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ABSTRACT
Seepage within landslide dams can cause erosion and mass failure of the soil, potentially leading to dam damage. Therefore, this study 

conducted an on-site experiment with a controlled flood and numerical modelling to analyze the variation of pore water pressure in a land-

slide dam. Images and water level data from the dam-breaching experiment were utilized to construct a time series of three-dimensional 

MODFLOW 6 models at real-world conditions. The spatiotemporal changes in groundwater levels within the dam during dam failure were 

analyzed. The model calibration result shows a similarity between the simulated groundwater levels and the measured water levels inside 

the dam. The groundwater model allows investigating seepage near the dam damage zone where subsurface water level observation is not 

possible. In conclusion, information gathered from the dam-breaching experiment and groundwater modeling provide valuable insights for 

future landslide prediction and decision-making for disaster mitigation.

INTRODUCTION	

Following the Chichi earthquake on September 21, 1999, a lot of landslide dams were created and blocked river channels (Chen, 1999). 

Several studies have employed systematic flume experiments to investigate the mechanisms behind the progressive failure of landslide dams 

( Jiang et al., 2019). The failure modes of landslide dams can be categorized into three types: Overtopping Failures, Slope Failures, and Pip-

ing Failures (Tahata, 2002). In cases of the overtopping failures, water level inside the dam continues to rise for a period before gradually 

decreasing, and seepage occurs from the upstream slope to the downstream slope (Yu, 2021).

Riverbed infiltration and groundwater level variation within the landslide dam are crucial contributing factors to dam’s structural integrity 

in the natural environment. Groundwater modelling is paramount for investigating seepage-induced slope failure for landslide dams. With 

the rapid improvement in computational capabilities and the widespread use of modelling software, groundwater modelling has become a 

standard tool for hydrogeologists to execute most groundwater-related projects (Abdulla and Tamer, 2006). In additional, large-scale field 

experiments are also emerging as a significant trend in future research on landslide dams (Wu et al., 2011).

Currently, most of the research focus on surface water flow changes over landslide dams, with fewer conducting in-depth studies on the 

impact of groundwater variation inside the dam. To achieve a precise disaster analysis and comprehend hydraulic patterns, on-site experi-

ments supplemented with numerical simulations for comprehensive investigation are essential. This study overcomes the scale challenge by 

launching rare on-site landslide dam failure experiments, data collection, and groundwater modeling by utilizing MODLFLOW 6 (Langevin et 

al., 2017). The groundwater model is expected to assist decision-makers and planners in selecting the most suitable solutions and proactively 

implementing disaster prevention measures.

METHODS
Study area

The experimental site is located at the LanDao Creek, Huisun Forest Recreation Area in Nantou County, Central Taiwan. A large-scale land-

slide area in the upstream of the LanDao Creek is the source of sediment. During typhoons or heavy rainfall events, a large quantity of 

sediment is transported downstream. The sediment at the experimental site was used as the material to construct the landslide dam for a 

dam breach experiment. Fig. 1 provides an overview of this study area.
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Figure 1: Map of the study area, the landslide dams, and surrounding environment.

Field Experiment 

The on-site experiment utilized deposited sediment from the river bed for the layered construction of the dam. Table 1 shows the dam con-

figuration and sediment properties. Due to the high sediment load transported by water flow during the dam failure process, variation of 

notch morphology beneath the flow was hard to identify. Pressure-type water level loggers and triaxial sensors were placed on the riverbed 

and inside the dams (see Fig. 2 and Fig. 3). The water level loggers were used to measure the changes in creek water level and dam pore 

water pressure over time. Several water level loggers were also buried downstream of the Dam 1 to determine the surface water infiltration 

at the riverbed. The process was recorded using cameras and unmanned aerial vehicles (UAVs) for subsequent modelling and analysis. The 

detailed configuration is illustrated in Fig. 2 and Fig. 3. The reason of arranging loggers on one side is due to limited number of loggers and 

the nearly geometric symmetry of the dams with respective to the stream channel. 

Figure 2: Location of field instruments
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Figure 3: Arrangement of water level loggers in Dam1

Numerical Modelling

Because the dam integrity is influenced by surface water overtopping and in-situ pore water pressure variation, understanding groundwater 

level changes by the surface water is indispensable. However, water level data was not enough to disclose the spatiotemporal groundwater 

level distribution across the entire dam, especially near the notch. This study used unstructured grids and MODFLOW 6 (Langevin et al., 

2017) to develop a time-series groundwater models to simulate groundwater level distribution along with the dam breaching process. Videos 

from cameras and unmanned aerial vehicles (UAVs) were used to delineate the dam geometric changes at specific times. 

