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Abstract  Landslides comprised of a wide range of particle sizes 
(e.g. debris flows) exhibit flow structures arising from particle size 
segregation. Segregation influences the mobility of the flow, the 
development of debris fans, and the resulting impact forces to be 
expected when designing barriers and containment structures. 
In order to capture the flow dynamics of segregable materials in 
numerical simulations, experimental datasets quantifying segrega-
tion in the final deposit are required. However, the measurement of 
segregation is not a straightforward task as segregation observed 
at an external transparent boundary may not be indicative of seg-
regation within the bulk of the landslide mass due to sidewall fric-
tion. In this paper, we explore the use of four different strategies to 
optically measure particle size segregation in large landslide flume 
tests, comparing measurements taken (i) at the external transpar-
ent flume boundary; (ii) using a thin transparent plane as a split-
ter plate along the centre of the flow; and using a (iii) vertically or 
(iv) horizontally inserted transparent plate into the static deposit 
after flow arrest. Relationships between concentrations measured 
by projected area (i.e. sidewall image) to concentrations by mass are 
derived and validated for a tridisperse mixture to assess which sam-
pling method most closely represented the original source volume. 
Of the four strategies tested, the transparent splitter plane method 
was identified to cause the least amount of out-of-plane segregation 
of particles, provides a rich database of highly detailed observa-
tions of segregation of tridisperse granular flows that can be used 
to evaluate future numerical model outcomes, and is recommended 
for future laboratory flume investigations.

Keywords  Segregation · Landslides · Image analysis · Flume 
experiments

Introduction
Particle size segregation is a phenomenon observed in granular 
flows of mixed particle sizes resulting in preferential sorting lon-
gitudinally and vertically within the flow. In a geohazards context, 
this means that landslides which exhibit a large range of particle 
sizes, such as debris flows, are characterized by flow structures aris-
ing from significant particle size segregation. Vertical segregation is 
controlled by two primary mechanisms: particle percolation, which 
is the effect of small particles falling into voids towards the flow 
base, and squeeze expulsion, which describes the upwards squeez-
ing of all particle sizes during shear (Savage and Lun 1988). These 
combined processes result in the development of upwards coarse 
grading granular flow structures. Furthermore, this preferential 
vertical sorting of large particles towards the surface of the flow 
has implications for longitudinal sorting as the surface velocity is 

typically the fastest portion of the flow velocity profile. This effect 
leads to preferential transport of large particle sizes to the front of 
the flow. In the context of a debris flow, longitudinal sorting results 
in a dry coarse-grained flow front, followed by a transition zone and 
then a finer-grained flow tail (Fig. 1). The phenomenon of particle 
size segregation is therefore a key process defining the behaviour 
of polydisperse granular flows and will significantly influence its 
mobility, the development of debris fans, or resulting impact forces 
on structures.

Considerable advances in both physical modelling as well as 
theoretical and numerical models of granular flow segregation have 
been reported in the literature (Gray 2018). The majority of theoret-
ical models focus on segregation in bi-dispersed granular mixtures 
(e.g. Fan et al. 2014; Gray and Chugunov 2006; Gray and Thornton 
2005; Savage and Lun 1988) with few describing the more com-
plex process of segregation in multi-component (Gray and Ancey 
2011; Deng et al. 2018) or polydisperse mixtures (Schlick et al. 2016; 
Barker et al. 2021). Numerical simulations using methods such as 
the discrete element method (DEM) or discrete particle method 
(DPM) have been employed to model segregation in granular flows. 
These models have been shown to produce accurate results through 
comparison with experimental datasets and subsequent model cali-
bration (e.g. Jiang et al. 2018; Jing et al. 2018; Ming Cheng et al. 2019; 
Wiederseiner et al. 2011; Cúñez et al. 2024). Most of these studies 
investigate the process of segregation during steady state flow perti-
nent to industrial processes. In contrast, landslides exhibit an initial 
acceleration phase of confined or unconfined flow over variably 
inclined terrain before eventually coming to rest as a static deposit.

Validation of numerical simulations of segregation of geophysi-
cal flows would ideally be based on the segregation observed in such 
a deposit. However, experimental quantification of particle size 
segregation is difficult, as boundary measurements taken through 
a transparent window may not be fully representative of the inter-
nal structure. This challenge is illustrated visually in Fig. 2. Visual 
observations at an external window (Fig. 2a) are subject to bias due 
to sidewall influence. In contrast, internal measurements (Fig. 2b) 
require the generation of a deposit cross section in a manner 
which minimizes deposit disturbance. Refractively matched index 
experiments, which utilized transparent media, have been used to 
study both granular flows and specifically particle size segregation 
processes (van der Vaart et al. 2015, 2018; Sanvitale and Bowman 
2016, 2017; Trewhela et al. 2021). These types of experiments allow 
for undisturbed observation of internal flow and/or segregation 
processes. Similarly, X-ray computed tomography (CT) has been 
used to observe undisturbed three-dimensional complex motion 
dynamics arising from particle size segregation (Gajjar et al. 2021). 
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However, such experiments are currently limited in scale. Another 
method used to observe internal mechanisms of granular flows was 
carried out by Kokelaar et al. (2014). Deposits of small-scale size 
segregating flows were impregnated with a low-viscosity acrylic 
resin, sectioned, and polished for examination. Although effective 
for small-scale purposes, this method is not practical for use in 
large-scale experiments. In small-scale experiments, Viroulet et al. 
(2018) used a splitter plate placed part way down and along the 
centerline of a small-scale flume, parallel to the flume sidewalls and 
perpendicular to the flume base, to observe interior flow dynamics. 
However, the extent of bias generated in these flows due to particle 
interaction with the splitter plate is unclear. Currently, for large-
scale experiments, the most practical approach to obtain internal 
deposit information requires an incision into the deposit, similar in 
concept to that completed by Viroulet et al. (2018), which potentially 
introduces a sampling method bias.

