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Abstract

In Sri Lanka, landslide disasters and floods occur frequently and have caused much damage. So, landslide susceptibility has been
mapped and published as the Landslide Hazard Zonation Map (LHZM). Although the LHZM shows the susceptibility of
landslide initiation, it does not show the potential inundation zone of landslides. As a characteristic of land use in Sri Lanka,
plantation farms for cultivating Ceylon tea, natural rubber and other products are located on slopes. And, many people live on
slopes. Therefore, it is necessary to assess the potential inundation zone not only in the deposited area but also the runout area
below hillslopes. Recently, diverse numerical simulation models have been developed for describing landslides and debris flows.
These numerical simulations are effective tools for addressing landslide problems in Sri Lanka. However, to use numerical
simulation, we have to input and validate a variety of environmental variables and, unfortunately, adequate information on past
disasters and environmental conditions is still lacking. Therefore, we studied methods for assessing the potential sediment
disaster inundation zone in regions where empirical methods cannot be applied due to insufficient past disaster records. We
applied the "HyperK ANAKQ" debris-flow model for describing inundated zone due to recent debris flow in Sri Lanka. We tested
the sensitivity of input conditions such as the (1) percentage of fine grains (fluid density and sediment concentration), (2)
landslide volume, (3) input hydrograph (peak flow rate and duration), and (4) representative sediment particle diameter. We
confirmed that, for regions with insufficient disaster records, the potential inundation zone due to debris flow can be assessed
using numerical simulation. However, we also found that the calculation result is strongly controlled by (1), (2), and (4), so it is
necessary to set these parameters appropriately.
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1. Introduction
1.1. Background and study objective

In Sri Lanka, landslide disasters and floods occur frequently and have caused much damage. Moreover, these
landslides often turned into debris flows and run out long distance. Landslide susceptibility has been mapped and
published as the Landslide Hazard Zonation Map (LHZM) by the National Building Research Organization (NBRO,
Sri Lanka). Although the LHZM shows the susceptibility of landslide initiation, it does not show the potential
inundation zone caused by landslides. In Sri Lanka, it is considered that disasters risk is increasing as lowland
development and slope excavation are carried out without conscious of disasters. Furthermore, there is a
characteristic that farmland for cultivating Ceylon tea, natural rubber and other products is on the slope. And, many
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people live on slopes. Therefore, it is necessary to assess the potential inundation zone not only in the deposited area
but also the runout area on hillslopes. Recently, diverse numerical simulation models have been developed for
describing landslide and debris flow (e.g., O’Brien et al., 1993; Iverson and Denlinger, 2001; Rickenmann et al.,
2006; Frank et al., 2015; Suzuki et al, 2016). These numerical simulations are effective tools for addressing
landslide problems in Sri Lanka. To use numerical simulation, we have to input and validate a variety of
environmental variables. However, unfortunately, adequate information on past disasters and environmental
conditions is still lacking. Therefore, we tested the applicability of numerical simulation using “HyperKANAKO” to
assessing the potential sediment disaster inundation zone due to debris flow in regions where empirical methods
cannot be applied due to insufficient records of past disaster.

2. Study site

A large-scale landslide occurred in Aranayake, Kegalle District, Sri Lanka, on May 17, 2016 (Fig. 1). This
landslide occurred due to heavy rain caused by tropical cyclone. In terms of human loss, 31 people died and 96 went
missing in Aranayake (Handa et al., 2018). Fig. 1a is an aerial photograph taken during a helicopter survey on May
22, while Fig. 1b shows a spatial pattern of elevation change due to landslide. The elevation change was calculated
by subtracting the elevation value of the topography model of the LIDAR survey before the disaster from the
elevation value of the DSM (Digital Surface Model) created by the SfM (Structure from Motion) method from the
photograph taken from the helicopter after the disaster (Handa et al., 2018). The landslide occurred in the upper part
of the hillslope. The width of the landslide was about 200 m, the length of the landslide was about 200 m, and the
landslide sediment volume was roughly estimated to be about 200,000 m®. The landslide sediment turned into a
debris flow, and the debris flow branched to the east and west just below the landslide initiation area and flowed
down. The sediment deposits were approximately 1 to 5 m thick on the middle reaches of the hillslope (under
exposed rock). At the lower reaches of the hillslope (Narrow part), the deposited sediment was about 2 to 5 m thick.
At the valley exit, the thickness of the sediment deposit was about 10 m, and the maximum particle diameter was
about 5 m. At the lower flat part of the inundation zone, the sediment was mainly composed of fine grains, and the
deposit was about 0.5 to 1. 5 m thlck (Handa et aI 2018).
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Fig. 1. Aranayake disaster (a) Aerial photograph just after disaster; (b) Elevation change due to landslide
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3. Numerical methods

