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Abstract 

Background  Ground failures in a slope due to gravity, are commonly known as landslides. Depend on the com-
positional, geological, and structural characteristics of the unstable initiation zone and the erosional composition 
of the propagation zone decide the complete particle size distribution of the moving mass and its gradation. This 
information is most important for the study of downslope movement. Only laboratory sieve analysis cannot fulfil this 
target because the natural debris contains a wide range of particle sizes, especially boulders. The combined method 
of scaled image analysis and laboratory sieve analysis or the combined method of line-grid analysis and laboratory 
sieve analysis was proposed to fulfil the requirement. To study the proposed combined methods, five different loca-
tions within the downslope propagation zone from the Aranayake landslide in Sri Lanka were surveyed and analyzed. 
In image analysis, the high-resolution scaled image of deposited debris was analyzed by computer-based image 
analysis for particle sizes. Small particles were addressed by the laboratory sieve analysis using the representative 
debris sample taken from the same location. If the boulder sizes within the debris are too big to address this method, 
then the Line-grid method was performed. The particles in every 0.5 m along a measured line of debris deposition 
were measured in this method. If the selected location contains small particles that cannot measured manually, 
the representative sample was used for the laboratory sieve analysis to fulfil this range.

Results  The results of three locations indicated a 40% distribution of < 10 mm and a 60% distribution of > 10 mm 
representing the general distribution of the debris. Two distributions deviated from the general distribution 
that was surveyed and analyzed from special locations of the “near boundary of flow path” and “slope change zone” 
of the landslide.

Conclusions  The combined methodology yielded successful results of complete particle size distribu-
tion for the wide range of particle sizes in debris. The variation of the particle size distribution curves of debris 
along the downslope depositions is planned to be used for the study of downslope propagation, damage zone 
assessment studies, and predicting the representative composition of future failures.
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Introduction
A landslide which is also described as mass move-
ment due to gravity is one of the geological processes 
that lead to the natural shape-up of the geomorphology 
of the terrain. Landslide is also recognized as a gravita-
tionally driven phenomenon (Hunger et  al. 2014) of the 
product of the denudation process. The landslides occur 
when the critical combination of internal and external 
terrain factors (McColl 2022) is met with a triggering 
event causing a quick increase of shear stress (reduction 
of shear strength) of the slope material　(Nguyen et  al 
2017). The shear strength (resisting force) of the slope 
material becomes smaller than the shear stress (driv-
ing force) acting on it, resulting in shear failure along a 
slip surface (Igwe 2014). The material of a “wide range 
of particle sizes” moves to the downslope due to gravity 
(Hunger et al. 2014) as a movement type of “flow” defined 
as debris flow (Varnes 1978). This type of propagation is 
common in Sri Lanka.

The propagation controlling of failed mass along the 
downstream depends on the morphology of the down-
stream (Jeandet et al. 2019), the fluid motion character-
istics of the moving mass (Dai et al. 2014; Wu et al. 2022), 
and the obstacles (Cuomo 2017) which is in the flow 
path. The deposition of the moving mass mainly depends 
on the energy loss due to a decrease in the slope angle 
(Wong and Ho 1996), fluid motion resistance (Takahashi 
2007), and obstacles (Cuomo 2017). Though the main 
deposition generally consists in the low-level altitude 
zone of propagation, the partial depositions can be also 
observed just beneath the initiation zone, and flow path/s 
which depend on the above deposition-controlled cri-
teria. However, the physical composition of the moving 
mass can be different from place to place. Physical com-
positions of the moving mass represent the particle size 
distribution of the debris (Yong et al. 2013), the amount 
of water, and the other agents that mixed with moveable 
mass. Generally, other agents such as plant roots, wood 
particles (Miles 1986), ice particles, construction frag-
ments, etc. differ from one landslide to another. There 
are no fixed materials for other agents. However, a wide 
range of particle sizes and water can be generally intro-
duced as physical compositions of the moving mass. 
The general particle size distribution of debris cannot be 
measured during its motion. Only can be addressed after 
the deposition. Thus, the actual water content of debris 
while its propagation still cannot be addressed. However, 
the particle size distribution of deposited debris spatially 
consists of a large amount of information on landslide 
propagation that is sufficient to study. Thus, the identifi-
cation of the complete particle size distribution and gra-
dation of landslide debris is highly required to study the 
downslope propagation characteristics.

The total particle size distribution of deposited debris 
derived from a failure downstream can vary due to the 
characteristics of fluid motion (Wu et al. 2022), morpho-
logical sorting (Qing-Zhao et al. 2019), and bed and bank 
erosion (Lyu et  al. 2017). Since the grain size variations 
of the debris in selected locations can be predicted from 
fine particles to huge boulders, only the laboratory sieve 
analysis experiment is not vital for this study. Thus, the 
combined approach of “scaled-image analysis and sieve 
analysis” or the combined approach of “line-grid method 
and sieve analysis” were proposed for this study.

