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1 INTRODUCTION 

Prince Rupert (the City), a coastal city of about 14,000 people, is located on Kaien Island on the coast of 
Northwest British Columbia. The City is separated from Digby Island and Metlakatla by the Port Hardy 
passageway. The City’s 22-km harbour is one of the deepest, natural, ice-free harbours in the world able 
to accommodate the largest of container ships.  

Being a coastal city bordering the Pacific Ocean and nestled into a mountain, surrounded by the Great 
Bear Rainforest, the City is susceptible to tsunami (or tidal wave) generated from seismic events in the 
Pacific and from conceivably local landslides. The City was granted funding through the National Disaster 
Mitigation Fund to conduct a tsunami flood risk assessment to investigate the tsunami treat to the 
community and facilitate more extensive emergency planning. The City engaged Northwest Hydraulic 
Consultants Ltd. (NHC) to undertake a tsunami flood risk assessment to determine the potential levels of 
inundation and tidal velocities in the Prince Rupert Harbour area in the event of tsunami. 

This Appendix provides a description of the development and validation of the landslide-generated 
tsunami wave model. 

2 LANDSLIDE-GENERATED WAVE DYNAMICS 

Landslides entering water may generate large waves that are extremely destructive near their source. 
Figure 2-1 shows the locations of some known landslide-generated tsunamis along the Pacific coast of 
Washington, British Columbia and Alaska, recorded over the last two centuries. The largest ever 
recorded occurred 60 years ago in Lituya Bay, Alaska, approximately 700 km north of Prince Rupert. As 
shown in Figure 2-2, the Lituya Bay tsunami wave reached a run-up height of 524 m on the shore 
opposite the slide (Fritz et al., 2001). 
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Figure 2-1 Locations of known landslide-generated tsunamis along the Pacific northwest coast 
(Rabinovich et al., 2003) showing also location of Prince Rupert 

 

 

Figure 2-2  The 1958 Lituya Bay landslide-generated tsunami wave (Fritz et al., 2001) 
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Figure 2-3 shows the three phases of sub-aerial landslide-generated tsunami waves (Heller et al., 2009):  
1) wave generation caused by the impact of slide with the water body; 2) wave propagation radially 
away from the point of impact accompanied by attenuation of its amplitude; and 3) wave run-up against 
the shoreline. The impacting slide typically generates a crater-like feature on the water surface, whose 
outer rim propagates as a radial wave.  

The initial phase of wave generation is the most complex, as it involves the interaction of a solid slide 
with liquid water. The exact dimensions, speed, behaviour, mobility and material properties of landslides 
are subject to considerable uncertainty and are very difficult to predict. Additionally, the behaviour of 
the slide could range from rigid non-deformable body (e.g. rockfall, ice block) to deformable fluid-like 
body (e.g. debris flow, mudslide), with various degrees of possible slide deformation and mobility in 
between.  

Bullard (2018) found that slides made of granular material become extremely mobile once saturated 
with water, behaving almost like a fluid, not much different from water. The size of the slide also seems 
to influence its mobility, as the analysis of terrestrial and extraterrestrial landslides seem to suggest. 
Lucas et al. (2014) found that -due to some yet unknown physical process- larger slides exhibit lower 
friction angles and move faster than smaller slides, which may suggest that massive slides probably 
behave more like viscous fluids than dry solids. 

 

Figure 2-3  The three phases of landslide-generated tsunami waves (Heller et al., 2009) 
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3 NUMERICAL MODELLING OF LANDSLIDE-GENERATED WAVES 

Since the generation and propagation of tsunami waves caused by landslides is a complex three-
dimensional (3D) physical process (Figure 2-3), its accurate numerical modelling can be quite 
challenging. Regarding wave propagation, it is well-known (Wikipedia, 20181) that two-dimensional (2D) 
shallow-water flow models (that solve the Saint-Venant equations) cause unrealistic deformations in the 
shape of solitary tsunami waves, which is not the case when 3D non-hydrostatic flow models are 
applied. Modelling of the wave generation phase is even more challenging. 