In this study, we applied the “HyperKANAKO” debris-flow model to describe the inundated zone due to the
Aranayake disaster. The “HyperKANAKO” is a two-dimensional debris-flow model, developed by Horiuchi et al
(2012). It is based on the concept of stony debris flow, sediment sheet flow and bedload proposed by Takahashi and
his colleagues (Takahashi et al, 2009). The “HyperKANAKQO” can use LiDAR data. We prepared the terrain model
using LIDAR survey data (measured in December 2015 before the disaster occurrence, 2m*2m grid size).

We assumed that the potential landslide initiation area was identified by the existing LHZM. Then, we addressed
a situation in which information other than the landslide position and topography data could not be obtained
sufficiently before debris-flow occurrence. Additionally, we examined how to set various input conditions and how
much the difference in input conditions affects the predicted inundation zone. Specifically, we examined the
influence of the (1) percentage of fine grains (fluid density and sediment concentration), (2) landslide volume, (3)
input hydrograph (peak flow rate and duration), and (4) representative sediment particle diameter (Table 1).

3.1. Percentage of fine grains (Fluid density and sediment concentration)

It is thought that fine grains together with the pore water in the debris flow constitute the pore fluids, because fine
grains can be suspended in the fluid (Fig. 2a). Furthermore, it has been shown that the percentage of fine grains
constituting the pore fluid has a large influence on the calculation result (e.g. distance to the end of deposit zone,
distance to the end of erosion zone of the river bed) (Nishiguchi et al., 2011). However, as information on the
percentage of fine grains constituting the pore fluid is insufficient, in many cases, it is based on past disaster records
(e.g., Nakatani et al, 2018). Therefore, we changed the percentage of fine grains constituting the pore fluid to 0%,
20%, and 30%, to evaluate the influence of the percentage of fine grains constituting the pore fluid on the
calculation results.

3.2. Landslide volume

The landslide volume should greatly influence not only the deposited area but also the runout area. However, it is
difficult to accurately predict the landslide volume before a landslide occurs. So, we tested the influence of the
landslide volume on the calculation results, by halving and doubling the landslide volume. The landslide volume
was based on the 200,000 m*® actually measured by Handa et al. (2018).

3.3. Input hydrograph

The input hydrograph (water and sediment supply situation) is a parameter that affects the calculation result.
Therefore, we set three different input hydrographs at the upper end of calculation section (Fig. 2b). In these cases,
the total input water and sediment volume were the same. The shape of the input hydrograph was assumed to be an
isosceles triangle with a peak flow rate at 1/2 of the duration, which is based on Public Works Research Institute
(2012).

3.4. Representative particle diameter

The representative sediment particle diameter is also a parameter that affects the calculation result. Although
information on the representative particle diameter of landslide sediment can be set by field survey, etc., perhaps
sufficient information might be difficult to obtain in advance due to problems, such as investigation cost. We
measured the sediment particle diameter by field survey on January 25, 2018 (Fig. 3a). Unfortunately, the date of the
survey was about 1 year and 8 months after the Aranayake disaster. We measured the coarse sediment particle
diameter at 0.5 m intervals, and we obtained data from 82 points. Also, we sampled the fine sediment for laboratory
tests. In addition, we confirmed the sedimentary condition, and we quantified the ratio of fine sediment (< 30mm) in
a cross-section of deposited sediments (Fig. 3a) and found that the ratio was 31%. From these survey results, we
obtained the particle diameter distribution diagram (Fig. 3b). And, we set the representative particle diameter to 13.6
cm as the average value of coarse sediment diameter (Fig. 3b). Therefore, we changed the representative sediment
particle diameter by 1/3 times and triple. We tested the influence of the representative sediment particle diameter on
the calculation results.
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3.5. Other input conditions

Other input conditions are as shown in Table 2. The one-dimensional calculation area was set as the landslide
portion, and the river width of the one-dimensional calculation area was set to 200 m, which is the actual landslide
width. The two-dimensional calculation area was set as a rectangle on the downstream side of the landslide (red
frame in Fig. 1a). The unstable sediment thickness in the two-dimensional calculation area was set as 5 meters depth.