Possible options for generating this incision and a resulting 
visible internal cross section include securing a transparent plane 
along the centerline of a runout zone prior to material deposition 
(Fig. 2c) inserting a transparent plane into the deposited material 
in the horizontal direction (Fig. 2d) in the horizontal direction in 
increments (Fig. 2e) or vertical direction (Fig. 2f). The magnitude to 
which the measurement and quantification of particle size segrega-
tion will be influenced by the sampling method is currently unclear.

The objective of this paper is to quantitatively assess four differ-
ent strategies to optically measure particle size segregation in flume 
tests, comparing measurements taken (i) at the external transparent 
flume boundary; (ii) using a thin transparent plane as a splitter 
plate along the centre of the flow; and using a (iii) vertically or (iv) 
horizontally inserted transparent plate into the static deposit fol-
lowing flow arrest. Relationships between concentrations measured 
by projected area (i.e. sidewall image) to concentrations by mass 
will be derived and validated for the tridisperse mixture in order to 
assess which sampling method most closely represents the known 
concentration of the source volume. This measure will therefore 
enable the quantification of the degree to which each measurement 
strategy causes out-of-plane segregation of particles observed in 
large-scale flume experiments. In doing so, the work aims to create 
a database of highly detailed observations of quantification of verti-
cal and longitudinal segregation of a tridisperse granular flow that 
can be used to evaluate future numerical model outcomes.

Materials and methods

Queen’s landslide flume
The Queen’s University landslide flume facility consists of a landslide 
source volume retained in a release box above a 30° inclined slope 
and a subsequent horizontal runout section (e.g. Bullard et al. 2019a, 
2019b, 2023; Taylor-Noonan et al. 2022). Key to the quantification of 
segregation using image analysis, the flume is equipped with trans-
parent sidewalls and a mechanism developed in the present study to 
permit the insertion of a transparent plane into the deposit to create 
an internal transparent cross-section (Fig. 3). Details for each of these 
flume components are described in detail in the following sections.

The flume structure is a 2.1 m wide, 6.73 m long, channel inclined 
at a slope of 30°. The sides of the flume consist of 19 mm thick and 
1.21 m tall tempered glass panes and an aluminum flume base over 
the inclined section and first 3.66 m of the horizontal runout sec-
tion of the flume. Beyond this, the flume walls and base transition 
to concrete for an additional 29.34 m. In the present study, the maxi-
mum travel distance along the base of the flume in all experiments 
is less than 3.66 m, resulting in the aluminum interface basal fric-
tion conditions representing the boundary conditions for the full 
duration of each flow.

The 0.6 m3 landslide source volume consists of tridisperse parti-
cles (3 mm, 6 mm, and 12 mm nominal diameter) in a pre-mixed state 
behind a rotating release door. The initial mixture was achieved by 
shoveling the material into a heap, mixing by shovel, and into buckets 
for delivery to the release box. These buckets were then lifted to the 
elevated release box via an PRO400 Platform Hoist in mixed batches 
of approximately 0.045 m3. For each lift, the material was leveled 
to ensure a uniform distribution of particle sizes, slowly building a 
source volume in the shape of a triangular prism (Fig. 3). This volume 
was then released down the flume by opening the release box door.

A Phantom v2512 high-speed camera, equipped with a Tokina 
100 mm f/8 macro lens, was placed at the bottom of the inclined 
section of flume (CAM1 in Fig. 3), to capture particle scale inter-
actions along the flume incline. The widest aperture was used on 
the lens to capture the movement of particles closest to the flume 
sidewall. Greyscale images were taken at a rate of 7500 fps, at a reso-
lution of 1280 × 800 pixels, with a field of view measuring approxi-
mately 220 mm × 136 mm. At this scale factor, particle diameters 
observed ranged between 15 pixels (3 mm particles) and 75 pixels 
(12 mm particles) in the acquired images.

After the mixture came to rest, the static deposit was imaged 
along the sidewall to capture the entire length of the deposit in 
0.1 m increments using a Sony DSC-RX10 II camera at a resolu-
tion of 5472 × 3648 pixels and Neewer Dimmable LED lights. These 
images captured an external view of the deposit morphology and 
particle size distribution. Particle diameter in pixels varied typi-
cally between 30 pixels (3 mm particles) and 150 pixels (12 mm par-
ticles) in these sidewall images.

