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ABSTRACT

Landslide dams composed of unconsolidated, noncohesive soil are easily affected by seepage. As seepage de-
velops, the dam’s characteristics change dynamically, indirectly affecting its stability. However, previous studies
on dam failure have mostly assumed that the dam characteristics remain constant before failure, often over-
looking these changes and their effects on stability. In this study, 48 sets of flume experiments were conducted to
quantify the impact of seepage under varying upstream inflow rates, dam heights, downstream slope angles, and
particle size distributions. During the storage phase, the rise rate of the water level is closely linked to the
seepage’s diversion capacity. The diversion rate of inflow reached as high as 0.747 in this study, but decreased to
0.230 as inflow increased. Furthermore, changes in the internal stress distribution within the dam, driven by
seepage, contributed to dam settlement and the sliding of the downstream slope. Notably, dam settlement
exhibited both non-uniform spatial distribution and temporal stage development. The maximum settlement ratio
between the point in the upstream breach and the point in the downstream breach reached as high as 2.79.
Regarding the soil changes within the dam, after the seepage channel became connected, the primary soil loss
involved silt particles ranging from 10 to 20 pm in size. This result reflects the increasing non-uniformity within
the dam caused by seepage. Finally, Considering the changes in dam characteristics under the influence of
seepage, in this study, a logistic regression model was established to assess dam stability. Overall, this study
enhances the understanding of how seepage affects dam stability by examining various dam properties and

presenting a model for stability assessment.

1. Introduction

In recent years, there has been a significant increase in extreme
geological disasters, characterized by frequent rainstorms and earth-
quakes, which have triggered numerous landslides that block rivers
(Costa and Schuster, 1988; Korup, 2004; Zheng et al., 2021). Landslide
dams, which form naturally and obstruct rivers, are typically composed
of loose materials, exhibit uneven particle distribution, and vary in
external shape. Due to the lack of artificial anti-seepage measures, such
as geomembranes and cutoff walls, for dams made of cohesionless ma-
terials, seepage can easily compromise their stability, especially when
there is a large difference in water head between the upstream and
downstream (Chen et al., 2021a; Jiang et al., 2019; Nian et al., 2020;
Shen et al., 2020; Zheng et al., 2021; Shen et al., 2022; Shi et al., 2022;
Nardini et al., 2024). Therefore, systematically analyzing dam stability
with respect to seepage provides valuable insights for mitigating the
hazards posed by noncohesive landslide dams.

Due to the sudden nature of landslide dams, fitting formulas based on
past cases are often used for the rapid assessment of dam stability.
Considering the influence of upstream catchment conditions and dam
geometric characteristics, Canuti et al. (1998) proposed the blockage
index (BI = log (VdAgl) to assess dam stability (Swanson et al., 1986).
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Furthermore, Ermini and Casagli (2003) introduced the dimensionless
blockage index (DBI = log (AbHdV(}l)), which emphasizes the influence
of dam height in overtopping failures. Similarly, Dong et al. (2011b)
developed logistic models for dam stability taking into account various
geomorphic variables. In addition, Stefanelli et al. (2016) presented a
hydromorphological dam stability index (HDSI = log (ViAp 'ST1)), which
considers dam destabilization due to river flow using a simplified
expression of stream power per unit channel length. Liao et al. (2022)
established a graded evaluation system for dam stability based on in-
dicators such as geometric parameters, material composition, longevity,
and spillway characteristics. Zheng et al. (2021) provided a qualitative
analysis of overtopping and seepage failures based on a study of 1737
worldwide cases. These studies have developed several statistical for-
mulas for assessing the stability of barrier dams, yet they have rarely
accounted for specific dam failure mechanisms.

In fact, approximately one-third of landslide dams last less than one
day, and half last less than one week (Fig. 1). This short longevity makes
it difficult to observe the complete failure process of the dam (Shen
et al., 2020; Zhong et al., 2021). As a result, Zheng et al. (2024) sug-
gested that the small-scale dam tests can be used to study the failure
processes and mechanisms of landslide dams. Based on model dam ex-
periments, the failure modes of landslide dams and the effects of seepage
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Fig. 1. Statistics of dam longevity (Shen et al., 2020): (a) the longevity of landslide dams at time of failure; (b) different dam longevity interval.
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Fig. 2. The model parameters considered in this study based on recent litera-
ture (Liu et al., 2023; Ruan et al., 2021b; Zhou et al., 2022b) and the detail
description of these symbols are shown in the abbreviations. The white symbols
in the figure represent the variables selected in this study.

and overflow on downstream slope erosion during dam failures have
been investigated in previous studies (Chen et al., 2015; Shrestha and
Nakagawa, 2016; Shen et al., 2022; Shi et al., 2022; Zhou et al., 2022a).
In the same time, consider the influence of seepage on the dam staibility,
Peng et al. (2021) indicated that the breaching duration decrease with
the increase of mean particle size. Chen et al. (2023) emphasized the
amplification effect of soil material changes due to piping on outburst
floods. Shen et al. (2024) suggested that variations in soil distribution
within the dam have a controlling effect on the failure process, high-
lighting the strengthening effect of non-uniform soil distribution.
However, most of these studies treat the dam before failure as a static
entity, rarely considering the dynamic changes in upstream conditions,
external geometry, and internal material distribution throughout the
water storage stage. Based on the long-term observational data, Sha-
fieiganjeh et al. (2024) indicated that the displacements in dam crown of
a long-existing landslide dam depends on the ratio of the lake level
changes, which are related to the effect of force distribution caused by
seepage development. Nevertheless, directly applying these mechanism
analyses to the rapid assessment of sudden landslide dam stability re-
mains challenging.

In this study, 48 sets of flume experiments were conducted to
quantitatively analyze the dynamic alterations in dam characteristics
casued by seepage under varying inflow rates, dam heights, downstream
slope angles, and particle size distributions during the water storage
phase. Simultaneously, the impacts of these changes in dam character-
istics were examined by analyzing the equilibrium relationship of soil
particle initiation on the slope under the combined effects of seepage
and overflow. Based on the quantitative evaluation of changes in dam
characteristics, a logistic regression model of dam stability was devel-
oped, and its accuracy and applicability were analyzed and verified by
six cases.These results can serve as a reference for emergency responses
to barrier dam disasters.