When modelling wave generation, numerical models typically assume the slide behaves as either  
viscous fluid (Rabinovich et al., 2003), granular material (Crosta et al., 2001; Huang et al., 2017) or rigid 
solid (Vasquez, 2017). Because modelling a viscous fluid is simpler, most numerical models make that 
assumption; while very few models can actually simulate the slide as a rigid body. Among the available  
3D computational fluid dynamics (CFD) models, FLOW-3D (www.Flow3D.com) seems to be one of the 
best-suited for modelling landslide-generated waves, as it can model slides as viscous fluid, granular 
material or rigid solid. Additionally, its 3D non-hydrostatic capabilities allow FLOW-3D to accurately 
model the wave propagation and run-up phases. 

Over the last decade, several researchers have compared experimental observations of landslide-
generated wave hydrodynamics with numerical predictions made by FLOW-3D, with good results. These 
tests have successfully verified FLOW-3D for modelling both submarine and sub-aerial landslides; 
assuming rigid and deformable slides; including the well-known Lituya Bay landslide event in Alaska 
(Basu et al., 2009). Gyeong (2012) validated FLOW-3D using three large scale laboratory experiments of 
subaerial landslides concluding that model results fall within the allowable accuracy indicated by the US 
National Tsunami Hazard Mitigation Program (NTHMP), and the guidelines of the National Oceanic and 
Atmospheric Administration (NOAA). Vasquez and de Lima (2016) found that wave run-up heights 
predicted by FLOW-3D were within ±10% of experimental values. Vasquez (2017) further verified FLOW-
3D for modelling the propagation of landslide-generated waves over long distances. 

The main limitation of FLOW-3D is that CFD models are intended for detail ‘near-field’ high-resolution 
modelling around certain regions of interest and not ‘far-field’ modelling away from those regions. This 
is because CFD models are computationally demanding and not practical if the region to be model is very 
large, as is the present case of Prince Rupert. Alternatively, a 3D non-hydrostatic flow model such as 
TELEMAC-3D can be used to model more efficiently for large regions. However, TELEMAC-3D can only 
model a single phase fluid (i.e., water only) and has not been verified as thoroughly as FLOW-3D for 
modelling landslide-generated waves. 

 

                                                           

1 “Shallow water equations”. https://en.wikipedia.org/wiki/Shallow_water_equations, last edited on 9 October 2018. 

http://www.flow3d.com/
https://en.wikipedia.org/wiki/Shallow_water_equations
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The modelling strategy adopted by NHC for this study is as follows:  

• First, FLOW-3D was verified against the well-known Lituya Bay landslide-generated tsunami 
(Figure 2-2) assuming a deformable slide. 

• Once FLOW-3D was successfully verified, it was used to model the short-term (first 15 minutes) 
landslide-generated wave dynamics associated with sites identified for the Prince Rupert region.  

• The FLOW-3D results were used as benchmark to validate TELEMAC-3D model which is then 
used to model the long-term (30 minutes) landslide-generated wave dynamics. 

3.1 FLOW-3D 

FLOW-3D (www.FLOW3D.com) uses a simple rectangular orthogonal mesh (Cartesian grid with 
rectangular prismatic cells). The solid is interpolated into the grid using the Fractional Area-Volume 
Obstacle Representation (FAVOR) method, in which a solid is allowed to cut through a cell and its 
location is recorded, not by moving the edges of the cell to conform to the solid as in body-fitted 
meshes, but in terms of the fractional face areas and fractional volume of the cell that are not covered 
by the solid. In this way, the grid and the solid remain independent of each other and it is easy to modify 
the solid while keeping the grid unchanged. This makes it easier for a moving solid, like a falling 
landslide, to move through a grid that remains invariant during the simulation (Basu et al., 2009, 
Vasquez, 2016). 

 

While NHC has already verified FLOW-3D for modelling tsunami waves generated by rigid slides 
(Vasquez, 2016, Vasquez, 2017) additional testing was conducted to simulate deformable slides using 
the Lituya Bay flume experiments carried out by Fritz et al. (2001). The flume experiment rebuilt a 2D 
vertical cross section of Gilbert Inlet (Figure 2-2) at 1:675 scale (Figure 3-1). The slide was made of 
granular material representing the full-scale slide of 970 m in length and maximum thickness of 92 m. A 
gauge probe located at 885 m from the slide impact area measured a maximum wave height of 152 m, 
while wave run-up height at the SW headland reached 526 m, very close to the 524 m observed in reality 
(Figure 2-2)   

http://www.flow3d.com/
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Figure 3-1  Cross section of Gilbert Inlet used for Lituya Bay experiment (Fritz et al., 2001) 

The FLOW-3D model reproduced the same flume geometry shown in Figure 3-1. But because a constant 
thickness was adopted for the slide, a constant  slide thickness of 46 m (half the maximum value in the 
experiment) was used in FLOW-3D (Figure 3-2). The slide density was assumed as 2,650 kg/m3 with a 
porosity of 40%, leading to a bulk density of 1,590 kg/m3. The slide was assumed as either water,  
viscous fluid (10 times more viscous than water) or granular material. Roughness height was assumed as 
0.01 m and the mesh cell size as 10 m. Several FLOW-3D tests were conducted, only results for four of 
them are shown in Table 3-1 for comparison with the experimental results. 