Study area
The study focused on the downstream deposition of the 
Aranayake landslide that started as a slope failure and 
propagated as a debris flow in Sri Lanka. It was located 
in the 7.154736 N, 80.430149 E coordinate, based on the 
WGS84 coordinate system. It occurred 17th of May in 
2016 at around 16.30  h. The administrative location of 
this failure is in Elangapitiya village inside the Aranayake 
divisional secretariat division within the Kegalle District 
in Sri Lanka. This failure is known as the most destruc-
tive landslide in recent times in Sri Lanka.

The initiation area was recorded as 40,541 m2 and the 
total damage area (inside the boundary of the landslide) 
was identified as 572,953 m2 (0.57 km2). The initiation 
width and length recorded respectively, were 175 m and 
243  m. 25 maximum initiation depth was measured in 
the crown area of this landslide. The initiation zone con-
sisted of partly tea plantation land use and degraded for-
ests in the mountain called “Samsara Kanda”. It recorded 
31 deaths and 96 missing (bodies were not found) with 53 
houses completely damaged and buried. Three main safe 
zones can be identified within this landslide boundary 
and one house was fortunately safe inside this safe zone. 
There were three main flow paths during the propaga-
tion. All three flow paths were combined together in the 
later stage of the downstream and propagated through 
the main valley.

The study area was selected including the Aranayake 
landslide and surrounding area (Fig.  1) that can visual-
ize the surface morphology of the terrain (Fig. 2) for the 
study purpose. The study area was identified as 5.4 km2 of 
the area and it contained parts of the seven administra-
tive villages called Elangapitiya, Debathgama Pallebage, 
Debathgama Udabage, Kalugala, Hathgampala, Gant-
huna Udagama, and Narangala (Fig.  1). However, the 
landslide was only contained within the Elangapitiya and 
Debathgama Pallebage Villages (Fig.  1). The Aranayake 
Landslide was started from Elangapitiya village and the 
main deposition was observed within the Debathgama 
Pallebage Village (Fig.  1). Though the main deposition 
was observed in the low-level altitude in Debathgama 
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Fig. 1  Focused area of Aranayake landslide
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Fig. 2  Morphology of the terrain in study area (before failure)
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Pallebage village, there were partial depositions observed 
just downstream from the initiation zone and within the 
different locations in flow paths. The survey was focused 
on the complete particle size distributions of the down-
stream. Thus, five survey locations were selected within 
the study area (Fig. 1).

Survey location one and survey location two were 
selected within the representative locations of the depo-
sition inside the final spreading propagation zone of the 
debris flow (Fig.  1). The first location was located near 
the naturally prepared stream and the second location 
was located the most representative zone for spreading 
propagation of landslides without disturbing the surface 
runoff. The third survey location was selected within the 
partially deposited debris zone in the high-altitude area 
located just downstream of the initiation zone of the 
landslide. The fourth location was planned to select one 
of the flow paths from three flow paths. However, the 
middle propagation area of the flow path was not rep-
resentative because of the possibility of changes of the 
deposited debris with time by erosion from water runoff 
after landslide due to the valley morphology. Thus, the 
fourth location was selected within the partial deposi-
tion zone of the right-side flow path near the propagation 
boundary.

The initiation zone where the landslide started was 
positioned in escarpment slope terrain geologically. From 
the initiation zone to the middle propagation zone was 
identified as very steep (Fig. 2). Then the steep slope sud-
denly changed to gentle further downstream of the prop-
agation occurred (Fig. 3). The fifth location was selected 
just downstream of the slope change from steep to gentle. 
Also, the selection of the fifth survey location considered 
the zone of three flow paths combined together.

Methods
The combined methodology of the scaled-image analysis 
and the laboratory sieve analysis or the combined meth-
odology of line-grid analysis and laboratory sieve analysis 

was proposed for the debris that contained a wide range 
of particle sizes in failure. The idea of the scaled image 
analysis can be expressed as the particle size distribution 
identification using the high-resolution images captured 
with two-sided scales from the surface of a landslide 
deposition. However, the difficulty of detecting very 
small particles precisely from the scaled image, this test 
requires a combination of another test (laboratory sieve 
analysis test) for the complete particle size distribution. 
If it’s difficult to capture a scaled image of a surface of 
debris contained with huge boulders, the Line-grid analy-
sis was introduced later. Since the failures in metamor-
phic terrains generally consist of a wide range of particle 
sizes, the debris of the Aranayake landslide was highly 
appropriate to study.