A mechanism was developed in the presented study to per-
mit the insertion of a thin transparent plane into the deposit to 
create an internal transparent cross-section. A 6.25 mm thick, 
0.4 m × 2.44 m tempered glass pane fitted with a 50 mm long 
leading aluminum cutting wedge was selected to minimize sam-
ple disturbance but still maintain structural integrity during the 
installation process. An articulated support system was used to 
place and secure the pane in a fixed plane along the centerline 

Fig. 1   Schematic illustrating material flow down an incline, high-
lighting flow body morphology and particle size segregation lon-
gitudinally across the body and vertically in the form of upwards 
coarse grading of body material
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of the flume for internal deposit observation. Material depos-
ited on one side of the transparent plane was removed to make 
the material on the other side of the transparent plane visible 
for observation. This transparent plane, now exposing internal 
deposit morphology, was then imaged in the same manner as the 
flume sidewall.

Several internal deposit sampling methods were trialled as shown 
in Fig. 2. For the stationary internal plane method (Fig. 2c), the inter-
nal plane was secured along the centerline of the flume prior to the 
material release. The horizontally inserted plane method involved 
sliding the internal plane into the deposit from the front continuously 
until the full deposit was sectioned. The incremental horizontally 

Fig. 2   Landslide deposit observation points at a an external flume window and b a cross-section created inside the landslide deposit using 
a thin, 6.35 mm thick, tempered glass plane to section the deposit by c being stationary and present in the runout area, d being horizontally 
inserted into the stationary deposit, e being horizontally inserted into the stationary deposit in increments, and f being vertically inserted into 
the stationary deposit
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inserted internal plane method (Fig. 2d) involved sliding the internal 
plane into the deposit from the front in increments to minimize the 
shearing effect. In detail, the plane was initially inserted 0.5 m so that 
the most distal 0.3 m of deposit could be imaged after excavation 
in front, then further inserted in 0.3 m increments until the whole 
deposit was examined (allowing the 0.2 m closest to the undisturbed 
deposit to remain intact each time). The vertical insertion of a plane 
(Fig. 2f) was unsuccessful as the plane was unable to reach the base 
of the flume in a consistent and controlled manner. For this reason, 
this method was not further investigated.

Materials

Commercially available ceramic particles, marketed as Denstone 
2000 Support Media and manufactured by Saint-Gobain Norpro, 
were used to create the tridisperse mixture source volume. An even 
mixture by mass of 3 mm, 6 mm, and 12 mm nominal diameter par-
ticles was chosen to simplify the interpretation of data by ensuring 
each component of the mixture was present in equal proportions. 
These particular particles were selected for their resistance to frac-
ture, similar density to typical geophysical flow materials (2200 kg/
m3), their pseudo-spherical shape (92–96% sphericity, to avoid rolling 
friction associated with perfectly spherical particles), and uniform-
ity of particle size (diameters of 3.85 ± 0.41 mm, 7.03 ± 0.38 mm, and 
13.43 ± 0.66 mm, respectively) as measured by Coombs et al. (2020).

Image analysis techniques for quantifying landslide thickness 
and velocity

A key aspect of the experimental design was to examine the repeat-
ability of the landslide experiment. Image analysis techniques 
were therefore used to characterize the velocity and flow height of 
the replicate landslide experiments through high-speed camera 
data collection. Flow height data was obtained by taking frames 

every 0.05 s of flow and manually tagging the top of flow in each 
frame. Velocity data was obtained using particle tracking veloci-
metry (PTV). PTV requires the identification of particle locations 
from successive frames to determine particle movement between 
frames. The particle-mask-correlation method (Takehara and 
Etoh 1999; Gollin et al. 2017; Taylor-Noonan et al. 2021) was used to 
identify particles from the high-speed camera frames. Masks were 
generated, using two-dimensional Gaussian distributions, to match 
the appearance of test particles. These masks were square in shape 
with the Gaussian distribution beginning at the center of the mask 
and extending radially in all directions for a distance of half the 
square width. This resulted in a circular Gaussian distribution sur-
rounded by solid dark corners (Fig. 4b) which matched shadowing 
often present around the particles imaged. Masks were generated 
in a range of sizes via visual assessment to encompass the range 
present in the flow. Once a particle was identified, its location was 
calculated on a subpixel level by completing a least-squared-error 
fit between the subject frame and particle mask.

For this study, the cross-correlation method was used in a 
PTV algorithm to track the particles between images (Gollin 
et al. 2017). Velocity data was collected at intervals of 0.1 s of flow 
by averaging over ten consecutive frames over a time period of 
1.33 ms. Velocity data were then binned to enable them to be sepa-
rated by height. For each time interval, the top flow velocity values 
were taken from the vertical bin nearest in height to the identified 
flow height, while mean velocity values were taken as the mean 
of the velocities throughout the flow height, and the basal slip 
velocity was taken to be that of the bin closest to the flume base.