2. Materials and methods
2.1. Model setup

There are differences between dam models and natural dams.
Thereby, Peng and Zhang (2012) introduced several geometric param-
eters to characterize dam design, including the ratio of dam height to
dam width (Hyq/Wg), the dam shape coefficient (Vé/ 3/Hd), and the lake
coefficient (Vll/ 3/Hd). These parameters were used to assess the
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Table 1

Parameters of this study: the UI group has changed the upstream inflow; the DH
group has changed the dam height; the SA group has changed the downstream
slope angle; and the GA group has changed the grain size distribution. In this
study, the basic parameters were set as follows: Qs = 0.35 x 103 m3/s, Hy = 30
cm, a = 25°, G8(Grain size distribution).

Group  Upstream inflow Dam Downstream slope Grain size
rate Qs (x10 3 m3®/  height angle a (°) distribution
s) Hy (cm)

UI 0.20-2.50 30 25 G8

DH 0.35 20-50 25 G8

SA 0.35 30 15-35 G8

GS 0.35 30 25 Gl ~ G10

Table 2

Grain size distribution design. The initial soil refers to the soil (has been sieved
out particles larger than 2 cm) that without percentage adjustment of particle
group in this study.

Grain size distribution Particle content (%)

Group 1 (20-10 mm) Group 2 (<10 mm)

Gl Initial soil
G2 0 100
G3 10 90
G4 20 80
G5 30 70
G6 40 60
G7 50 50
G8 60 40
G9 70 30
G10 80 20
> .
= Silt Sand Gravel
Q
100} " " " . |

G1 (Initial soil)
—e— G2 (0:100)
—A—G3 (10:90)
—v— G4 (20:80)
60F —e—G5 (30:70)
G6 (40:60)
40 b G7 (50:50)
—e—G8 (60:40)
—*—G9 (70:30)
—e— G10 (80:20)

O—
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Fig. 3. Grain size distribution. The Gn (a:b) refers to Grain size distribution
number (percentage of group 1: percentage of group 2), as shown in Table 2.

similarity between model dams and natural dams (Ruan et al., 2021b;
Zhou et al., 2022a). In addition, Li et al. (2021) proposed the use of the
hydrodynamic coefficient ((QsTu)l/ 3/Hd) as an indicator of the upstream
inflow rate (Qs), where T, = 1 s. Furthermore, the Froude number (F, =
u(ghp®> = uy(gH1)">) can be used to characterize the similarity of flow
fields between the model and prototype dams under gravity (Shen,
2022).

The failure process of noncohesive landslide dams is governed by
complex interactions (Fig. 2) among hydrological parameters (such as
upstream inflow rate and lake volume), dam geometry, and dam mate-
rial properties (Zheng et al., 2021; Macchione and Graziano, 2024).
Given the significant variability in the size and geometric characteristics
of landslide dams in the field, this study did not focus on a specific dam
as a case study but instead aimed to investigate the impact of seepage on
non-cohesive landslide dams more generally. Based on previous studies
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Table 3
Range of five characteristic parameters of model.
Ha/Wq Vi®/Hq Vi"°/Hq (QsT)'*/Hy Fr
Cases 0.030-1.000 1.000-30.000 1.000-31.000 0.007-2.429 0.300-3.500
This study 0.148-0.371 1.107-21.892 1.648-8.396 0.002-2.500 0.357-3.371

Triangle weir

Pore pressure sensor

Fig. 4. Experimental: (a) experimental setup model; (b) flowmeter; (c) pore pressure collection; (d) pore pressure sensor; (e) physical setup of the experimental; and
(f) dam model.

(2)

Upstream Downstream

Dam model H,=30 cm

e

Downstream
6

3
[

Fig. 5. Standard working condition model and layout of pore pressure sensors: (a) side view; and (b) top view. In this study, the reservoir capacity of the dam ranged
from 0.20 to 0.53 m°.

(Jiang et al., 2020; Ruan et al., 2021a; Shi et al., 2015; Zhou et al., and grain size distribution (GS) (Table 1). Different grain size distribu-
2022a; Zheng et al., 2024), this study selected four key variables: up- tions were selected by changing the proportions of group 1 (20-10 mm)
stream inflow rate (UI), dam height (DH), downstream slope angle (SA) and group 2 (less than 10 mm) (Table 2 and Fig. 3). A comparison of
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Fig. 6. Seepage development process. (a) T = 0 s, the moment when the upstream reaches the upstream slope foot of the dam; (b) T = 521 s, the water level reached
12.5 cm, and at the same time, settlement occurred in the upstream dam body; (c) T = 672 s, the infiltration line reaches to the foot of the downstream dam slope; (d)
T = 867 s, settlement occurred in the downstream dam body; (e) T = 1257 s, the seepage appears on the downstream slope surface; (f) T = 1693 s, the water level

reaches the initial breach.

similarity between the model dam and the prototype dam is shown in
Table 3.

2.2. Experimental setup

The experimental setup was conducted at the Dongchuan Debris
Flow Observation Station (DDFOS) and comprised a triangular weir, a
storage reservoir, and a main flume (Fig. 4). To measure the inflow, the
triangular weir was paired with an electronic flowmeter for verification.
A storage reservoir, with dimensions of 1.0 m x 0.5 m x 0.5 m, provided
the primary storage capacity for the model. Measuring 6.0 m x 0.5 m X
0.5 m (L¢ x Wg x Hy), the main flume featured an adjustable longitudinal
slope. To minimize the impact of the smooth bottom plate on seepage
dynamics, a 20 cm thick soil layer was placed in the central section of the
flume, simulating a natural riverbed. During the experiment, a digital
high-definition camera (24 frames per second) was used to meticulously
document the intricate process of seepage development within the dam.
To thoroughly assess the pore pressure dynamics inside the dam, two
horizontal planes were equipped with DY202 pore water pressure sen-
sors, with an accuracy of 0.1 % and a range of 20 kPa. The configu-
ration of the additional sensors is illustrated in Fig. 5.