The possible deposition locations were pre-estimated 
(Fig.  1) by the geomorphological landform of the study 
area (Fig.  2) prepared using LiDAR data (1  m resolu-
tion raster analysis by Arc GIS). The locations that were 
required to survey in the Aranayake landslide were 
planned from the estimated zones for debris depositions 
along the flow path and the main deposition in the low 
altitude zone. The two locations from the spreading zone 
were planned to be surveyed in the low altitudes of depo-
sition. One location was currently near the new natural 
stream and possible to deviate from the actual deposi-
tion. The other location within the spreading zone of 
low altitude was the most representative location due to 
the low possibility of deviation (by erosion from surface 
runoff) from the actual condition of deposition. Another 
location was selected just downstream of the initia-
tion zone of the landslide (high altitude). The next loca-
tion was selected from the flow path (near the landslide 
boundary of the right-side flow path out of the three flow 
paths). The last location was selected from the location 
of slope changes from steep to gentle with all flow paths 
combined together.

The vertical cross-section cuts were prepared care-
fully without disturbing the natural deposition in every 
selected location. The scaled high-resolution images 
were perfectly taken from the representative undisturbed 
cross-sections of the landslide deposition locations in 
the field survey. The scaled images were taken by three 
cameras avoiding the topmost layer of the deposition. 
Deciding the sectional area for the scaled image analy-
sis generally depends on the particle sizes deposited in 
the survey location. All particle sizes should be repre-
sentatively covered (inside the selected area) to capture 
the scaled image for the analysis. This is generally an 
experience-based decision. An increase in accuracy can 
be expected if the sector area is increased. However, the 
analysis time will increase due to the number of particles 
increases. If the particle size is too large to decide the 

Length (m)

A

B

Fig. 3  Profile of the section indicated in Fig. 2
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sectional area for the scaled image analysis, the proposed 
Line-grid method should be followed.

To ensure the reliability of the outcomes, the survey 
method should be carefully handled. Specially selecting 
the best location for the survey in the field, the minimum 
disturbance to the deposited location should be carefully 
selected. The deposited debris should not be disturbed 
due to the post erosion internally and the deposited par-
ticles should not be changed due to plant roots or bur-
rows dug by animals. Special attention is required to 

select the minimum groundwater percolation location. 
When capturing the image, the camera angle should be 
perpendicular to the cut and not too close to the cut to 
prevent small distortion of the image in corners.

These images were analyzed to identify each particle 
by the computer-based scaled image analysis software. 
The diameters of each particle were measured from the 
computer-based scaled image analysis. Two perpen-
dicular diameters of the debris particle were focused in 
this method (Fig.  4). Very small particles of the vertical 

Fig. 4  An example of the scaled image particle size distribution analyses
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cross-section were not clearly visible to identify by the 
scaled image compared to the resolution of the camera. 
Thus, the particle sizes of small particles that consist in 
the area that cannot be identified visually by the scaled 
image in this analysis need to be determined by another 
method and need to be combined together. Thus, the 
laboratory sieve analysis was proposed for this gap-fill-
ing method. The representative sample for fine particles 
in scaled image analysis locations needs to be obtained 
in the exact location where the picture was taken for the 
laboratory sieve analysis. The particle size distribution 
curves obtained from scaled image analysis (for large 
particles that can be visually identified from the scaled 
image) and sieve analysis (for small particles that cannot 
be visually identified from the scaled image) should be 
combined together to visualize the total complete parti-
cle size distribution of the debris. The area percentages 
of the small particles and large particles were used for the 
combined process.

Figure  4 was used as an example to explain the com-
bining process of the scaled image analysis result and 
the laboratory sieve analysis results together. In Fig.  4, 
ALP represents the total area of large particles that can 
be identified by a scaled image, ASP represents the total 
area of small particles that cannot be identified by a 
scaled image, and A represents the total scaled image 
analysis area. 0.48 (48%) was measured as an answer for 
the ALP/A from Fig.  4. This percentage was named as 
“small sediment ratio”. Using this percentage value, the 
large particle distribution should be plotted from 48 to 
100% in the y-axis of the particle size distribution curve 

(Fig. 5). The plot from 0 to 48% will be obtained by the 
laboratory sieve analysis from the representative sample 
that obtained from the exact location of this picture was 
taken.

Two perpendicular diameters of the particles measured 
from the scaled image analysis were used to calculate the 
frequencies of their mean diameter values. The cumula-
tive frequencies of the mean diameter values were used 
to plot the particle size distribution curve from scaled 
image analysis. The complete particle size distribu-
tion curve can be prepared by combining the laboratory 
sieve analyses data that rearranged from 0 to 48% per-
centages in the case of the example given in Fig. 4. This 
method was used for the combining process of the results 
obtained from the above-analyzing methods together.

The scaled image analysis method can be introduced 
as a two-dimensional analysis. Three-dimensional char-
acteristics of particle sizes were not identified from this 
method. Thus, the deviation of the results of two-dimen-
sional analysis compared to three-dimensional analysis 
needs to be checked through accuracy assessments.