RESULTS AND DISCUSSION
Groundwater level analysis

An initial notch was designed for dam failure analysis, with its central coordinates set at (0, 0). A longitudinal elevation profile crossing 

the notch was selected as the water surface line. Water level measurements from water level loggers embedded in the dam base and the 

riverbed were used to monitor the groundwater levels in the study area, focusing on the water level variations inside the dam. The dam 

failure analysis and groundwater modelling focused on a period 30 minutes before overtopping to 15 minutes after overtopping, a total of 

45 minutes. The red line in Fig. 4 indicates the moment of overtopping at time 15:00:52. The results indicate: (1) during the dam construc-

tion, the sediment was tightly packed. Therefore, infiltration into the dam was relatively low, and the water level in the storage area rose 

rapidly, and (2) as approaching the dam breach, water level in the storage area rose slowly. Therefore, groundwater level rising rate in the 

dam decreased (Fig. 4).

Figure 4: Estimated groundwater level distribution at different times based on water level loggers before Dam1 overtopping
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After overtopping, the dam breach resulted in the outpouring of water and sediment and dam damage. The storage area between the two 

dams began to fill water rapidly, and the ponded water infiltrated into Dam 2 rapidly, causing a rapid drawdown phenomenon. Simultane-

ously, the structural failure of the Dam 1 led to a rapid decrease in water levels in the storage area of Dam 1 (Fig. 5). Additionally, water 

level data beneath the riverbed showed that when Dam 2 was eroded by sediment-laden flow, vertical infiltration was detected, causing a 

rise in water level beneath the riverbed. Fig. 4 and Fig. 5 show the estimated groundwater level distribution at different times based on water 

level loggers before and after Dam 1 overtopping.

Figure 5: Estimated groundwater level distribution at different times based on water level loggers after Dam1 overtopping

The result shows that the rate of descent in groundwater levels is notably faster after overtopping. By delineating the boundary of breach 

water flow (Fig. 6) and building time-varying model geometries, it was found that within five minutes after overtopping, significant failure to 

the dam was caused by surface water flow. Subsequent failure was relatively smaller, and the water flow tended to become more gradual. 

These results also assist in the construction and comparison of the MODFLOW 6 model.

Figure 6: Surface water level distribution at different times along a cross section of the notch for Dam1 after overtopping

Numerical simulation

This study utilized MODFLOW 6 for groundwater modelling. The groundwater level in the storage area at full water level was utilized 

through steady-state simulation. Initial conditions, boundary conditions, and other necessary MODFLOW packages (e.g., DISU, NPF and 

GHB packages) were developed based on on-site data. Fig. 7a depicts the initial condition with groundwater flow occurring 2-3 meters 

below the dam. Fig. 7b and 7c show the variations in groundwater head one minute and five minutes after the overtopping start by setting 

different General-Head Boundary conditions (GHB). Comparing these results with the water level differences in Fig. 5 and 6, the seepage 

conditions in the numerical model align with on-site instrument analysis. This result indicates that the dam will experience slow seepage 

failure, and dam breach will cause significant changes in dam shape in the first one to five minutes during overtopping (Fig. 8). These results 

can affirm the flow changes beneath the breach location and in the dam that are not observable to the naked eye.
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Figure 7: MODFLOW 6 simulation results: (a) the initial condition for groundwater level of -6 m, (b) groundwater level one minute after initial condition, and (c) groundwater level five minutes

after initial condition.	

Figure 8: Dam breach grids from one minute to five minutes after overtopping.

Table 1: Dam1 configuration and soil-mechanical properties used for the MODFLOW 6 model..
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CONCLUSIONS
By on-site experiments, this study analyzed the variations in surface water and groundwater levels in the area of dam breach during storage 

area filling. Groundwater models were used to investigate the groundwater level changes during dam structure failure. The results showed 

that the water level rise during the reservoir filling period was relatively slow, with a slight and steady increase in groundwater levels within 

the dam. Upon overtopping, the dam structure underwent failure, causing a significant drop in surface water level due to lowering breach 

topography. Similarly, groundwater level was affected by the dam structure breaching, leading to a decrease in water level. By utilizing the 

MODFLOW 6 model, the temporal variations in groundwater levels within the dam can be analyzed. This study outcome will improve the 

understanding of dam-breach erosion conditions and strengthen disaster prevention and response capability. 
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