2.3. Experiment procedure
The detailed experimental procedure is as follows:

(1) Flume preparation: The dam contours were drawn on the side-
wall of the flume based on the predesigned dam shape. Then the
water pump was powered on, and the flow rate was adjusted to
the experimental design value using the triangular weir and
flowmeter. Group 1 and Group 2 materials were mixed in
different proportions according to the grain size distribution
shown in Fig. 3 to prepare the dam models.

(2) Dam Construction: The water pump was turned off, and the dam
model was constructed naturally, followed by manual trimming
as needed. Pore pressure sensors were installed during the dam
construction process. An initial breach was excavated on the right
side of the dam crest with dimensions of 5 cm in height and 10 cm
in width.

(3) Flume Experiment Process: Once dam construction was complete,
all instruments were activated simultaneously (Fig. 4). The water
valve was opened to allow inflow into the dammed lake. Obser-
vations were made in the downstream flume, and when turbid
water flows became visible, 100 ml of fluid was sampled every
300 s. During this process, the stability of the data curve from the
water level sensor in front of the dam was monitored, which
allowed for determining the conclusion of the dam failure
process.

(4) Geotechnical Experiment Process: After the flume experiments,
the turbid flow was dried to obtain the seepage soil, and the
particle size distribution of the soil was measured using the
Marvin experiment. Additionally, the permeability coefficients of
six dam materials were determined based on permeability
experiments.

(5) Data Processing: Pore pressure data were obtained from the pore
pressure sensors, while dam stability and water levels were
assessed from recorded video. The effective inflow rate Q, can be
calculated from the water level upstream of the dam:

V(T + AT) — V(T)

Q= AT (@)
The diversion rate (k1) of inflow at time T as calculated:
kr=1- w (2)

QAT
At time T, the volume of the reservoir is calculated according to
storage relationship:

V(T) = Wy x Wiy x Hy(T) +%HW(T) % [2Ly + Hy, (T)cot(B) ] x Wi 3

The development of the infiltration area could be calculated

So(T + AT) — So(T)

__Ysr
Ss = AT 4

The settlement rate (kpt) at time T was calculated from the dam
height:
Hy(T + AT) — Hy(T)

khT - Hdini (5)
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Fig. 7. Seepage development diagram: (a) development to the infiltrated area during the water storage stage; (b) development to the rate of infiltration area and rate
of change of the water volume in front of the dam during the water storage stage; (c) the end of the water storage; and (d) pressure comparison of the pore pressure

inside the dam.

3. Experimental results
3.1. Overall development characteristics of seepage

To reflect the seepage process, we introduce the case of GS1 (Qs =
0.35 x 1073 m3/s, Hy = 30 cm, a = 25°, and grain size distribution 1).
According to previous studies (Ruan et al., 2021b; Shen et al., 2022;
Zhou et al., 2022a), the dam failure process can be divided into two
stages: the water storage stage and the burst stage. T = 0 s marks the
beginning of the water storage stage when the inflow reaches the foot of
the upstream slope (Fig. 6 a). At T = 0-521 s, variations in pore pressure
occur at different locations along the river due to seepage, caused by the
water head difference. These variations in pore pressure lead to changes
in the internal stress distribution within the dam, resulting in differential
settlement along various sections of the river (ranging from 0.5 cm to 3
cm) (Fig. 6 b). At T = 521-672 s (Fig. 6 ¢, Fig. 7 a, b), considering the
correlation between the development rate of the infiltration area and the
seepage rate (Meng et al., 2021), the macroscopic effect of increased
seepage, driven by the rising head difference, is reflected in an accel-
erated rate of infiltration area expansion. Meanwhile, settlement occurs
in the rear section of the dam, ranging from 2 to 2.5 cm (Fig. 6 d). At T=
673-867 s, the rates of water volume change and infiltration area
development within the dam begin to slow (Fig. 7 ¢, d). At T =
1257-1693 s, the rise in water level slows further (Fig. 6 e, f). At T >
1693 s, the water level rises to the initial breach, and the upstream water
storage begins to overflow (Fig. 6 f). This marks the end of the water
storage stage and the beginning of the burst stage. At this point, the

upstream water volume is influenced not only by inflow and seepage but
also by overflow (Fig. 7 c).

A direct correlation between variations in the pore water pressure
and the failure process can ehance the understanding of the failure
mechanism. During the process of seepage development, as can be seen
from Fig. 7 d the order of the change in the pore pressure inside the dam
is 1-3-5-7-9 during the water storage stage.

During the burst stage, notably, the peak pore water pressures at
No.1 (1.987 kPa) and No.3 (1.835 kPa) are 1.625 to 1.760 times higher
than that at No.5 (1.129 kPa). The variation of pore pressure can to some
extent reflect the internal stress changes of the dam (Zhou et al., 2022a).
The pore pressure peak in the upstream measuring point exceeds the
downstream one(Fig. 7 d), indicating a diminishing impact of seepage
on the internal stress of the soil in the downstream direction. Due to the
erosion of the traceability scarp on the right side of the dam, the sensor
at the downstream measuring point No.5 was the first to be affected by
the overflow, resulting in an earlier sudden drop in the pore pressure
compared with those at points No. 1 and No. 3.

Horizontally, as shown in Fig. 7 d, the peak pore pressure at point No.
1 is higher than that at point No. 2, and the change at point No. 1 occurs
earlier. This indicates that seepage within the dam develops in a three-
dimensional space rather than linearly. At T = 2321 s, after the water
level begins to drop, pore pressure initially experiences a short period of
increase before eventually decreasing. This behavior suggests a 120 s lag
in the dam’s pore pressure response to changes in the water level.
Simultaneously, as overflow erosion intensifies on the dam, the pore
pressure inside the dam sharply decreases.
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Fig. 8. Influences of various factors on diversion rate: (a) the influence of
inflow rate; (b) the influence of dam height; (c) the influence of slope angle; (d)
the influence of uneven coefficient.