The line-grid method for particle size distribution is 
generally applicable to new deposits that have no consid-
erable changes from original deposits in the deposition 
surface. Also, it was very useful for the big-size boulder 
concentrated zones that were not applicable to the scaled 
image analysis. The line-grid method analyzed surface 
deposit particles. Not for the vertical cross-sections. 
Thus, the old depositions do not give considerable accu-
racy due to changes in the characteristics of the deposi-
tion in time due to surface erosion and weathering. The 

Fig. 5  An example of the particle size distribution analyses of large particles (prepared using Fig. 4)
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perpendicular three-diameter values (three-dimension-
ally surveyed) were recorded for each particle which is 
deposited every 0.5  m along a measured line of debris 
deposition (Fig.  6). These data were used to calculate 
the mean diameter of each particle and their counts. If 
the location of the 0.5  m interval consists of small par-
ticles that are not applicable to measure diameters by 
a ruler, these locations were recorded as “small parti-
cle locations”. The count of the “small particle location” 
compared to the total locations taken from the line-grid 
method represents the fine sediment ratio of this method.

The small particle size distribution that cannot be 
measured directly from a field survey was obtained by 
laboratory sieve analysis using the representative sample 
obtained from the representative location of the line-grid 
survey. The cumulative frequencies of the mean diameter 
values were replaced y-axis of the particle size distribu-
tion curve plot. This represented the particle size distri-
bution curve of large particles that were plotted from the 
percentage of small sediment ratio to 100%. The complete 
particle size distribution curve was prepared by com-
bining the laboratory sieve analysis data that rearranged 
from 0% to a small sediment ratio percentage to the plot 
of the line-grid method (Fig. 7).

For this study, the mean diameters of observed parti-
cles were used for the preparation of the particle size dis-
tribution curves. From picture-based analysis, the mean 
diameters of particles were used from two perpendicular 
diameters in two-dimensional analysis. From the line-
grid method, the mean diameters of particles were used 

from three perpendicular diameters in a three-dimen-
sional analysis.

The representative diameter of the particles in stand-
ard laboratory sieve analysis is the middle diameters of 
particles (Fig.  8). If the cross-section of the minimum 
diameter and middle diameter fits the sieve opening 
(squire shape), penetration will occur through the sieve 
opening (Fig. 8). The size of the sieve opening that equal 
to the minimum diameter of the particle doesn’t pen-
etrate because there is another representative diameter 
perpendicular to it. However, the size of the sieve open-
ing which is equal to the middle diameter meets with the 
minimum diameter perpendicular to it, will critically 
penetrate through the sieve opening. Therefore, the criti-
cal diameter for penetration through the sieve opening 
is the middle diameter of the particle. Thus, the middle 
diameters were used in laboratory sieve analysis for the 
particle size distribution curves. The laboratory sieve 
analysis is the standard experiment for the particle size 
distribution analysis. Thus, the middle diameter analy-
sis is the standard method to prepare the particle size 
distribution curves. However, the scaled image analysis 
method doesn’t have a way to measure three diameters 
three-dimensionally. Because this analysis is the two-
dimensional method of diameter measurements. Thus, 
the middle diameter cannot be observed by scaled image 
analysis but can get the mean diameter of two diameters. 
To use the scaled image analysis method for research 
purposes to obtain the particle size distribution analysis, 
the mean diameter method should be verified. Thus, the 

Fig. 6  Line-grid method for the particle size distribution analyses in debris deposition
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mean diameter method needs to be compared with the 
middle diameter method. If those curves are nearly the 
same, the scaled image analysis can be verified for the 
preparation of the particle size distribution curves.

The complete particle size distribution analysis of the 
cube-shaped sample (20 cm x 20 cm x 20 cm) that was 
taken from survey location 4 was carried out for this veri-
fication purpose (Fig.  9). The obtained full sample was 
used for the laboratory sieve analysis. The bigger-sized 
particles that cannot be used for laboratory sieve analysis 
were collected and manually measured for three perpen-
dicular diameters.

The largest diameter, minimum diameter, and middle 
diameter were considered while measuring the consid-
erable diameters manually. The middle diameter of all 
manually measured particles was sorted from smallest to 
largest with their counts.

Also, the measured diameters of all large particles that 
were removed from laboratory sieve analysis were used 
to calculate mean diameters and summarized mean 
diameters from smallest to largest. The mean diameters 
and the middle diameters of those particles and their 
counts were separately used to calculate their frequen-
cies. The frequency of those particles’ sizes (mean and 
middle) was used to calculate the cumulative percentages 
of the particle size distribution. To obtain the complete 
particle size distribution of the cube-shaped sample, the 
laboratory sieve analysis results of the cube-shaped sam-
ple were combined using the volume ratio of removed 

particles from the sieve analysis compared to the total 
volume in the naturally deposited stage. The comparison 
of the results of the mean diameter and middle diameter 
methods leads to verifying the mean diameter methods. 
When comparing granulometry analysis results from 
different methods are needed to ensure reliability. Espe-
cially when proposing a new method for obtaining the 
results. Thus, the result obtained by the new method can 
be compared with the standard accepted method which 
is generally used scientifically. Thus, the proposed mean 
diameter method should be verified by comparing it with 
standard results from middle diameters that are used as 
particle size distribution analyses. Therefore, the statisti-
cal approach was proposed to compare. since the avail-
able data bulk exceeds the minimum requirement of the 
paired T-test, the paired T-test was used for the compari-
son of two curves. The hypothesis of “there is a significant 
difference between the two methods” was used. If there 
is a non-significant small difference between the middle 
diameter method and the mean diameter method, the 
proposed mean diameter method can be verified reliably.