 

 

 

Figure 3-2  Snapshots of FLOW-3D simulation of Lituya Bay tsunami – viscous fluid 

 

Slide 970 m x 46 m 

Max. run-up = 527 m 
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Notably, all the results of FLOW-3D shown in Table 3-1 are within ±6% of the experimental values. 
Modelling the slide as granular material increased the computational time considerably and did not 
provide significantly better results. The simulation using viscous fluid led to the best results and the 
setup was adopted for the Prince Rupert model. 

Table 3-1  Comparison of experimental and numerical tests for Lituya Bay experiment 
Test / slide material Wave height (m) Wave run-up (m) 

EXPERIMENT (Fritz et al., 2001) 152 526 
FLOW-3D: Water 147 556 

FLOW-3D: Viscous fluid 152 527 

FLOW-3D: Granular 0.01 m 155 530 
FLOW-3D: Granular 0.1 m 144 514 

 

 

A preliminary geomorphic analysis of all slopes bordering the sea within 20 km of Prince Rupert was 
conducted using existing LiDAR imagery of Kaien and Digby islands, Google Earth satellite images and 
scanned aerial photographs of the Prince Rupert area. Three slopes (Figure 3-3) with possible 
geomorphic indicators of instability and sufficiently steep to be of concern were identified: 

• Landslide Site 1 (Slope 01 on Figure 3-3) is located approximately 4 km northeast from Seal Cove 
at the northeast tip of Kaien Island (where Seal Cove Water Airport, Coast Guard Heliport and 
Prince Rupert Marine Communications and Traffic Services are located). 

• Landslide Site 2 (Slope 02 on Figure 3-3) is located on the west side of Kaien Island 
approximately 3 km south from Prince Rupert Ferry Terminal to Digby Island Airport. Site 2 is 
also located roughly 2 km south from Fairview Container Terminal and 4 km north from Ridley 
Terminals. 

• Landslide Site 3 (Slope 03 on Figure 3-3) is located on Smith Island, approximately 16 km south 
from Prince Rupert.  
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Figure 3-3  Area of LiDAR survey acquisition (orange polygon) and slopes identified for landslide 
assessment 

Landslide-generated simulations were conducted for Slides 1 and 2 in this study for the purpose of 
illustrating inundation and impact due to landslide. Slide 3 was not considered as it is located more than 
16 km away from Prince Rupert. The landslide location, geometry and impact velocity are summarized in 
Table 3-2. Note that these are ‘worst-case’ events as they assumed slope failure would occur at 
locations which show no evidence of recent or ongoing slope instability. 

Table 3-2  Landslide location, geometry and impact velocity  
Slide Location Angle Length (m) Width (m) Thickness (m) Velocity (m/s) 

1 54.3656 N -130.2569 E 32 580 150 20 20 
2 54.2654 N -130.3542 E 32 1,240 1,000 10 10 
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The model covered an area of approximately 21.20 km by 19.52 km which includes Prince Rupert in 
Kaien Island, Digby Island and its airport, Metlakaltla and Port Edward; as well as the railway bridge 
crossing towards Ridley Terminals and Highway 16 bridge crossing at Galloways Rapid.  

In the vertical direction the mesh went from El. -100 m up to El. 20 m. Around the slides, the mesh was 
locally raised to cover the top of the slides: El. 255 m for Site 1 and El. 450 m for Site 2. Five metre cell 
size was used around the water surface between El. -20 m and El. 20 m, and around the landslide site. 
Ten metre cells were used elsewhere. The total number of cells was 233.4 million.  

The bathymetry and topography in the model were generated from several overlapping datasets, 
including the aerial LiDAR survey collected on June 29, 2018.  