3.2. Diversion of inflow

Water infiltration and downstream slope outflow reduce the effective
inflow, which directly affects the growth rate of the water head during
the water storage stage (Casagli and Ermini, 1999; Ming et al., 2022; Shi
et al.,, 2022). The diversion rate k; induced by dam seepage can be
defined as the ratio of the average seepage flow (q = Qs — Q;) during the
water storage stage to the theoretical upstream inflow rate. In this study,
the diversion rate was 31.1-74.3 %.

As the inflow rate increases, the diversion rate decreases corre-
spondingly (Fig. 8 a), which may due to there is a significant threshold
for the discharge capacity of the soil section within a specific time unit.
Additionally, the diversion rate decreases with increasing initial height
of dam (Fig. 8 b). When Hy reaches 0.40 m, the landslide dam exhibits
stability. This demonstrates that, although seepage influence may be
higher in lower dams at the same water level, once Hy falls below a
certain threshold, the risk of overtopping increases significantly due to
the smaller storage capacity. As the downstream slope angle decreases,
the diversion rate shows an overall declining trend, fluctuating between
0.48 and 0.73 (Fig. 8 c). Referring to Fig. 8 d, the diversion rate of
seepage in the dam initially increases, followed by a decline as the un-
even distribution rate increases. In this study, when the uneven distri-
bution rate reaches 30.11, the soil skeleton within the dam transitions
from a coarse particle structure to a fine particle structure. Compara-
tively, the fine particle skeleton is more prone to collapse and blockage
than the coarse particle skeleton, thereby hindering the formation of
dominant seepage channels in the dam.

Based on 48 sets of model experiments, 34 sets of data were
randomly selected to establish the relationship between k;, dam height
Hjy, upstream inflow rate Qs, uneven coefficient dgo/d19, downstream
slope angle a, dam width Wy and gravitional acceleration g:

ke = f(Hq, Qs, dgo /dio, tana, Wy, 8) (6)

Using Qs and g as the basic dimensionless quantities to measure
variables, we can obtain

H d W,
ke=f| ——, =% tana, =2 )

°/Q2 /g dyo Hy

H, = Hg/(Q2/9)"2. Based on the data obtained, further fitting can be
conducted to obtain:
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Fig. 10. Changes in the dam height and settlement: (a) point A; and (b) point B.
The settlement rate of the dam (ky,), defined as the ratio of the height difference
(AHy) to the initial height (Hg) within a certain time period (AT) in a unit
length range.

14.856ln(H.
4856I(He) | 4 002c231n(C,) + 6.281 (tana)*

ke = — 2662

(8
78
+3.087 fvz 783ln(W:> ~7.052

2 of the fitted Eq. (8) determined using 34 randomly selected
datasets was calculated to be 0.629. Given the limited existing research
and data discussion about this particular issue, the formula was further
validated using the remaining 14 datasets. The verification results are
presented in Fig. 9.

3.3. Change in dam geometry

Seepage affects the stress distribution within the dam by increasing
water content and eroding soil particles (Chen et al., 2023; Liu et al.,
2023), which induces settlement and sliding of the downstream slope.
To investigate the specific development process, the GS6 (Qs = 0.35 x
1073 m3/s, Hy = 30 cm, a = 25°, grain size distribution 6) was selected.

As shown in Fig. 10, at point A, rapid soil settlement occurs between
0-250 s, followed by a slower settlement after 250 s. In contrast, point B
experiences three distinct periods of rapid settlement: 0-750 s,
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Fig. 11. Influences of various factors on settlement rate: (a) the influence of
upstream inflow rate; (b) the influence of dam height; (c) the influence of slope
angle; (d) the influence of uneven coefficient.

751-1750 s, and 2250-2750 s. Notably, the sharp drops in settlement at
point B during the intervals of 750-1750 s and 2250-2750 s are pri-
marily attributed to the sliding of the downstream slope, as indicated by
the change in slope inclination from 35.0° to 21.1°(Fig. 10). Conse-
quently, the consolidation settlement of the dam under the influence of
seepage can be summarized as exhibiting non-uniform development
along the river and phased development over time. Furthermore, the
sliding of the slope not only reduces the dam height but also strengthens
the erosion resistance of the downstream slope (Liu et al., 2023; Zhang
et al., 2023). However, in this experiment, only 12.5 % of the observed
cases exhibited significant slope instability, where the ratio of the slope
angle before and after the change exceeded 1.2. Consequently, the
following analysis primarily focuses on investigating changes in dam
height.

The actual settlement rate of the dam can be determined by aver-
aging the settlement rates measured at multiple points along the dam’s
crest during the water storage stage. As shown in Fig. 11 a, an increase in
the inflow leads to a shorter seepage development time and simulta-
neously decreases the settlement rate. Additionally, as dam height in-
creases, the dam volume increases, resulting in the rise in the settlement
rate. An increase in the downstream slope angle leads to greater
amplitude and likelihood of slope deformation, making steeper slopes
more prone to instability (Jiang et al., 2020). Thus, dam settlement is
more pronounced under steeper downstream slope angles. Moreover, as
the uneven coefficient (dgo/d1¢) increases, the grain size distribution
becomes more irregular, leading to an overall downward trend in the
settlement rate.

Based on this analysis, the settlement rate of the dam is influenced by
initial parameters such as upstream inflow rate, dam height, down-
stream slope angle, and soil particle size distribution. In this study, 34
sets of data were randomly selected to establish the relationship be-
tween the settlement rate k, and the upstream inflow rate Qs, dam height
Hjy, uneven coefficient dgo/d19, downstream slope angle a, dam base
width Wy, and gravitational acceleration g:

kn = f(Hq, Qs, dso/dio, tana, Wy, g) 9

Using Hyq and g as the basic dimensionless quantity to measure var-
iables, we can obtain
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Based on the data obtained, further fitting can be conducted to obtain
(He = Ha/(Q3/)*):

kn=f (10)

kn =0 07 ().112ln(tana) w. 0.0 w.
- — 0.206 97!