Results
The scaled image was analyzed for the identification of 
particle sizes that can be visually identified by the best 
pictures taken from the field surveys. Two perpendicular 
diameters were measured from the identified particles in 
scaled image analysis (Figs.  10, 11, 12, 13). The priority 
was given to the maximum diameter of the particle that 

Fig. 7  Particle size distribution of debris in field survey location 5 (small sediment ratio is 27.16%)
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can be identified by the scaled image and the diameter 
that is perpendicular to the maximum diameter obtained 
previously. All possible particles that can be identified 
visually should be drawn digitally and need to measure 
diameters (Figs. 10, 11, 12, 13).

The mean values of measured diameters of debris parti-
cles were calculated and sorted from the smallest value to 
the largest value. The frequencies of the mean diameters 

were calculated with respect to the identified particles. 
The cumulative frequencies of identified particles were 
used to plot the particle size distribution curves of the 
deposited debris considering the small sediment ratio. 
Small particle distribution was combined for the com-
plete particle size distributions of debris (Fig.  14) using 
laboratory sieve analysis data rearranged by the small 
sediment ratio percentage. The logarithmic scale for the 

Fig. 8  Middle diameter of a particle effects on the penetration through the sieve opening in laboratory sieves
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particle sizes obtained by the combined method was used 
on an x-axis with the units of a millimeter (mm) and the 
linear scale of the cumulative percentage values of each 
particle size was used on a y-axis.

The line-grid method is only used in survey location 
5. Because the large size boulders were concentrated 
together due to the energy loss by the sudden change 
of the general slope angle from 35 to 20 degrees within 
the path of the debris flow in survey location 5. Also, 
the main three flow paths were combined together just 
before the upstream of location 5. The measured three-
dimensional data were used to calculate the mean diam-
eters of each particle. The sorted mean diameters and 
counts were used to calculate the cumulative frequencies 
for the particle size distribution considering the small 
sediment ratio. Small particle size distribution was com-
bined to obtain the complete particle size distribution 
(Fig. 14) using rearranged laboratory sieve analysis data.

The particle size distributions obtained from the com-
bined method of scaled image analysis and the labora-
tory sieve analysis were plotted together (Fig. 14) and the 
legends were given as survey location 1, survey location 
2, survey location 3, and survey location 4 (Fig. 14). The 
particle size distributions obtained from the combined 
method of line-grid analysis and laboratory sieve analysis 
were potted in the same graph and the legend was men-
tioned as field location 5 (Fig. 14).

Three particle size distribution curves (Survey loca-
tions 1, 2, and 3) obtained from the survey locations in 
Aranayake failure show considerably the same pattern 

Fig. 9  Cube-shaped sampling from survey location 4

Fig. 10  Scaled image particle size distribution analyses for Location 1 in Aranayake landslide deposit
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Fig. 11  Scaled image particle size distribution analyses for Location 2 in Aranayake landslide deposit

Fig. 12  Scaled image particle size distribution analyses for Location 3 in Aranayake landslide deposit
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(Fig.  14). Other two particle size distribution curves 
(from Survey locations 4 and 5) are considerably differ-
ent compared to others (Fig. 14). These two particle size 
distribution curves (from Survey location 4 and 5) are 
also different with each other (Fig. 14). Survey location 4 
consists of smaller size particle distribution compared to 
survey location 1,2 and 3. Survey location 4 was selected 

the deposition occurred near the flow boundary of the 
flow path which made it possible to sort the particles to 
the smaller size compared to the general distribution by 
fluid dynamically. Survey location 5 consists of a large 
size particle distribution compared to the general particle 
size distribution due to the morphological sorting. Both 
deviation of the particle size distribution was further 

Fig. 13  Scaled image particle size distribution analyses for Location 4 in Aranayake landslide deposit

Fig. 14  Particle size distributions of deposited debris in Aranayale failure
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elaborated in the discussion section. The complete par-
ticle size distributions are generally obtained for further 
study of the landside. Thus, the person who was involved 
in this study should carefully select the location that 
related to the objective.

Discussion
Aranayake failure debris contained different sizes of 
boulders from the bedrock in the initiation zone (Fig. 15) 
and the steep slope zones in the middle flow path area 
(Fig.  16). Thus, the total debris distribution curves 
appeared as continuous two-curve sections (two gaps in 
gap graded curve) representing both particle size distri-
bution of the moved natural soil combined with large-
size boulder distributions (Fig. 14).

