OVERTOPPING FAILURE OF THE LONG-EXISTING LANDSLIDE DAMS
UNDER HEAVY PRECIPITATION AND ITS CONCEQUENTIAL HAZARDS
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ABSTRACT

Heavy precipitation events as a result of climate change can induce overtopping and, consequently, the failure of long-existing landslide
dams. In this paper, the consequence flood hazard of the potential Obernberg landslide dam failure in Austria due to a heavy rainfall event
is investigated. The DBI-IWHR physically-based model which is based on a hyperbolic erosion equation is used to estimate the breach
hydrographs for different erosion rates. The obtained peak discharge varies between 226 m3/s and 492 m3/s depending on the definition
of the erosion coefficient. The impact of the flood wave on the downstream area is assessed with spatial plots of flood intensities showing

maxima between 54 m?/s and 90 m?/s for the different dam erosion rates.

INTRODUCTION

Landslide dams are formed as the result of the natural blockage of a mountain river valley by a mass movement. They pose damming haz-
ards to the upstream area and flood hazards to the downstream region (Costa and Schuster, 1988). A heavy precipitation event can act as a
trigger factor in raising the backwater lake level of the long-existing landslide dams and even lead to overtopping. This process can further
cause erosion of the dam material which leads to flooding of the downstream region. The overtopping failure of the landslide dams has
been analyzed through empirical relations based on past events (Peng and Zhang, 2012), and physically based models (Chen et al., 2015;
Xue et al., 2021) regarding the soil erosion and hydrodynamics during the breach process. In comparison to the empirical approach which
obtains a discrete value for the peak discharge, the physically based models consider the erosion process and obtain the flood hydrograph

with an iterative numerical simulation (Xue et al., 2021).

In this paper, to examine the effect of heavy rainfall events on the long-existing landslide dams, the case study of the Obernberg landslide
dam (Austria) is selected. The breach process of this dam is investigated by the DBI-IWHR (Chen et al., 2020; Chen et al., 2015) physical-
ly-based model. Further, the HEC-RAS software is applied to simulate downstream flooding.

METHODS

The Obernberg landslide dam is located 25 km south of Innsbruck, Austria, and is dated 8.6 ka (Ostermann et al., 2012). The rock avalanche
deposit formed a backwater lake which is separated in two parts by a morphological ridge (Figure 1). The two parts are connected dur-
ing the snow-melting season and under heavy rainfall events when the water level rises considerably. The backwater lake level fluctuates

throughout the year and marginal overflow from the lake has been observed in recent years (Shafieiganjeh et al., 2023).
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Figure 1 Location of the case study (modified after Ostermann et al., 2012); and the trace of the breach is carried out illustrated.
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The DBI-IWHR model is used to predict the flood hydrograph due to the failure of the Obernberg landslide dam. The broad-crest weir flow
equation is used to calculate the outflow of the dam. The initial breach velocity, dam crest elevation, initial lake level elevation, dam crest
width, water drop ratio, and average velocity are the required parameters of the algorithm. The initial breach velocity is estimated by solving
the dam breach model using formulations developed for embankment dams (Macchione, 2008; Peter et al., 2018). Based on a sensitivity
analysis by Chen et al. (2020), the water drop ratio which is defined as the ratio of lake level drop to the whole depth of the lake is sug-
gested between 0.6 to 0.8. The water drop ratio is further used in calculating the flow depth at the initial breach geometry. The widening of
the breach is computed by the analytical geotechnical model based on a circular slip surface. The erosion process in this model is solved

using a hyperbolic model:

dz T— 1T,
dt a+b(t—1,)

Equation 01

where T and t_c are shear stress and its value for initiation of erosion, a, and b are defined either based on regression or experience. 1/a is
the tangent of the shear stress-erosion rate curve at the start of the erosion, and 1/b presents the erosion rate as the shear stress approaches
infinity (Chen et al., 2020). Regarding the sensitivity analysis by Chen et al. (2020), a is equal to 1, and b is suggested between 0.0002 and
0.0007 as the upper and lower bounds. In this study, three erosion rates of high, medium, and low are defined in which b is equal to 0.0002,
0.00045, and 0.0007, respectively.