-0.102
an

In this study, 14 random experimental data were used to validate the
formula (Fig. 12). The R? value was calculated to be 0.769.

3.4. Change in soil particles in dam

During the water storage stage, infiltration through seepage channels
results in the continual removal of filling particles from the gaps within
the soil skeleton. This loss of particles disrupts the internal stress dis-
tribution of the dam, ultimately leading to instability (Shi et al., 2022;
Zhou et al., 2022a).

The observed variations in the particle size distribution during
seepage flow indirectly reflect changes in the soil particle composition
within the dominant seepage channel area (Chen et al., 2023). In the
case of SA1 (Qs = 0.35 x 1073 m%/s, Hy = 30 cm, a = 45°, grain size
distribution 6), the downstream seepage of the slope appears in T =
1932s. At T = 1932-3132 s, there is a significant presence of 10-20 pm
particles, accounting for more than 45 % of the total (Fig. 13 ¢). At T =
1932 s, the maximum particle size in the seepage flow reaches 251 pm.
At T = 2832 s, sliding occurs on the downstream slope, leading to
collapse and blockage within the seepage channel. As the water head
increases, the size of soil particles transported by seepage typically
grows, causing an increase in the maximum particle size. After T = 3132
s, the seepage channel within the dam tends to stabilize temporarily
before the seepage water pressure reaches a critical point, and the
maximum particle size erosioned by the seepage remains relatively
stable (Chang and Zhang, 2013; Sharif et al., 2015).

Based on Fig. 13 ¢, while the maximum experimental soil particle
loss can reach 593 pm, the predominant particle loss remains concen-
trated in the 10-75 pm range. As a result, soil erosion due to seepage can
be bifurcated into two components: erosion within the dam and erosion
on the downstream slope surface (Bendahmane et al., 2008). Notably,
the convergence of seepage flow on the downstream surface may lead to
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Fig. 13. Particle changes in seepage flow: (a) particle grain size distribution curve; (b) maximum size of particles from seepage flow; and (c) particle size distribution
in seepage flow. The particle size of less than 90 % of the soil mass was considered the representative particle size of the seepage erosion particles in the experiment.
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Fig. 14. The calculation process of particle size loss and soil non-uniformity coefficient in particle loss area. Given that the experimentally determined maximum
particle size of loss is somewhat influenced by particle blockage phenomena, the dy; was selected for the theoretical maximum particle size capable of being eroded
by seepage. In the same time, we have assuming that particles below are proportionally lost by Rgy;.

Table 4 36Aask,(1 —n)?
Variation in the soil particle distribution in the seepage area. The dp.x represents dyi = 3 (13)
. o - 8n
the maximum particle size of the downstream seepage flow, as measured in the
experiment. Chen et al. (2021Db) established a formula for the loss of latent erosion
Condition  dmu(um)  dga(im)  Rug Cu Cu Co/Cu soil, which allows the calculation of the mass of soil loss less than the
SAL 790 12477 0.028 2031 2342 11s corresponding particle size at different times:
DH4 1240 83.34 0.016 46.49 49.34 1.06 0 ; £\ 15
GS4 490 169.00 0.009 30.10 30.85 1.02 Ry =-—==1—exp|—0.015 (_) (_) 14
GS9 170 100.64 0.018 46.48 49.38 1.06 Uo L/ \lto
Using Eq. (14), the loss of the soil in the area affected by seepage can
a maximum particle size significantly larger than the predominant be determined (Fig. 14).
particles. Usually, in addition to conducting flume experiments, the dpax value
For this result, it is reasonable to prioritize the principal particle size obtained from indoor seepage experiments can also be used to determine
most susceptible to seepage erosion over the actual maximum particle the soil particle size affected by seepage. Subsequently, after the alter-
size observed, as the latter represents a relatively small fraction. The loss ation of the particle size distribution, the d’¢o/d’1¢ ratio can be derived
of soil primarily occurs after the seepage channel has penetrated. The (Table 4).

effective particle size formula proposed by Sha (1981) can be used to
determine the penetration of the seepage channel:

i= (;l—s— )(1 — Tl)asde/dski a2
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Fig. 15. The influence of seepage development on landslide dam characteristics: (a) initial landslide dam; and (b) changes in dam characteristics.

4. Discussion
4.1. Influence of dam characteristic changes

In this study, the impact of seepage on dam characteristics is pri-
marily reflected in the reduced rate of water level rise, deformation of
the dam geometry, and the loss of soil particles, which lead to changes in
dam stability (Fig. 15). The failure modes of landslide dams can be
categorized into three types based on the failure characteristics: over-
topping failure (62.5 %), seepage + overtopping failure (20.8 %), and
seepage failure (4.16 %). The overtopping failure is more likely to occur
in conditions characterized by large inflow and weak dam diversion
capacity (Briaud et al., 2008; Tacconi et al., 2018). In such cases,
effective seepage channels are typically not formed, and the impact of
seepage is primarily evident in the changes to the dam’s geometric
shape. When upstream inflow is moderate and effective seepage chan-
nels can form, the dam is more prone to seepage + overtopping failure
(Zhou et al., 2022b). The influence of seepage in these cases is reflected
in reduced effective upstream inflow, alterations in dam geometry, and
soil particle loss (Kalkani, 1997; Soueid Ahmed et al., 2020; Shafiei-
ganjeh et al., 2024). When upstream inflow is low or the dam has a
strong diversion capacity, seepage-induced particle loss becomes the
dominant factor, leading to a higher probability of seepage failure.
Furthermore, if the dam has a robust diversion capacity and a relatively
coarse particle skeleton, the reduction in effective inflow may allow the
dam to remain stable under flow erosion. In this study, such stable
conditions were observed in about 12.5 % of cases.