The source of the composition of the deposition in 
location 1 and location 2 can be predicted from both the 
initiation zone of the landslide and the mass from the 
erosion throughout the flow paths. Thus, the debris com-
positions of locations 1 and 2 are the most representa-
tive compositions for the study of the propagation of this 
failure.

However, the particle size distribution of survey loca-
tions 1 and 2 indicates a small difference (Fig.  14). The 
percentage of particles less than 6.5 mm in survey loca-
tion 1 is a little bit low (about 10%) compared to survey 
location 2 (Fig.  14). Survey location 1 is currently near 
to the current natural surface runoff path (stream) in the 

deposition area. The washing-out of the fine particles to 
the natural runoff path through groundwater discharge 
to the stream can be predicted from the debris in location 
1. Due to the groundwater discharges, the high chemical 
weathering of the debris particles can be also predicted 
compared to survey location 2. Hence, the debris parti-
cle distribution percentages of small particles in survey 
location 1 appeared as low compared to survey location 
2 (Fig. 14). Survey location 2 is considerably away (15 m 
distance to the South-West) from the stream (slope is not 
to the stream) and can be considered the best location for 
the debris distribution analysis in the spreading zone.

The sudden change of the slope angle from a steep 
slope (maximum of 40 degrees) to a gentle slope (mini-
mum of 15 degrees) just downstream of the main ini-
tiation area can be observed by the surface morphology 
analysis (slope shading map in Fig.  2). Therefore, some 
part of the debris deposited in this zone. Survey location 
3 is the target to analyze this distribution that represents 
the original landslide initiation mass.

The debris particle distribution curve shape in survey 
location 3 is nearly similar to the particle size distribu-
tion of survey locations 1 and 2 (Fig. 14). Thus, the par-
ticle size distribution of the landslide initiation is nearly 
similar to the particle size distribution of final deposition 
spreading zone (both debris from initiation area and ero-
sions through flow paths). However, the percentage of the 
fine particles (less than 6.5 mm) of the debris deposited 

Fig. 15  Main initiation area of the Aranayake landslide. (Photo source: NBRO database, Sri Lanka; year 2016)
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in survey location 3 is low compared to survey locations 
1 and 2 (about 10%—20%). However, the percentage of 
the particle size distribution of > 6.5  mm is high com-
pared to the spreading deposition zone of the landslide. 
The partially weathered rock fragments that separated 
apart from the bedrock within the landslide’s initia-
tion zone (Fig. 15) were deposited in the zone of survey 
location 3. However, the huge boulders that gained high 
kinetic energy were not considerably observed near the 
surface of the deposited debris in this zone (only a few 
were observed). Those types of huge boulders can be bur-
ied bottom of the debris depositions in this zone or can 
be moved further downstream with high kinetic energy.

The middle zone of a flow path is naturally converted to 
surface runoff paths and subsurface runoff paths that can 
change the original composition of the deposition due to 
post-erosion and weathering. Representative depositions 
are not possible in the highest gradient line of the flow 
paths. Thus, the survey location was focused on the near-
est place of the right-side boundary of the right flow path.

The particle size distribution curve of location 4 indi-
cates considerably high fine particle percentages com-
pared to the others. Big-size particles (large mass) of 
movable debris tend to collect together during motion 
near the highest gradient flow line (Fig.  17). The low-
mass finer particles move towards the low gradient 
boundaries (Fig.  17). This is the general phenomenon 

of fluid motions. If depositions occurred in this situa-
tion, the flow boundaries contain a finer particle dis-
tribution than the depositions in maximum gradient 
flow lines. However, this distribution is not the repre-
sentative general composition of the failure. This can 
be clearly identified by the particle size distributions in 
survey location 4 compared to the other survey loca-
tions (Fig. 14).

Survey location 5 represents the comparatively simi-
lar distribution of the particles for less than 10  mm 
compared with survey locations 1, 2, and 3 (Fig.  14). 
But results indicated that the curve of survey location 5 
(Fig. 14) contains more percentage of large size particles. 
It looks like large boulders were transported and depos-
ited in this location by the failure compared to the other 
survey locations. However, the reason for the conver-
gence of the large boulders in one place needs to be clari-
fied. Depending on the morphological analysis, (Fig.  2) 
survey location 5 is contained inside the zone of the sud-
den change of slope morphology from a steep slope to a 
gentle slope. The sudden change of slope from steep to 
gentle leads to loss of the energy of the large particles 
and tent to deposit. Also, this zone is just downstream 
of the confluence of all three flow paths. Thus, all large 
particles (boulders) flowed through all the flow paths and 
were deposited in the same zone in which survey loca-
tion 5 was situated. Therefore, the large-size particle 

Fig. 16  Middle flow path of the Aranayake Landslide. (Photo source: NBRO database, Sri Lanka; year 2016)
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distributions (boulders) can be clarified in this survey 
location 5 (Fig. 14).