Development of image analysis methods to quantify segregation

Deposit imaging analysis
Optical quantification of the degree of segregation requires high-
resolution images of the deposit to be taken throughout the entire 

Fig. 3   Schematic of the Queen’s landslide flume and articulated support system for thin, 6.35 mm thick, plane of tempered glass used for 
deposit sectioning
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profile of the static deposit. Images were captured every 0.1 m at a 
transparent boundary to analyze the distribution of particle sizes. 
The captured images were converted to greyscale and cropped such 
that the height of the image incorporated the base and top of the 
deposit and such that the width of the image generated a 0.1 m wide 
field of view (FOV) (Fig. 4a). The particle-mask-correlation method 
was used to identify particles and their positions within the images. 
Sample masks used are shown in Fig. 4b. Once particles were identi-
fied (Fig. 4c), the relative concentrations of each particle size based 
on area could be determined by dividing the area occupied by one 
particle size by the area occupied by all identified particles. Compil-
ing the concentration results of the multiple images taken at vari-
ous locations along the flume base allowed for the observation of 
longitudinal segregation in the deposits. Vertical segregation was 
also observed and analyzed using the same 0.1 m cropped images. 
This was done by generating 10 equally sized vertical bins (Fig. 4d), 
based on the local height of the deposit. The concentration of a par-
ticular particle size in each bin was calculated as above. If a particle 
was located along the boundary of a bin, the fraction of the particle 
area within the bin was used in the calculation.

Relationship between particle concentration by area and mass/
solid volume

Images of particles captured at a vertical transparent boundary 
represent the projected area of the different particle sizes at the 
plane of the window. However, additional analyses are required 
to translate particle concentration based on area to particle 

concentration based on volume or mass (Diplas and Sutherland 
1988; Bunte and Abt 2001; Graham et al. 2012). This is because the 
projected area of a spherical particle scales with the square of its 
radius, while its volume scales with its cube.

In the literature, empirically derived factors are used to develop 
conversion relationships between particle concentration by area 
and by solid volume or mass (Diplas and Sutherland 1988; Graham 
et al. 2012). Equation (1) presents a rewritten version of the equation 
by Cuttler et al. (2017):

where V
Wi

 , is the volume by weight portion of the ith grain size, 
A
Wi

 is the area portion occupied by the ith particle size, D
i
 is the 

diameter of the ith particle size, and X is an empirically determined 
conversion factor. This conversion method is widely applicable to 
coarse particle size distributions with varying degrees of angularity.

Given the primary focus of the quantification of segregation in 
this work, a specific theoretical relationship is derived here between 
concentrations based on area and mass/solid volume for tridisperse 
mixtures. Coombs et al. (2020) found the subject 3, 6, and 12 mm 
particles had similar particle densities, 2241 kg/m3, 2242 kg/m3, and 
2195 kg/m3, respectively. Therefore, it is reasonably assumed that 
particle density, ρ, is independent of particle size. It is also assumed 
that particles are perfectly spherical. Hence, for each respective par-
ticle size, area (A) is calculated as A = �r2 , where r is the particle 
radius; volume (V) is calculated as V =
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Fig. 4   Image analysis process starts with a a raw image, on which b the particle masks are correlated to the raw image, for c the identification 
of particles locations and sizes, and d the vertical binning of identified particles, for concentration by area calculations
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 Where C
Mi

 represents the concentration by mass of a particular 
particle size, and  n

i
 represents the number of particles of that size 

present in a subject mixture. Concentration of each particle size in 
terms of area is calculated as.

The concentration by area of the three particle sizes is rep-
resented by the coefficients, C

Ai
, with the assumption that 

C
A1

+ C
A2

+ C
A3

= 1. The above equation rearranges to

With the undefined coefficients isolated to equate to a common 
set of defined variables, the isolated coefficients can be defined for 
each particle size and equated:

Which rearranges to

Equations (6a) and (6b) can be substituted into Eq. (2) and 
rearranged:

Further rearrangement allows for the calculation of the concen-
trations by mass for each remaining particle size:
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The relationships for particle concentration by mass Eqs. (7)–(9) 
can therefore be used to translate measurements of particle con-
centrations by area to concentrations by mass using known particle 
size radii for a tridisperse mixture.

Transparent box validation

A small-scale transparent box was built to image mixtures consist-
ing of different proportions by mass (or volume) of the subject 
particle sizes to confirm the relationship derived above (Fig. 5a). 
Once each mixture was poured into the box, each side was imaged 
with a Sony DSC-RX10 II camera. Images were then cropped to 
0.1 m widths and analyzed for particle size concentrations by area 
(e.g. Figure 5b). The mixture was then remixed, and the box refilled 
5 times, resulting in 20 images of particle concentrations by area 
per mixture.

This process was conducted for three mixtures with 3:6:12 mm 
particle mass ratios of 1.5:1:0.5, 1:1:1, and 0.5:1:1.5, respectively. All 
calculations utilized the particle size radii measured by Coombs 
et al. (2020) rather than the nominal radii. Concentrations by area 
determined for each particle size are presented in Fig. 6 as a box 
and whiskers plot, along with the actual concentrations of parti-
cle size marked as black dashed lines. These concentrations were 
translated to concentrations by mass using Eqs. (7)–(9) for each 
respective particle size and mixture.