For seepage + overtopping failure, the erosion process of soil parti-
cles can be divided into four stages: within the dam, internal erosion is
primarily driven by seepage; above the seepage spill point, the exterior
of the dam is mainly affected by overflow erosion; at the seepage spill
point, erosion is influenced by both overflow and seepage; and below the
seepage spill point, erosion is impacted by the combined flow of over-
flow and seepage. On the whole, erosion at the seepage spill point is
representative of the overall erosion process in seepage + overtopping
failure. The specific analysis process is as follows:

The theoretical seepage rate can be calculated using the calculation
formula proposed by Shun (2016) for seepage in earth-rock dams:

H2 — (Hy + ap)”
q=k - upstream
2[As + L — my(H.
) [4s+ >(Hz + ao) | (15)
q= :nao( +23lgH2+a°) downstream
2

In this study, the downstream water level H; of the dam models was
close to 2-4 mm, which was much smaller than the height of the dam.
Therefore, a certain simplification can be made. Under the assumption
that the seepage flow is consistent, the theoretical seepage flow can be
obtained as follows:

HZ
mz

As + L
2m2

(As+L)"
4m3

=k, (16)

The overflow formula (Singh and Snorrason, 1984) is used for this
purpose:

Fig. 16. Kinetics analysis of soil particle agglomeration on downstream dam slope. Sliding instability and rolling instability often occur randomly at the outlet.

10
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Qb = kg (c1bH}® + c2moHL®) a7

In accordance with Eq.(16) and Eq.(17), it is evident that the changes
in the dam height (Hg) and upstream inflow rate (Qs) have a direct
impact on the seepage (q) and overflow (Qp). Consequently, these
changes subsequently influence the scouring capacity of the composite
flow (Qo)-

For the particle initiation process under the influence of composite
flow, the solution can be obtained by referring to the following pro-
cedure. Under the assumption of uniform void ratio within the dam and
spherical particles, the particles can experience several forces (Fig. 16):
the drag force (Fp) exerted by the water flow, the lifting force (Fgr)
resulting from the flow velocity differences, the difference (Fp) between
the gravity and buoyancy of the particles, the seepage force (Fp), and the
friction (Ff) between the soil particles and the slope surface (Shi et al.,
2022). Furthermore, it was necessary to consider the bonding force (F¢)
between the eroded particles and the slope particles:

25
_T.(Po
FC_2e<ps) p.d 18

For the friction between the soil particles and the slope surface:
Fr = f[Fscosa + Fcsin(a + 6;) — Frcosf, — Fpsin(a — as) — Fpsinf, ] slide
19
The particle instability process on the downstream slope can be
specifically divided into sliding instability and rolling instability. For
sliding instability, the force balance relationship can be established
based on the particle center, and for rolling instability, the moment

balance relationship can be established based on the particle-soil contact
point Op:

FpcosOy + Fysina + Fccos(a+ 0y ) — Fr + Fpcos(a — as) — Frsinf, = 0 slide

d d
F,sinf3— = F,cosf;— roll

2 2
(20)
Here:
Fy = Fpcos(a — ;) + Fecos(a — as) + Frsin(a — 65) — Fccost
F, = Fpsin(a — 0,) + Fg — Frcos(a — 02) + Fcsin6, + Fpsin(a — as)
@n

Based on Eq. (20) and Eq. (21), can obtain:

Fp(cosO, — fsind,) + Fy(sina — fcosa) + Fclcos(a + 61) — fsin(a + 61) |
+Fg(fcosOy — sindy) + Fp[cos(a — as) + fsin(a — as) | = Oslide
(22)

Fpsin(0, + 03 — a) + Fpsin(as + 03 — a) + Frcos(a — 02 — 03)

+Fcsin(0; — 03) — Fycosf3 = 0 roll 23)

By combining the expressions of forces in the Section Abbreviations,
it can be obtained:

A[gd (p, = py) = hapugid®(1 +€) = Bhsepy ]
3p,d[(cosl, — fsinds)Cp + (fcosdy — sind,)Cy |
Up =
4[2488 (ps — p) — 25Pu8Id* (1 +e) + 3Asep, | roll
3p,d[Cpsin(0; + 05 — a) + Crcos(a — 6, — 03) |

(24)

The motion of soil particles is one of the microscopic manifestations
of dam failure (Graf, 1984; Shen et al., 2022). Base on Eq.(24), it can be
seen that the critical flow rate of the particle initiation is influenced by
various factors. These include the properties of soil particles (ps and f),
the distribution characteristics of particles (03, 63 and e), the geometric
shape of the dam(a), the upstream hydrological characteristics (i), and
the flow intersection situation (as and 6;). The above analysis indirectly
reflects the impact of changes in dam characteristics on the instability
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Table 5
Accuracy rate of model identification.

Predicted Observed Percent calibration (%)
Stable dam Unstable dam
Stable 6.0 1.0 85.7
Unstable 2.0 39.0 95.1
Total percentage 93.7
Table 6

Verification of case parameters.

Zhou et al. (2022) Ma et al. (2024) Shi et al. (2017)

and Zhang et al.

(2015)
Case 1 Case 2 Case Case Case Hongshiyan dam
3 4 5
Q(L/s) 49.34 48.89 6.26 6.26 6.26 127,219.20
H,(m) 1.66 1.85 0.20 0.22 0.22 81.35
-5

k(x10 2.90 2.90 1.80 5.20 1.90 0.10

m/s)
d’60/d’"10 20.32 26.10 4.20 19.26 20.26 26.10
tana 0.81 0.81 0.50 0.50 0.50 0.27
Wq(m) 10.00 5.50 1.20 1.20 1.20 1807.00
Vi (m®) 500.00 500.00 0.24 0.24 0.24 260,000,000.00
y 7.26 0.15 27.65 13.43 18.65 —0.86
Dam U U U U s

stability

and failure process of the dam.