The cumulative percentages vs particle sizes were plot-
ted (Figs.  18, Fig.  19) to check the comparison of the 
mean diameter method and middle diameter method. 
The volume percentage of the large particles that were 
removed from the laboratory sieve analyses was calcu-
lated as 20.65% of the total volume in the natural stage. 
Thus, the natural volume percentage of the rest particles 

that were used for the laboratory sieve analysis was cal-
culated as 79.35%. These volume percentages were used 
to combine the results from laboratory sieve analysis 
(from 0% to 79.35%) and the manually measured particle 
frequency percentages (from 79.35% to 100%).

Both the full particle size distribution curve (Fig. 18) 
and the particle size distribution curve of the removed 
particles from the laboratory sieve analysis (Fig.  19) 
indicate nearly similar distributions between the 

Fig. 17  Debris particles sorting during motion

Fig. 18  The complete particle size distribution curves (from middle and mean diameter methods) of the cube-shaped sample obtained 
from survey location 4
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middle diameter and mean diameter method. How-
ever, the visual checking of it is not appropriate for the 
research purpose. Thus, the statistical approach was 
used to check the similarity of the distribution between 
the middle diameter method and the mean diameter 
method.

Since the two results of sieve sizes of each test need 
to be the same. Therefore, missing data was obtained 
through linear interpolation (Table  1). The hypothesis 
of “there is a significant difference between the two 
methods” was used. The paired t-test was used. The 
standard deviation of the difference (SD) can be calcu-
lated as 0.5302 (Table 1).

where the X is the mean of difference which can be calcu-
lated as − 5.6225/n = − 0.16073 for 35 data. µ is the differ-
ence between each mean value.

Thus, the t-value and p-value can be calculated as,

(1)t =
X − µ

SD/
√
n

(2)µ2 =
2840.233

35
= 81.15

(3)µ1 =
2834.608

35
= 81

(4)µ = µ1 − µ2 = −0.15

Results of the paired t-test indicated that there is a non-
significant small difference between the middle diam-
eter method and the mean diameter method (t = − 0.12, 
p = 0.9052, significance level 0.05). Thus, the mean diam-
eter method of the particle size distribution curve can 
be verified compared with the middle diameter method 
that is used inside the standard laboratory sieve analysis 
methods. That indicates the use of mean diameters in 
the scaled image analysis method and also the line-grid 
method can be successfully used for the particle size 
distributions.

Thus, the combined method of laboratory sieve analy-
sis and the scaled image analysis can be verified and also 
can be indicated as a better method to obtain the particle 
size distribution analysis for debris with a wide range of 
particle sizes.

The scaled image analysis of a small area (< 50  cm × 
50  cm) may not give better accuracy for the particle 
size distribution analysis. From the experience, the area 
should be larger than 50 cm × 50 cm for better accuracy 
of the scaled image analysis.

Unlike the particle size distribution of natural soils, the 
graph showing the particle size distribution of debris was 

(5)t =
−0.16073+ 0.15

0.530/
√
35

= −0.12

(6)p = 0.9052

Fig. 19  Particle size distribution curves of the removed particles from the laboratory sieve (the enlargement graph of red dotted area in Fig. 18)
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shown as continuous two-curve sections. It represents 
the mixing of two types of particles originating from 
different mechanisms inside the debris. (1) Natural soil 
originated by in-situ weathering process and (2) the rock 
fragments of large boulder sizes breaking away from the 
parent rocks while the failure initiate can be indicated as 
those two mechanisms.

Identification of the complete particle size distribu-
tion of landslide debris is the objective of this study. It 
is highly required in the downslope propagation studies 

that are valuable to the potential damage zone prediction 
for disaster management of a country.

The downslope propagation of a failure depends on the 
morphology of the downstream (Jeandet et al. 2019), the 
fluid motion characteristics of the moving mass (Dai et al. 
2014; Wu et  al. 2022), and the obstacles (Cuomo 2017) 
that are in the flow path. The surface morphology and the 
obstacles can be identified by the LIDAR survey of a ter-
rain. Special attention is needed towards the fluid motion 
characteristics of the moving mass that is controlled by 