The inflow into the lake at the time of breach is set as 1.3 m3/s regarding a daily precipitation of 600 mm/day. During a recent flood event
on August 2023 in Tyrol province of Austria, that reached the 30 years flood discharge, the maximum precipitation of 160 mm/day was
recorded (info.bml.gv.at)This leads to a substantial increase in the lake water level, starting from the assumed lake level at the beginning of
the precipitation event and leading to overtopping of the dam with a maximum lake level that is 0.6 m higher than the dam crest. The water
depth at the dam crest is estimated based on the volume difference of the highest observed lake level (Shafieiganjeh et al., 2023) and the
dam crest elevation. The required inputs into the DBI-IWHR model are summarized in Table 1 based on the geometry of the dam and its
geotechnical characteristics (Shafieiganjeh et al., 2023). In Table 1, the broad-crested weir coefficients are considered based on the calibrated
model for the Baige landslide dam (Chen et al., 2020), the regression coefficients of the storage-capacity curve are calculated based on W=
P1(HO-Hr)2+P2(HO-Hn)+P3, where W is the reservoir capacity in Mm3, the roughness of the dam crest material in terms of flow resistance
is extracted from Arcement and Schneider (1989) based on the grain size, and the incipient shear stress is calculated as Equation 02. The
Manning-Strickler equation is originally not appropriate for steep slopes (Ferguson, 2010), but, nevertheless widely applied in the developed
physically-based models for landslide dams (Chen et al., 2015; Zhong et al., 2018; Chen et al., 2020; Xue et al., 2021).

2
T, = §gD50(ps — Pwater)tang

Equation 02
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Parameter Unit Symbol Value
Properties of dam and lake

Elevation of dam crest ma.s.| Zo 1593
Elevation of dam foot ma.s.| Zend 1566
Minimum elevation of the lake ma.s. H; 1579
Elevation of the reservoir ma.s.| Ho 1593.6
Channel initial width m Bo 11.2
Erosion length m L 15.5
Bank inclination degree Bo 173
Inflow to reservoir md/s Qin 1.3
Coefficient of the broad-crested weir

Flow coefficient mg 0.36
Lateral shrinkage coefficient mp 0.9
Water drop ratio m 0.7
Coefficient of erosion rate

Incipient velocity m/s Ve 1.83
Erosion coefficient a 1.00
Erosion coefficient (low, medium, high erosion) 0‘00%2686070045’
Regression coefficients of the storage-capacity curve

Coefficient 1 Py 0.01
Coefficient 2 P> -0.08
Coefficient 3 P3 0.91
Geotechnical properties

Material Density kg/m? Ds 2130
Specific gravity Gs 213
Bulk Density kN/m3 y 13
Average particle size m Dso 0.02
friction angle degree ) 40
cohesion kPa c 58
void ratio v 0.45
The roughness of the dam crest material 0.024
Incipient shear stress Pa T, 124

Table 1 Input parameters of the DBI-IWHR model to calculate dam breach hydraograph.

To model the flood propagation due to the dam break, a 2D unsteady flow hydrodynamic approach using the HEC-RAS 6.4 software is ap-

plied. HEC-RAS solves the Diffusion-Wave equation (DWE) and Shallow-Water equations (SWE) using a combination of finite-difference and

finite-volume methods. The considered floodplain along a 12.5 km river covers an area of 1.8 km2. The model is uniformly meshed in 2.5 m

size and the time step in solving the equations is 0.2 s. As shown in Figure 2, discharge from three gauge stations (ehyd.gv.at) is considered

for the definition of a low discharge, representing the initial condition before the dam break is initiated. The simulation duration is five hours

to fully consider the characteristics of the dam break hydrograph and the time until the maximum flow intensities are reached throughout

the entire computational domain. To better visualize discharge propagation and determine the arrival time of the peaks at specific locations

along the flood plain, cross sections (CS) are defined with a 0.5 km distance right after the dam, a 1 km distance in the Obernberg valley