 Table 3-3  Summary of dataset used to develop model DEM  
Dataset Resolution 
ETOPO1 1 arc-minute 
British Columbia 3 arc-second Bathymetric Digital Elevation Model 3 arc-second 
Southeast Alaska 8 arc-second MHHW Coastal Digital Elevation Model 8/15 to 8 arc-second 
Canadian Digital Elevation Model 20 metre 
Electronic Navigational Charts, Canadian Hydrographic Service Various resolutions 
Airborne Imaging of Calgary, Alberta, Canada, The City of Prince Rupert 1 metre 
USGS NED Digital Surface Model AK Ifsar, United States Geological Survey 5 metre 
Prince Rupert Area Intertidal LiDAR, University of Northern British Columbia  1 metre 

The initial tide water level was set to El. 3.67 m, while roughness height was set to 0.1 m. Following the 
findings from the Lituya Bay verification, the slide was modelled as a viscous fluid with bulk density of 
1,590 kg/m3. 

Modelled water surface elevation at Seal Cove and Cow Bay for Slides 1 and 2 are shown in Figure 3-4 
and Figure 3-5, respectively.  
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Figure 3-4  Time series of water surface elevation at selected locations – Slide 1 

 

 

Figure 3-5  Time series of water surface elevation at selected locations – Slide 2 

 

Two model meshes (Figure 3-6 and Figure 3-7) were developed for the study to simulate the tsunami 
propagation and inundation induced from the landslides, one for Slide 01 and one for Slide 02 (Figure 
3-3). The element lengths vary from approximately 50 m in the Pacific Ocean to about 3 m near the slide 
source. 
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Figure 3-6 Slide 01 model mesh extent   

 

Figure 3-7 Slide 02 model mesh extent   
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The same bathymetry and topography datasets (Table 3-3) used to develop the model surface for the 
seismic-generated tsunami model were used for the landslide-generated tsunami model. 

The initial tide water level was set to El. 3.67 m. Manning’s roughness values of 0.024 and 0.12 were 
applied to water and forested area, respectively. The slide was modelled as clear water instead of 
viscous fluid with density of 1,590 kg/m3. The slide thickness was adjusted in order to achieve the same 
initial mass displacement achieved as the landslide enters the water. 

Figure 3-8 shows the comparison of modelled water levels over time computed by FLOW-3D (black line) 
and by TELEMAC-3D (red line) at Seal Cove and Cow Bay for Slide 1. The results show that both models 
predict almost identical wave arrival times and peak water levels. 

 

 

Figure 3-8  Time series of water surface elevation at selected locations – Slide 1 

Figure 3-9 shows the comparison of modelled water levels over time computed by FLOW-3D (black line) 
and by TELEMAC-3D (red line) at Seal Cove and Cow Bay for Slide 2.    
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Figure 3-9  Time series of water surface elevation at selected locations – Slide 2 

4 SUMMARY AND CONCLUSIONS 

The use of FLOW-3D model to simulate landslide-generated tsunami waves has been studied extensively 
in the past by NHC (Vasquez, 2016, Vasquez, 2017). An additional testing was conducted to simulate 
deformable slides using the Lituya Bay flume experiments carried out by Fritz et al. (2001). The 
simulation using viscous fluid led to the best results and the setup was adopted for the Prince Rupert 
model. 

The main limitation of FLOW-3D is that CFD models are intended for detail ‘near-field’ high-resolution 
modelling around certain regions of interest and not ‘far-field’ modelling away from those regions. This 
is because CFD models are computationally demanding and not practical if the region to be model is 
quite large, as is the present case of Prince Rupert. The total number of cells for the FLOW-3D Prince 
Rupert model was 233 million. In order to simulate 1,800 seconds of nature, it took the model over 17 
days and generated a 1.04 TB output file. 

An alternative 3D non-hydrostatic flow model of Prince Rupert was developed using TELEMAC-3D, which 
models only a single phase fluid and therefore can simulate the wave propagation process over a large 
region in a shorter time than FLOW-3D. Comparison of water levels computed by FLOW-3D and 
TELEMAC-3D over time at various locations show that both models predict almost identical wave arrival 
times and peak water levels. However, TELEMAC-3D can simulate 1,800 seconds in nature in about 12 
hours and the corresponding output file is about 50 GB. Based on these results, TELEMAC-3D was 
adopted for the final simulations and to generate the wave run-up and flooding maps.  
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