For each mixture tested, the same trends in conversion between 
area, volume, and mass are observed for each particle size (Fig. 6). 
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Fig. 5   Dimensioned a transparent glass box used for concentration by area measurements and b sample image captured
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The concentrations by area of the 3 mm particles present higher 
than their corresponding concentrations by mass, while those of 
the 6 mm particles present similar values, and those of the 12 mm 
particles present lower values. These trends are as expected given 
the different scaling that different radii are subject to in the calcula-
tion of area and mass/solid volume. Additionally, for each mixture 
tested, good agreement is seen between calculated median particle 
size concentrations by mass and the physically measured particle 
size concentrations by mass of the mixtures studied (Fig. 6). This 
visual agreement indicates that the relationship outlined in Eqs. 
(7)–(9) reasonably captures how concentrations by area convert to 
concentrations by mass in spherical tridisperse mixtures.

In addition to the validation of the theoretical relationships 
for particle size concentrations, these tests demonstrate the value 
in replicate testing in measurements of segregation. Significant 
scatter was seen in the transparent box results (Fig. 6) which is 

representative of segregation that occurs during the filling process 
and the statistical likelihood that a representative distribution of 
particles is being captured in analyzed images. Sample windows 
were designed to be 0.1 m wide by 0.2 m high to match the typical 
size of those from the experimental landslide deposits. Therefore, 
the scatter observed may be considered to be representative of the 
larger experiments.

For this study’s subject experiments, utilizing a material source 
volume of 0.6 m3 with a mass of approximately 915 kg, it is not 
possible to execute twenty replicate tests to obtain the same num-
ber of replicate data points as the transparent box experiments. 
From a practical perspective, a minimum of four replicate tests for 
each internal deposit sampling method attempted was chosen at 
the outset of the experimental design. This decision was based on 
the assumption that a significant portion of the scatter observed 
in the box tests was due to segregation occurring during the filling 

Fig. 6   Box and whiskers plots of experimentally obtained particle size concentrations by area translated to particle size concentrations by 
solid volume, using the empirically determined volume to area relationship, for the conducted transparent box experiments. The actual par-
ticle size concentrations by mass/volume used in the experiments are marked on the concentration by volume box and whiskers plot for the 
respective particle size, 3:6:12 mm, volume ratios, a, b, and c 
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process. In the remainder of the paper, particle size concentrations 
are presented both in terms of concentrations by area to enable 
visual comparisons with the captured images and as particle con-
centrations by mass to evaluate the correspondence of each method 
to the concentrations of the original source volume.

Landslide and landslide deposit observations

Landslide characteristics
A typical experiment using the flume is shown in the video included 
as supplementary information. The characteristics of the granular 
flow developed in the landslide segregation experiments are pre-
sented in Fig. 7 in terms of a time history of flow height and velocity 
at an observation point (Fig. 3), for three replicate tests. Figure 7a 
shows individual flow behaviour using coloured lines, while Fig. 7b 
uses the same legend markers across all three replicates to identify 
trends. Overall, each replicate test yielded similar flow height and 
velocity data, demonstrating consistent behaviour.

Over the duration of flow, the height of flow peaked at around 
80 mm as the initial dilated flow front passed the observation 
point, dropped to between 50 and 65 mm for approximately 1.5 s as 
a coherent flow body then dropped again to approximately 40 mm 
and continued to decrease as a thinning flow body (Fig. 7a). Addi-
tionally, velocity measurements were taken for the top of flow, aver-
age flow, and base of flow (basal slip velocity) (Fig. 7b). All meas-
ured velocities were initially high at the flow front of saltating and 
collisional particles. After the initial front passed, a more coherent 
body of material passed the observation point, and the velocity 
measurements diverged. Top of flow velocities remained higher 
than the average flow or basal slip flow velocities due to the profile 
of shear within the flow. Large particles preferentially migrating 
to the top of the flow therefore are also preferentially delivered to 
the front of the flow due to the higher velocity in this region. As 
expected from Johnson et al. (2012), Iverson (2014), and Turnbull 

et al. (2015), these observed initially tall fast flows which slow and 
thin towards their tail ends match the behaviour of natural debris 
flows, which in general have thick coarse fronts followed by thin-
ning tails. These results also illustrate how longitudinal segregation 
occurs, with faster top of flow velocities and slower basal slip veloci-
ties developing over the flow duration.

External landslide deposit characteristics

Landslide deposits were analyzed to determine particle sizes and 
locations through the transparent flume sidewall. This information 
is visually presented in Fig. 8 for one replicate with particle markers 
represented by their respective diameters and located in their cal-
culated position within the deposits relative to the incline, R(m). As 
anticipated in the longitudinal direction, the large 12 mm particles 
dominate the front, and the small 3 mm particles dominate the back 
of the deposit, with medium 6 mm particles scattered throughout.