4.2. Judgment of dam stability

The upstream inflow rate plays a crucial role in determining the rate
of water level rise and the scouring capacity of the overflow. Previous
studies (Dong et al., 2011b; Hu et al., 2011; Ruan et al., 2021b) have
indicated that a smaller inflow and a larger storage capacity result in a
longer seepage development time and a weaker scouring capacity of the
overflow. The geometric conditions, such as the dam height (Hy),
downstream dam slope angle (@), and dam width (Wy), also influence
the development path of the seepage within the dam. Shang et al. (2003)
and Stefanelli et al. (2018) indicated that a lower dam and a larger
downstream slope angle lead to a shorter seepage path within the dam.
Furthermore, the seepage coefficient of the soil particles significantly
affects the rate of seepage development. Shen et al. (2020) and Meng

30
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Fig. 17. Case distribution: y < O stable; y > 0 unstable.
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Fig. 18. The comparison of prediction model calculation result: (a) DBI model (Ermini and Casagli, 2003); (b)I; model (Korup, 2004); and (c) Ly(PHWL) model (Dong

et al., 2011b).

et al. (2021) demonstrated that a higher seepage coefficient results in a
greater seepage development rate.

Here, it can be assumed that the stability state of the dam is measured
by y (dimensionless). Specifically, when y > 0, the landslide dam will
become unstable; when y < 0, the dam maintains stability. Based on
these findings and the exeperimental results, the landslide dam con-
forms to the following functional relationship:

Yy :f(Qrvng/diovksyHr>av Wd7 Vr)

Using H; and ks as the basic dimensionless quantities to measure
variables, we can obtain:

Qo Wa Ve
yif(H?k; drlov ’Hr7 H?

where H; = (1—k)Hq and Q; = (1—k;)Qs, which can be calculated using
Eq.(8) and Eq.(11).

In reference to previous studies (Costa and Schuster, 1991; Cui et al.,
2009; Dong et al., 2011b), let S = WaH2(tan a)/V; and Ty = Qi/(HZksC' ).
The experimental data consisting of 48 cases were randomly divided
into a training set (21 unstable groups, three stable groups) and a target
set (21 unstable groups, three stable groups) (Dong et al., 2011a). Using
parameters S and T, a binary logistic regression model for dam stability
was established. The model’s predictive ability was tested using the
confusion matrix presented in Tables 5 and 6:

(25)

tana (26)

y = 11.283In (S) +5.913In (T;) + 22.175 27)

12

If y < 0, the dam is stable; otherwise, the dam is considered unstable.

By comparing Tables 5 and 6 with Fig. 17, the applicability of the
formula was verified through six cases. In the same time, this formula
has a higher reliability under existing boundary condition by comparing
with other three existing formulas (Fig. 18). This result may be related to
factors such as the scale of the data and the parameters considered in the
formula. In addition, the greater the absolute value of y, the higher the
probability of stability or instability of the corresponding landslide dam
(Dong et al., 2011a).

4.3. Limitation

Due to the sudden nature of landslide dam formation, detailed re-
cords of dam parameters are often unavailable in many cases. As a result,
in the verification phase of this study, this study supplemented the data
by selecting landslide dams of the similar type and utilizing data from
relevant literature. However, the data used for verification may still
differ from the actual parameters of natural cases.

The accuracy of logistic regression models is highly dependent on the
choice of the database. Although the similarity between the model dams
and prototype dams was verified using certain dimensionless co-
efficients, significant scale differences between the two still objectively
exist. Therefore, the logistic regression model developed in this study
serves more as a reference for identifying dam stability under field
conditions.



X. Lietal

5. Conclusion

Through the analysis of 48 experimental groups, we examined the
dynamic alterations in dam characteristics under seepage and their
impact on dam stability. The following conclusions were drawn:

(1) Seepage not only effectively slows down the rate of water level
rise but also induces changes in the internal stress distribution of
the dam, leading to increased non-uniformity in the structure of
noncohesive landslide dams. Additionally, a lag feedback loop
between dam deformation and seepage develop was evidenced by
the time discrepancy in pore pressure fluctuations corresponding
to the progression of the breach.

(2) Although the maximum diversion rate reached 74.7 % through
water infiltration and downstream slope outflow in this study, a
certain upper limit to the diversion capacity is determined by the
dam’s external geometric shape and material composition. The
deformation of the dam, manifested as settlement and down-
stream slope sliding, exhibits non-uniform distribution both
temporally and spatially, which correlates with the non-uniform
development of seepage within the dam. To further evaluate the
impact of seepage development on dam characteristics, two
dimensionless evaluation models, based on initial inflow condi-
tions, geometric conditions, and particle distribution parameters,
were developed and demonstrated to fit the experimental data.

(3) The erosion process caused by seepage during the water storage
stage can be divided into two forms: internal erosion within the
dam and downstream slope erosion. As particles are continuously
lost, the soil structure within the dam becomes more complex and
unevenly reinforced. In this study, the non-uniformity coefficient
of the soil in the seepage channel area increased by 1.02 to 1.15
times under the influence of seepage before dam failure.

(4) Based on the theoretical analysis of seepage and overtopping
failure, it has been verified that the stability of the dam under
flow erosion is influenced by water flow conditions, dam geom-
etry, and soil materials. Considering the reduction in effective
inflow, dam settlement, and the loss of soil particles caused by
seepage within the dam, it can be assumed that the stability of the
dam does not follow a straightforward trend of becoming either
more stable or more unstable as seepage progresses; instead, it

Appendix A

Table Al
Database of fitted.
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exhibits a complex response that may vary depending on the
specific conditions.