3.6. Evaluation of calculation results

To compare measured and calculated elevation changes, we divided the lower part of the hillslope into five
sections (blue frame in Fig. 1b) by erosion deposition pattern. We accumulated the final deposited amount of the
calculation result in each divided area. The grid size was 10 m? and we included grid cells that had a final

deposition depth of 0.1 m or more.

Table 1. Changed input conditions

Case  Percentage of Fluid density ~ Sediment Landslide Duration of Peak flow Representative sediment
No. fine grains (%) (kg/m®) concentration  volume (m®) debris flow (s) rate (m®/s) particle diameter (m)
01 30 1,625 0.469 232,000 8 58,000 0.137
02 0 1,000 0.585 232,000 8 58,000 0.137
03 20 1,477 0.536 232,000 8 58,000 0.137
04 30 1,625 0.469 116,000 8 29,000 0.137
05 30 1,625 0.469 464,000 8 116,000 0.137
06 30 1,625 0.469 232,000 80 5,800 0.137
07 30 1,625 0.469 232,000 300 1,547 0.137
08 30 1,625 0.469 232,000 8 58,000 0.046
09 30 1,625 0.469 232,000 8 58,000 0.413
Table 2. Fixed input conditions
Item Unit Value
Calculation time Sec 1,440
Time interval of calculation Sec 0.005
Mass density of sediment kg/m® 2,650
Gravity acceleration m/s* 9.8
Minimum flow depth m 0.01
Concentration of movable bed - 0.65
Manning’s roughness coefficient - 0.1
Coefficient of erosion velocity - 0.0007
Coefficient of deposition velocity considering inertial force - 0.05
Internal friction angle deg 35
Thickness of 2-D plane unstable sediment m 5.0
Interval of 1-D calculation points m 5.0
Interval of 2-D calculation points m 10.0
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Fig. 3. Survey of the representative particle diameter, (a) Photograph of field survey; (b) Particle diameter distribution diagram
4. Comparison of measured and modeled deposits

Fig. 4 shows the calculation results with varying the percentage of fine grains, that is, Case No. 01 to 03 in Table
1. Fig. 5 shows the calculation results with varying the landslide volume, that is, Case No. 01, 04, and 05 in Table 1.
Fig. 6 shows the calculation results with varying the input hydrograph, that is, Case No. 01, 06, and 07 in Table 1.
Fig. 7 shows the calculation results with varying the representative sediment particle diameter, that is, Case No. 01,
08, and 09 in Table 1. Figs. 4a-7a show the deposition depth at the end of the calculation in each calculation case.
Also, Figs. 4b-7b show the total deposited amount of sediment at the end of the calculafidn in each divided area
indicated by the blue frame in Fig. 1b. And, "Measured" in Figs. 4-7 is the difference of the elevation values before
and after the disaster by Handa et al. (2018).The direction of the debris flow of the calculation results shown in Figs.
4a-7a describe the downward flowing process where the debris flow branches to the east and west flow path, similar
to disaster. On the other hand, since the debris flow erodes the hillside slope, the total deposited amount in Figs. 4b-
7b is generally larger than the landslide volume in each case of Table 1. In a few cases (e.g., Case 02 in Fig. 4b), the
total deposited amount is smaller than the supplied amount, because collapsed sediment is accumulated just below
the landslide initiation area. The disaster record ("Measured") and each sensitivity analysis results were compared
based on Figs. 4-7. The calculation result of Case 01 in Fig. 4 is most suitable result for the disaster record in terms
of the downward flow range, the deposition range, and the deposited amount of sediment. However, the total
deposited amount in the divided area 01 and area 02 in Case 01 is smaller than the measured amount of sediment.

5. Sensitivity analysis results
5.1. Influence of the percentage of fine grains (Fluid density and sediment concentration)

Fig. 4 shows the calculation results with varying the percentage of fine grains, that is, Case No. 01 to 03 in Table
1. In Case 02 where the percentage of fine grains constituting the pore fluid is 0%, most of the sediment deposit is

on the hillslope, and the amount of sediment reaching downstream (especially the divided areas 03-05) is extremely
small. In Case 03 where the percentage of fine grains constituting the pore fluid is 20%, the deposited sediment
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amount in the divided area 01 and area 02 is about the same as the measured amount. However, the deposited
sediment amount in the divided areas 03-05 is smaller than that of the measured. In addition, the deposited sediment
amount in the divided areas 01-05 in Case 02 is about 20% that of Case 01, and the deposited sediment amount in
the divided areas 01-05 in Case 03 is about 60% that of Case 01. From the above, we found that the percentage of
fine grains (fluid density and sediment concentration) greatly influences the calculation result.
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Fig. 4 Calculation results with varying the percentage of fine grains, (a) The deposition depth; (b) Quantitative evaluation of calculation results
5.2. Influence of landslide volume