Figure 9 quantifies the data presented in Fig. 8 across all six 
replicates. The trend of a coarse-grained front, transition zone, and 
fine-grained tail corresponds to a typical debris flow deposit mor-
phology. The average total runout distance of a deposit Rmax for the 
six replicate tests was 2.08 m. Distance from the flume incline, R(m), 
was normalized to Rmax to examine vertical segregation using three 
0.3 m sections of interest, labelled in Fig. 9. These were selected 
along the runout distance to assess vertical segregation, with each 
position corresponding to different longitudinal zones of segrega-
tion (e.g. the coarse-grained front, transition zone, and fine-grained 
tail of the deposit).

Figure 10 presents vertical concentration by area for these sec-
tions in terms of normalized height, y/h, where y is the height of a 
vertical bin and h is the height of the deposit. Connected points rep-
resent data from individual tests. Small particles dominate through-
out the vertical range at the tail end of the deposit (Fig. 10a), while 
large particles dominate throughout at the front (Fig. 10c). However, 

Fig. 7   Graphs of a height of flow and b particle flow velocity, versus time since release box door opening taken from a fixed observation 
point for 3 replicate tests
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in the middle section or transition zone at an R/Rmax of 0.4, in 
which particle size concentrations by area are evenly distributed 
longitudinally, very clear vertical segregation is seen (Fig. 10b). 
Large particles are focused at the top of the deposit, small parti-
cles at the bottom, and medium-sized particles are consistent in 
concentration throughout the deposit height.

This data indicates that strong vertical segregation is present in 
the deposit where particle size concentrations are relatively evenly 
distributed. However, towards the front or tail of the deposit, where 
longitudinal segregation has caused one particle size to dominate, 
vertical segregation is far less apparent.

Internal longitudinal segregation observations

Several internal deposit sampling methods were trialled to observe 
segregation trends along the centerline of deposits. Placing a sta-
tionary internal plane, inserting a plane horizontally, and inserting 
a plane horizontally in increments were employed for the internal 

cross-sectioning of, respectively, four, five, and four replicate test 
deposits.

Particle size concentrations by area, plotted with respect to 
normalized deposit runout distance, are presented in Fig. 11 for 
the external sidewall observations and internal deposit observa-
tions obtained through the stationary plane and horizontal plane 
insertion methods. In these figures, the boundaries of the transi-
tion zone, the points at which the coarse grain front ends and the 
fine-grained tail of the deposit begins, were visually assessed. The 
point at which particle size concentrations by area first converged, 
extending from the front of the deposit, was considered to be the 
coarse-grained front transition zone boundary. The point at which 
these particle size concentrations by area next diverged, extending 
from the front transition zone boundary, was considered the fine 
grain tail transition zone boundary.

Along the external flume sidewall, very clear segregation is 
seen in the longitudinal direction (Fig. 11a). The transition zone 
boundaries were visually determined to be at R/Rmax of 0.3 and 0.5, 
with particle size concentrations by area clearly diverging before 
and after these values. In comparison, the stationary plane method 

Fig. 8   Sample a external sidewall view of a deposit imaged and b schematic cross section reproduced using particle size analysis results from 
deposit images. The diameter of the particle size markers corresponds to the difference in diameter between the respective particle sizes

Fig. 9   Collective raw longitudinal particle distribution results of six replicate tests as seen from external flume sidewall with points of interest 
marked
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also results in clear longitudinal segregation (Fig. 11b). However, 
longitudinal segregation observed by this internal method shows 
more consistent particle size concentrations outside of the transi-
tion zones compared to that seen from the external flume window. 
For example, the internal plane shows a constant concentration 
of 6 mm particles across the deposit, whereas along the external 
flume sidewall, a variation is seen. Additionally, the transition zone 
boundaries are located further towards the front of the deposit, at 
approximately R/Rmax of 0.6 and 0.7, respectively, compared to the 
external sidewall.

Particles are subject to shear as they move along both the exter-
nal flume sidewalls and the internal stationary plane at the base of 
the flume. During the entire duration of the flow, particles interact-
ing with the sidewall of the flume are subject to shearing, which 
encourages segregation (Golick and Daniels 2009; May et al. 2010). 
In the case of the stationary internal plane, particles only interact 
with the plane in the runout section of the flume, 2.44 m maximum, 
which is a significantly shorter distance than the length travelled by 
the flow (approximately 11.5 m). This difference in shearing distance 
accounts for the shifted transition zone boundaries in the internal 

Fig. 10   Collective height normalized vertical particle distribution results of six (6) replicate tests taken at a R/Rmax = 0.15, b R/Rmax = 0.40, and c 
R/Rmax = 0.75, as seen from external sidewall. Connected markers represent data points from the same tests
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stationary plane cross sections relative to those observed through 
the external flume sidewall.

Observations made using the horizontally inserted plane cross-
sectioning method, Fig. 11c, differed significantly from the exter-
nal sidewall observations. For this method, the internally observed 
coarse-grained front of the deposit, at R/Rmax of 0.85 to 1, initially 
shows very clear segregation. However, the transition zone bounda-
ries for the horizontally inserted plane tests occur at a R/Rmax of 
0.55 and 0.85, so that the front boundary of the transition zone is 
closer to the front of the deposit than seen in sidewall observations. 