Table 1  Statistical calculation for checking the similarity of curves

Middle diameter method Mean diameter method % Difference

Diameter (mm) % Diameter (mm) %

0.06 27.82 0.06 27.82 0.00

0.15 31.45 0.15 31.45 0.00

0.21 35.58 0.21 35.58 0.00

0.30 40.41 0.30 40.41 0.00

0.43 48.28 0.43 48.28 0.00

0.60 52.45 0.60 52.45 0.00

1.18 62.20 1.18 62.20 0.00

2.00 69.26 2.00 69.26 0.00

4.75 76.11 4.75 76.11 0.00

6.30 77.20 6.30 77.20 0.00

9.50 78.59 9.50 78.59 0.00

20.00 83.13 20.00 83.13 0.00

25.00 85.35 25.00 85.35 0.00

29.00 86.09 29.00 87.03 0.94

30.00 86.46 30.00 87.45 1.00

31.00 86.82 31.00 87.68 0.86

32.00 88.28 32.00 87.91 -0.37

33.00 89.02 33.00 88.14 -0.88

35.00 89.39 35.00 89.54 0.16

37.00 89.75 37.00 90.24 0.49

43.00 91.94 43.00 90.93 -1.01

45.00 92.36 45.00 92.33 -0.03

50.00 93.41 50.00 95.12 1.71

51.00 94.14 51.00 95.54 1.40

52.00 95.61 52.00 95.96 0.35

53.00 96.34 53.00 96.37 0.03

54.00 97.07 54.00 96.79 -0.28

55.00 97.25 55.00 97.21 -0.04

58.00 97.80 58.00 97.91 0.11

70.00 98.27 70.00 98.61 0.34

77.00 98.54 77.00 99.09 0.55

80.00 98.98 80.00 99.30 0.32

82.00 99.27 82.00 99.39 0.12

92.00 100.00 92.00 99.86 -0.14

95.00 100.00 95.00 100.00 0.00

Sum = 2834.608 Sum = 2840.233 Sum = 5.6225
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complete particle size distribution and the water con-
tent. Thus, the identification of the complete particle size 
distribution of debris is highly required to identify how 
the debris behaves in the propagation stage and stopping 
stage. Conventionally used laboratory sieve analysis tests 
do not obtain the distribution of larger particles (espe-
cially boulders) within the landslide debris and therefore 
cannot obtain the total distribution. However, the total 
distribution of debris controls the downslope propaga-
tion. Therefore, the goal is to identify the complete par-
ticle size distribution of debris which was studied by this 
research using different locations of Aranayake failure in 
Sri Lanka.

As the explanation given above, the complete particle 
size distribution of five locations indicated that there are 
large particle size contents that cannot be addressed by 
only using the conventional laboratory sieve analysis. The 
proposed two methods successfully addressed the objec-
tives of the research.

The proposed methodologies were not the standard 
method and also those have a certain degree of innova-
tion. However, the proposed method was compared with 
the standard method to verify its accuracy in the result.

Conclusions
The combined method of the scaled image analysis and 
the sieve analysis with the combined method of line grid 
analysis and the sieve analysis was successfully applied to 
identify the particle size distribution of debris that con-
tained the vast range of particle sizes downstream of the 
Aranayake landslide in Sri Lanka. The mean diameter 
method was used for this analysis and it was verified by 
comparing it with the middle diameter method’s result 
that is generally used inside the standard laboratory sieve 
analysis methods.

The study of the deposition in Aranayake failure was 
carried out in 2022 which is six years after the incident. 
The plant roots, drifted-wood particles, and other agents 
that can be decomposed quickly cannot be expected 
within the debris. The water amount (water content) of 
the debris also deviated from the actual situation of the 
propagating stage. Thus, the particle size distribution of 
the deposition of debris was mainly focused on this study.

The particle size distribution curve obtained from 
scaled image analysis for a small area can deviate from 
the actual distribution. Thus, the recommended area 
should be greater than the area of 50 cm × 50 cm. The 
selected area for the scaled image analysis from the ver-
tical cut should avoid the topmost layer. Because the 
composition of the surface can be changed due to ero-
sion by surface runoff and the roots from newly-growth 
vegetation. The careful cut should be maintained while 
the cut is prepared without disturbing the deposited 

particles. Otherwise, the results can deviate from the 
actual condition.

Even if the particle size distribution is tested with-
out boulder concentrations of debris in general tests, 
an overview of the whole complete particle size distri-
bution is definitely required to investigate an accurate 
mechanism of downslope movement of debris. Thus, 
this study is very important for the research related 
to the downslope propagation mechanism and dam-
age zone assessment analysis. Especially to the ongo-
ing study of “Potential damage zone prediction of 
Landslides in Sri Lanka, using the combined approach 
of Cellular Automaton and Multi-Agent models” 
(Karunarathna and Goto 2023). The susceptibility zones 
for landslide initiations are planned to be obtained 
using the raster slope shading method (Karunarathna 
et  al 2024) to check their potential damage zones. 
For this Potential damage zone prediction (ongoing) 
research, the next requirement is obtaining the com-
plete particle size distributions of the debris of pilot 
sites for the method development. The agent fraction 
of debris and the particle size distribution are the most 
sensitive parameters of this ongoing research model. 
Obtaining the particle size distribution of debris with a 
wide range of particle sizes, especially with large boul-
ders, is a challenge. The research study introduced in 
this paper was carried out to develop a better method 
to obtain the particle size distribution of debris with a 
wide range of particle sizes and also to obtain the input 
data for the ongoing research study.

The particle size distribution curve of survey location 2 
indicated in Fig. 14 is selected as the most representative 
physical composition of the debris for Aranayake fail-
ure. This result (particle size distribution of the debris in 
survey location 2) is planned to be used for the ongoing 
downslope propagation research studies.
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