(Seebach River), and a 2 km distance along the Sill River.
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Figure 2 Considered floodplain represented with a 5 m resolution DTM (Airborne Laser scan data in the projection EPSG: 31254, (www.tirol.gv.at); mean discharges in June for the past thirty

to fifty years are assigned to the three gauge-stations.
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RESULTS AND DISCUSSION

The breach hydrographs are distinct based on the applied erosion rates (Figure 3-a). The peak discharges of 491.6 m3/s, 309.8 m3/s, and
226.1 m3/s are calculated for the high, medium, and low erosion rates, respectively. It can be observed that, as the erosion rate decreases,
the duration of the breach increases. The required time for the peak wave to reach the model outlet is 37, 40, and 46 minutes for high, me-
dium, and low erosion rates, respectively. As the investigated case is a long-existing landslide dam and a carapace layer consisting of large
boulders covering the dam’s crown, the occurrence of a high erosion process due to a heavy rainfall event seems to be not likely. Moreover,
the estimations based on the coefficients of medium and low erosion rates obtained a closer range of the results than the high erosion
coefficient. In Figure 3-b, the calculated hydrographs during the dam breach in HEC-RAS are shown at 0.5 km (CS 02), 6.5 km (CS 08), and
12.5 km (model outlet) distance from the breach section. According to the figure, the breach process starts at 7:00:00 AM after reaching the
steady-state flow. The peak value is decreasing along the simulated river between CS02 and CS08 for all erosion rates. However, the peaks
increase due to the added inflow to the flood wave from Sill, Gries at Brenner, and St. Jodok at Brenner gauge stations. Regarding the erosion

process, the duration in which the discharge at the outlet is above 100 m3/s is 1, 1.3, and 1.6 hours for high, medium, and low erosion rates.
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Figure 3 a) Breach hydrographs obtained with the DBI-IWHR for the different erosion rates. b) Discharge hydrographs at the cross-sections number 2, and 8, and the model outlet obtained
from the flood simulation in HEC-RAS.

The impact of the dam break on the floodplain is investigated through the intensity of the flood wave (Figure 4). The maximum intensities
(depth of the flood multiplied by the velocity of the flood) of 91, 68, and 54.3 m?/s are obtained at the dam location for high, medium,
and low erosion rates, respectively. Accordingly, the values of the intensity at the outlet of the model reduce to 33.5, 23.5, and 18.5 m?/s.
However, the intensity increases at the locations where the width of the valley decreases. Regardless of the erosion rate, the flood intensity

in the downstream area indicates a severe hazard in case of a landslide dam break.
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Figure 4 Intensities of the flood wave shown on the 5 m DTM (Airborne Laser scan data in the projection EPSG: 31254, www.tirol.gv.at) for the downstream floodplain of the Obernberg

landslide dam assuming a) high, b) medium, and c) low erosion rates, respectively.
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CONCLUSIONS

In this paper, the application of the DBI-IWHR physically based model allowed the examination of the overtopping failure of the long-ex-
isting landslide dams under heavy precipitation. The physically based models develop on the basis of the failure data of the newly formed
landslide dams. Therefore, their applicability to a long-existing landslide dam requires a detailed determination of the geotechnical prop-
erties of the dam, assessing the hydraulic boundary conditions of the lake, defining a strong trigger factor, and modification of the erosion
process. The erosion process formulation, and accordingly, the erosion coefficients govern the outcome range of the peak discharge. The
medium and low erosion coefficients display a closer range of the peak discharge (310 m3/s and 226 m3/s) toward one another in com-
parison to the high erosion coefficient (492 m3/s). In addition, the peaks’ travel time from the dam to the model outlet shows a reverse
relation with the erosion coefficient. The flood resulting from the dam break impacts the downstream area regardless of the erosion rate
with maximum intensities between 54 and 90 m?/s. Hence, the breach is causing a severe flood hazard in the downstream region. However,
the intensities reduce along the considered river and also at the locations where the valley is wider. Overall, it can be concluded that due to

climate change effects, the long-existing landslide dams have the potential to induce severe hazards in their downstream area.
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