Nonetheless, the transition zone extends further than that observed 
for the internal stationary plane method, indicating some discrep-
ancy between the two.

Longitudinal particle size distribution results for four replica 
tests utilizing this incremental insertion method are presented in 
Fig. 11d. Similar to the results of the horizontal insertion method, 
the transition zone front boundary is close to the front of the 
deposit at an R/Rmax of 0.85, but the transition zone extends further 
than that seen with the horizontal insertion method, to an R/Rmax of 
0.25. These results suggest that longitudinal segregation along the 

Fig. 11   Longitudinal particle distribution results as seen from a external sidewall, b internal cross section generated using stationary plane 
method, and internal cross section generated using horizontal insertion method post-test in either a c single push or d incremental push
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centerline of the deposit is weakened. This weakened longitudinal 
segregation trend is also seen in the horizontal insertion method, 
in the form of an elongated transition zone; however, it is enhanced 
using the incremental horizontal insertion method.

The differences in outcomes between internal plane methods are 
of interest, such that it is not clear which produces a more reliable 
representation of an undisturbed deposit centerline. Therefore, an 
investigation on segregation induced by the shearing of a plane was 
undertaken to clarify the cause of this discrepancy.

Segregation induced by the shearing of a plane

The significance of segregation induced by the shearing of a plane 
was assessed through the analysis of 0.1 m wide images, of 0.1 m 
width, taken of a deposit in a fixed location as a horizontal plane 
was inserted (Fig. 12a). Images were captured for each 0.1 m of 
plane movement and analyzed for particle size concentrations by 
area. Sample images of the deposit from a fixed location are shown 
for 0.47 m, 1.27 m, and 2.07 m of plane movement across the depos-
ited particles along with their corresponding vertical particle size 
distributions in Fig. 13. There is a significant height change in the 
deposit as the plane shears through it. This height change also cor-
responds to a drop in 3 mm and 6 mm particle concentrations by 
area and rise in 12 mm particle concentrations. There are several 
mechanisms at play here: the change in particle concentrations 
indicates an increase in vertical segregation as the plane shears 

through the particles; the height decrease corresponds to both con-
traction and out-of-plane movement of the particles. Smaller 3 mm 
particles are pushed into the body of the deposit during shearing, 
and larger 12 mm particles move towards the boundary, while over-
all the packing of material being disturbed becomes more efficient.

The change in overall particle size concentrations by area over 
1.5 m of plane movement is presented in Fig. 12b. Initial particle size 
concentrations by area are relatively equal; however, with increased 
plane shearing, segregation becomes increasingly pronounced until 
approximately 1.27 m of shear has occurred after which point par-
ticle size concentrations by area remain relatively constant. This 
suggests that after a certain amount of shearing, particles will no 
longer rearrange as they are already in a fully segregated state.

Overall, this investigation demonstrated that the horizontally 
inserted plane method generated significantly more sample dis-
turbance than initially assumed. The incremental horizontal plane 
insertion method limits shearing caused sample disturbance and 
therefore generates more reliable results. However, although lim-
ited, the incremental horizontal plane insertion method is still sub-
ject to shearing which generates sampling disturbance.

Visual comparison of external and internal landslide deposit 
characteristics

Representative deposit cross sections, highlighting particle nor-
malized locations and sizes, generated from each cross-sectioning 

Fig. 12   Schematic of a shear investigation setup with a fixed camera field of view and moving glass plane (causing shear displacement) and 
graph of b particle size concentrations from fixed camera field of view as glass boundary plane is inserted in 0.1 m increments
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method and external sidewall observations are presented in Fig. 14. 
It should be noted that the differences between these cross sections 
are attributed to the differences in the sampling methods used. 
The cross sections presented were chosen to be representative of 
all replicate tests performed using a particular sampling method. 
Height (H) is normalized to the max height (Hmax) of the respec-
tive deposit.

The external sidewall cross section (Fig. 14a) shows particle size 
segregation in the longitudinal direction and an overall high pres-
ence of large, 12 mm, particles relative to that seen from the internal 
observations. The internal stationary plane cross-section (Fig. 14b) 
also shows segregation more dominantly in the longitudinal direc-
tion than the vertical; however, significantly fewer 12 mm particles 
are present in this internal cross section. The horizontal insertion 
and incremental horizontal insertion cross sections (Fig. 14c and 
d, respectively) both show significant vertical segregation and 
less prominent longitudinal segregation. The number of 12 mm 

particles in these cross sections more closely matches those within 
the internal stationary cross section.