Fig. 5 shows the calculation results with varying the landslide volume, that is, Case No. 01, 04, and 05 in Table 1.
Comparing Cases 01, 04, and 05, both the width and distance of the debris flow area become greater and the
deposition depth increases, as the amount of landslide volume increases. In Case 04 (landslide volume set to 1/2 that
of Case 01), the deposited sediment amount in the divided areas 01 and 02 is not so different than that of Case 01,
but the deposited sediment amount in the divided areas 03-05 is smaller than the corresponding data in Case 01. In
addition, the deposited sediment amount in the divided areas 01-05 in Case 04 is about half the corresponding data
in Case 01. In Case 05 (landslide volume set to 2 times that of Case 01), the deposited sediment amount in the
divided areas 01 and 02 is not so different than that of Case 01, but the deposited sediment amount in the divided
areas 03-05 is larger than the corresponding data in Case 01. In addition, the deposited sediment amount in the
divided areas 01-05 in Case 05 is about twice the corresponding data in Case 01. Thus, the sediment deposited
amount changes according to the set amount of landslide volume. The variation in the deposited sediment amount in
the divided area 04 is especially large.
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Fig. 5 Calculation results with varying the landslide volume, (a) The deposition depth; (b) Quantitative evaluation of calculation results
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5.3. Influence of the input hydrograph

Fig. 6 shows the calculation results with varying the input hydrograph, that is, Case No. 01, 06, and 07 in Table 1.
In Case 06, the duration of the input hydrograph was set to 10 times that of Case 01, and the peak flow rate was set
to 1/10 that of Case 01. In Case 07, the duration of the input hydrograph was set to 37 times that of Case 01, and the
peak flow rate was set to 1/37 that of Case 01. Comparing Cases 01, 06, and 07, the larger the peak flow rate, the
larger the debris flow area. However, the deposited sediment amount in each divided area is little different than that
of Case 01.
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5.4. Influence of the representative sediment particle diameter
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Fig. 7 shows the calculation results with varying the representative sediment particle diameter, that is, Case No.
01, 08, and 09 in Table 1. In Case 08, the representative sediment particle diameter was set to 1/3 times that of Case
01, and in Case 09, the representative sediment particle diameter was set to 3 times that of Case 01. Comparing
Cases 01, 08, and 09, both width and distance of flow area of debris flow become greater, as the representative
particle diameter decreases. Also, the larger the representative particle diameter, the smaller the deposited sediment
amount in each divided area. The deposited sediment amount in the divided areas 01-05 of Case 08 is about 130%
that of Case 01. The deposited sediment amount in the divided areas 01-05 of Case 09 is about 60% that of Case 01.
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6. Discussion and Conclusion

In this study, we used the "HyperKANAKO" debris-flow model to describe area inundated by a recent debris
flow in Sri Lanka and propose a method for assessing sediment disaster inundation zone in regions where empirical
methods cannot be applied due to insufficient records of past disasters. As a result, we found that it is possible to
describe sediment disaster inundation zone with a certain degree of accuracy, based on the limited information, i.e.,
topographical data and landslide location. However, the calculation result is strongly controlled by the percentage of
fine grains, landslide volume, and representative particle diameter. Therefore, when assessing the sediment disaster
inundation zone in Sri Lanka, it is necessary to pay attention so as not to underestimate the inundation zone.
According to the results of this study, setting the percentage of fine grains between 20% and 30% was generally
consistent with the disaster record. However, we need to test another data about disasters and grasp the suitable
value range for the percentage of fine grains. Also, we need to set the amount of landslide volume appropriately.
Previous studies show a variety of empirical relationships between landslide area and landslide volume (e.g.,
Guzzetti et al, 2009; Larsen et al, 2010). So, landslide volume might be roughly predicted according to the LHZM
and area-volume relationship. Moreover, since particle diameter had a large effect on the simulation results, it is
important to revise our information based on it. Therefore, it is desirable that we conduct particle diameter surveys
at many disaster sites, and accumulate survey results. Since the particle diameter might be affected by the bedrock
geology, we can set the probable range of particle diameter for bedrock geology based on accumulated survey
results.
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