(5) To quickly assess dam stability, a binary logistic regression model
was developed based on the dam characteristics change. The
model incorporates composite variables S and Ty, as follows: y =
11.283In(S) + 5.913In(T;) + 22.157 (y > O unstable; y < O sta-
ble). Six cases from a previous study were used to validate this
model, showing that the predicted stability aligned with actual
results. This indicates that this model can give a certain reference
for the identification of dam stability.
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Working condition Ha/(Q¥/g) V° dso/d10 tan a Wa/Hq S T; ke kn y
Observed Calculated Observed Calculated

uIl 20.648 46.487 0.869 3.080 0.455 0.394 0.743 0.645 0.104 0.137 —0.842
Ul2 5.178 46.487 0.466 4.242 6.001 0.124 0.311 0.373 0.063 0.047 12.248
UI3 6.667 46.487 0.466 4.242 3.752 0.090 0.518 0.427 0.068 0.052 10.050
Ul4 6.504 46.487 0.466 4.242 2.685 0.091 0.416 0.484 0.069 0.060 7.425
UI5 7.655 46.487 0.466 4.242 1.216 0.124 0.453 0.548 0.073 0.073 2.379
Ul6 6.933 20.315 0.700 3.525 5.715 0.177 0.513 0.463 0.077 0.089 15.625
u17 9.426 46.487 0.466 3.975 1.586 0.278 0.474 0.547 0.063 0.061 14.017
UI8 16.687 46.487 0.466 3.975 0.305 0.292 0.570 0.607 0.089 0.091 3.790
uI9 13.214 46.487 0.577 3.829 0.926 0.144 0.747 0.571 0.080 0.084 4.372
UI10 6.350 46.487 0.577 3.829 3.536 0.158 0.418 0.450 0.063 0.064 11.961
UIll 4.839 46.487 0.577 3.829 7.493 0.251 0.23°0 0.345 0.047 0.055 16.193
UI12 8.993 46.487 0.577 3.829 2.111 0.138 0.672 0.507 0.083 0.071 9.497
DH1 19.621 46.487 0.466 4.019 0.371 0.293 0.564 0.608 0.113 0.107 4.820
DH2 8.759 46.487 0.466 4.575 1.553 0.046 0.639 0.477 0.088 0.072 2.326
DH3 11.455 46.487 0.466 4.375 0.853 0.079 0.676 0.477 0.066 0.072 2.305
DH4 17.027 46.487 0.466 4.146 0.421 0.138 0.585 0.536 0.087 0.076 —0.044
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Table A1 (continued)
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Working condition Ha/(Q¥/g) /° deo/d10 tan a Wa/Hq S T; ke kn y
Observed Calculated Observed Calculated

DH5 18.390 46.487 0.700 3.358 1.101 0.339 0.613 0.587 0.097 0.085 —0.903
DH6 15.779 46.487 0.700 3.525 0.376 0.093 0.651 0.630 0.134 0.132 8.098
DH7 16.866 53.091 0.999 3.097 0.227 0.134 0.680 0.627 0.105 0.115 —1.332
DHS8 4.772 46.487 0.466 4.575 5.366 0.075 0.350 0.639 0.074 0.159 —1.381
DH9 8.357 46.487 0.466 4.575 1.688 0.044 0.530 0.340 0.087 0.057 8.384
DH10 6.725 30.107 0.700 3.430 8.675 0.144 0.485 0.478 0.097 0.080 13.123
DHI11 9.204 20.315 0.700 3.430 4.277 0.240 0.580 0.518 0.080 0.092 15.323
DH12 6.734 20.315 0.700 3.658 7.828 0.066 0.647 0.455 0.116 0.094 15.670

Table B1

Database of fitted (continued).
Working condition Hg/(Q%/9) V/° deo/d1o tan a Wa/Hq S T, ke kn y

Observed Calculated Observed Calculated

SA1 13.520 29.852 0.700 3.525 0.725 0.159 0.680 0.605 0.103 0.116 1.353
SA2 12.462 29.852 0.999 3.097 0.484 0.188 0.700 0.617 0.113 0.133 3.519
SA3 12.418 46.487 0.364 4.845 0.149 0.107 0.613 0.530 0.086 0.068 —9.781
SA4 15.533 46.487 0.268 5.563 0.373 0.220 0.523 0.464 0.107 0.057 3.667
SA5 15.811 46.487 0.364 4.578 0.347 0.253 0.560 0.605 0.076 0.103 2.381
SA6 15.715 46.487 0.577 3.562 0.327 0.309 0.595 0.617 0.087 0.125 4.109
SA7 13.673 46.487 0.268 5.830 1.483 0.094 0.686 0.634 0.095 0.124 6.392
SA8 14.423 46.487 0.700 3.525 0.702 0.118 0.610 0.508 0.107 0.068 4.950
SA9 14.561 46.487 0.999 3.097 0.536 0.215 0.696 0.572 0.090 0.080 3.841
SA10 20.648 46.487 0.869 3.080 0.295 0.412 0.743 0.624 0.104 0.101 5.362
SA11 15.240 20.315 0.700 3.303 1.599 0.674 0.715 0.600 0.082 0.100 5.269
SA12 6.116 12.313 0.700 3.430 5.545 0.122 0.443 0.441 0.074 0.089 20.757
SA13 6.511 30.107 0.700 3.658 0.638 0.298 0.554 0.455 0.084 0.087 7.406
GS1 18.510 28.804 0.466 4.075 2.345 0.245 0.600 0.554 0.124 0.090 15.465
GS2 14.346 46.487 0.466 4.242 0.627 0.123 0.581 0.568 0.078 0.080 0.354
GS3 10.423 20.315 0.466 4.242 1.798 0.066 0.556 0.569 0.087 0.095 5.021
GS4 10.277 30.107 0.466 4.242 0.499 0.199 0.550 0.568 0.079 0.088 —2.032
GS5 12.008 50.275 0.466 4.242 1.979 0.157 0.569 0.568 0.074 0.102 6.092
GS6 11.657 53.091 0.466 4.075 3.843 0.195 0.595 0.599 0.077 0.113 6.393
GS7 9.926 28.804 0.466 4.075 7.679 0.180 0.527 0.599 0.097 0.123 10.373
GS8 20.107 53.091 0.466 4.075 1.225 0.272 0.620 0.554 0.075 0.100 18.878
GS9 10.609 46.487 0.700 3.525 0.645 0.147 0.526 0.605 0.107 0.103 2.262
GS10 11.720 46.487 0.466 4.242 0.989 0.125 0.652 0.548 0.073 0.073 3.442
GS11 15.730 30.107 0.700 3.303 0.823 0.192 0.708 0.600 0.087 0.107 12.928
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