integration of existing
fields with hydraulic downstream-flood sim- t,, Tj, residual mor- breach and flood-scenario com-
scenarios ulations phology, and inun- ponents [36,40]; no end-to-end
dation scenarios validation
Update/ Discharge, timing, Event-specific back Narrowed condi-  Direct Baige back-analysis sup-
reassess  breach depth, or mor-  analysis or scenario tional range and port [64]; retrospective and

phology when observa-
tions become available

reassessment followed

updated scenario
envelope

event-specific, not a validated
general update rule

by re-prediction

5. Conclusions

This review synthesised experimental, field, and modelling evidence on how ma-
terial properties modulate landslide-dam breach evolution in non-cohesive to weakly
cohesive materials.

Across repeated flume studies, material effects are response-specific and require more
than one descriptor. Median grain size Ds, coarse fraction F., GSD width, and gap-grading
structure are associated with different aspects of stage timing, erosion mode, residual
morphology, and hydrograph response. The reviewed experiments show non-monotonic
responses to D5y and F;, while supporting embankment breach evidence indicates that
wider GSD can alter breach development even at fixed mean grain size [27]. These relation-
ships remain conditional on inflow, dam geometry, lake volume, density, and initial breach
configuration; D5 alone cannot represent their combined effects.

Evidence for distinct descriptor associations with 7. and K; currently comes mainly
from a single experimental programme. In the nine tests of Zhang et al. [25], T, was strongly
associated with C, and influenced by coarse particle structure, whereas K; was primarily
associated with Fy. These source-specific relationships require independent replication. The
current evidence supports using these descriptors to define alternative parameter ranges
or sensitivity cases, rather than assigning unique 7. and K; values from C, or Fy alone.
Assigning both parameters from one representative grain size risks conflating erosion
initiation with post-initiation erodibility.

Laboratory observations and process models indicate that resistance is state- and
location-dependent, but field-scale quantification remains limited. Pre-breach seepage can
redistribute fines and weaken the dam material. In prescribed particle-loss scenarios for
the first soil layer of the Gyalha simulation, 5-15% particle loss increased modelled K; by
approximately 3.2-8.4 times [43]. During breach, size-selective erosion and active layer
coarsening alter surface resistance, while carapace layers, inverse grading, and permeabil-
ity contrasts create spatially heterogeneous erosion pathways. Seepage preconditioning
and armour evolution should therefore be treated as potentially coupled material-state
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processes, although their combined behaviour has not yet been validated within a single
field-scale framework.

For current decision support, uncertainty bounds are more defensible than determin-
istic parameter transfer. Rapid prediction can use observable GSD and facies indicators
to bound plausible, stage-dependent 7. and K; values, then propagate those bounds to
Qp., tp, Ty, and residual breach geometry alongside uncertainty in inflow, lake volume,
and dam geometry. The main evidence needs are datasets linking field GSD to erodibility,
coupled seepage—armour models, and rapid subsurface characterisation of heterogeneous
dam structure. This use of bounds retains the material mechanisms identified here and
keeps hydraulic and geometric boundary conditions explicit.
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Nomenclature

The following symbols and abbreviations are used in this manuscript:

General abbreviations

Abbreviation Meaning

GSD Grain-size distribution
DCI Dam Composition Index
EP Erosion Point

Dpr Deposition Point

Hydrograph, geometry, and breach response variables

Symbol Meaning Typical unit or note
Qp Peak breach discharge m3/s

Qp Breach discharge m3/s

Qin Upstream inflow discharge m3/sorL/s
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Hy
Hmax

Time to peak discharge

Breach duration

Dam height

Dam width

Lake volume or impounded-water volume
Reservoir water volume used in selected empirical
models

Landslide-dam volume

Water depth in the breach channel

Mean dam height used in the Fg i, discriminant
Maximum reference dam height in the Fs 1., analysis

s, min, or h

s, min, or h

Source-specific
Source-specific

Material and grain-size descriptors

Symbol Meaning Typical unit or note
Median grain size; particle diameter for which 50% of

Dsg c mm or m
the material is finer

Dyy Particle diameter for which 70% of the material is finer ~—mm or m

Dgy, Dy, Coarse tail percentile diameters used as stability or

. . mm or m

Dos composition proxies
Particle diameter used with Dg4 to define oy in

D16 . mm or m
selected studies

Fy Fines content Source-specific fraction or %

F, Coarse fraction Source-specific fraction or %

Cu Coefficient of uniformity of the grain-size distribution =~ Dimensionless

og Geometric standard deviation or GSD width indicator ~Dimensionless
Fines content in selected erosion parameter

P . p Dimensionless or %
formulations

P. Clay content by weight Dimensionless or %
Fine grain group fraction in the material composition

Cs g group P Source-specific
coefficient C;;,
Cobble size fraction in the material composition .

Cy o Source-specific
coefficient Cy,
Boulder size fraction in the material composition .

Cr - Source-specific
coefficient Cy;,

c Material composition coefficient used in selected Dimensionless;

m

empirical Qp models

source-specific

Erosion, seepage, and resistance variables

Symbol Meaning Typical unit or note
- Critical shear stress for incipient erosion or particle Pa
motion
Ty Bed shear stress exerted by breach flow Pa
72PP Apparent erosion resistance along the breach surface ~ Pa
K, Erodibility coefficient Commonly .n,lm3 /(N s)or
model-specific
. m/s, mm/s, or
E Erosion rate .
source-specific
Ey Bed erosion rate or vertical incision rate m/s or mm/s
Ey Sidewall erosion rate or lateral widening rate m/sormm/s
P Hydpraulic conductivity (reported as permeability m/s
coefficient in some sources)
i Critical hydraulic gradient for piping or internal Dimensionless

instability
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d ¢,max

F S,min

8
x

Critical particle diameter separating mobile and
non-transportable grains in active layer modelling
Theoretical minimum suspended sediment fraction
used as an erosion pattern discriminant
Gravitational acceleration

Distance downstream from the dam crest

mm Oor m

Dimensionless

m/s?

m

Geotechnical and stability variables

Symbol

Meaning

Typical unit or note

C
¢

u

PI

Cohesion or apparent cohesion of dam material
Internal friction angle

Pore water pressure

Factor of safety for breach sidewall collapse
Failure block height in the sidewall stability expression
Breach sidewall angle

Near-upright side slope height before collapse
Critical side slope height for sidewall failure
Geometric angle used in the critical height
formulation for sidewall failure

Unit weight used in critical height formulations
Soil unit weight

Water unit weight

Water density

Soil particle density

Specific gravity of soil particles

Void ratio

Plasticity index

Pa or kPa
Degrees

Pa or kPa
Dimensionless
m

Degrees

m

m
Source-specific

N/m3

N/m3

N/m3

kg/m3

kg/m3
Dimensionless
Dimensionless
Dimensionless or %

Particle contact and model-specific variables

Symbol

Meaning

Typical unit or note

o

X0,min

Rq

Ro

R1/Ry

Initial contact angle in hiding—exposure analysis at the
particle scale

Minimum initial contact angle calculated from the
mobile-to-supporting particle radius ratio

Mean of the initial contact-angle probability
distribution in the source model

Radius of the mobile particle in the contact geometry
model

Radius of the supporting particle in the contact
geometry model

Radius ratio used in the hiding-exposure geometry
Erodibility index used in selected empirical breach
models

Friction coefficient in the headcut scouring

formulation

Degrees or radians
Degrees or radians
Degrees or radians
mm or m

mm Oor m
Dimensionless
Source-specific

Dimensionless;
source-specific
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