When a flow is unconfined, coarse-grained lateral levees form 
due to particle segregation circulating coarse particles to the 
edges of flow, which also generate channelized flow through the 
center of the body (Johnson et al. 2012). These lateral levees are 
unable to form in the test deposits generated for this study due 
to sidewall confinement; however, the dominance of 12 mm par-
ticles in the external sidewall cross-section suggests that coarser 
particles are still being advected to flow edges. The internal sta-
tionary plane cross-section shows a similar effect occurring at 
the deposit front, but this effect is less prominent than that seen 
through the external sidewall. The internal stationary plane acts 
as a confining boundary for the flow body once it reaches the 
runout section of the flume. The effect of large particles cir-
culating to this internal boundary is less significant than that 
seen with the external sidewall window as this boundary is only 

Fig. 13   Sample images, taken from a fixed position, and corresponding vertical particle size concentrations by area taken with a glass bound-
ary plane inserted 0.47 m, 1.27 m, and 2.07 m into the deposit (shear displacement amounts). Note the bottom edge of the glass boundary 
plane is shown in the base of the sample images as the glass boundary plane is not perfectly flush with the base of the flume
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present through the small runout section of the flume, for 2.44 m 
maximum, so this effect has less distance over which to develop 
in the flow body.

The internal sampling methods attempted all provided results 
more similar to each other than those generated from sidewall 
observations. The results of the internal insertion cross-section-
ing methods suggest the centerline of these flow deposits is more 
heavily segregated in the vertical than the longitudinal direction. 
This is in agreement with the quantitative assessments presented 
in Fig. 11c and d. The observations made using the incremental 
horizontal insertion method are more reliable than those made 
with the horizontal insertion method, as sample disturbance 
was much less. While vertical segregation is likely more exag-
gerated in deposit cross-sections generated using plane inser-
tion methods, the horizontal incremental method minimizes the 
disturbance.

Segregation observations by mass

Concentration by area measurements is biased towards a higher 
presence of small particles due to the neglect of the three-dimen-
sional aspect of particles. Concentrations by mass for each parti-
cle size, calculated from the empirical relationship defined by Eqs. 
(7)–(9) for representative deposits of each deposit cross-section 
type, are presented in normalized terms in the bar chart included in 
Fig. 15. The concentration by mass trends in this data are compara-
ble to the visual area representations of each cross-section method 
presented in Fig. 14. As expected, these concentrations by mass show 
a large presence of 12 mm particles and significantly less of 3 mm 
particles in comparison to concentration by area information. Due 
to this, transition zone boundaries are located closer to the tail of 
the deposit than in corresponding quantified concentration by area 
observations.

Fig. 14   Deposit sample cross-sections displaying particle locations and sizes for a external sidewall view of deposit and internal cross-sec-
tions produced using b stationary internal plane method, c horizontally inserted internal plane method, and d incremental horizontally 
inserted plane method
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The integration of the concentrations by mass throughout the 
entire measurement plane provides an opportunity to comment 
whether the concentrations by mass in this plane are representative 
of the known concentrations of the original source volume. These 
calculations have been performed for each sampling method and 
are presented in Fig. 15. In Fig. 15a, the longitudinal distribution 
of concentration by mass is shown as a stacked bar chart. If these 
values are summed, the total concentration of each particle size can 
be calculated. If a method is representative of the known concentra-
tion of the original source volume, the total concentration by mass/
solid volume would be 0.33 for each of the 3, 6, and 12 mm parti-
cles. This integrated data indicates that the cross section generated 
along the external sidewall most significantly deviates from the 
original mixture. In contrast, the internal stationary plane method 
most closely represents that of the original source volume. It can be 
inferred that this method causes the least out-of-plane segregation 
of particles resulting from the measurement technique employed.

Conclusions
Flow structures in landslide deposits are important for the geo-
morphological interpretation of landslide mechanisms. Particle 
size segregation is a key characteristic that may occur during land-
slides, such as debris flows, rock avalanches, and debris avalanches: 

linking the physical manifestation of segregation in the field to that 
under controlled laboratory conditions is therefore important, 
given that numerical models of segregation are generally validated 
against such experiments. The critical question regarding quanti-
fication of segregation in laboratory flume experiments relates to 
whether visual observations of particle size distributions captured 
at a transparent external boundary are significantly different from 
internal measurements. A second question then arises as to whether 
sampling by the insertion of a transparent plane could introduce 
biases in the measurement of segregation.

As a first step to answering these questions, an analytical rela-
tionship was derived for tridisperse mixtures, as used in subse-
quent flume experiments, to enable the translation of sidewall 
concentrations calculated by area to concentrations by mass/solid 
volume. Small-scale experiments confirmed this relationship and 
emphasized the need for replicate tests to be performed to allow 
for statistical variability.

Nineteen replicate landslide flume tests using 0.6 m3 of even 
sizes by mass of tridisperse particles revealed consistent overall 
flow behaviour, with initially fast and tall flow fronts followed by 
slowing and thinning flow tails. Replicate tests were used as a strat-
egy to increase the accuracy of the quantification of the degree of 
particle size segregation.

Fig. 15   Stacked bar chart of deposit concentrations by volume of each particle size for a external sidewall view of deposit and internal cross-
sections produced using b stationary internal plane method, c horizontally inserted internal plane method, and d incremental horizontally 
inserted plane method. The height of each bar is representative of the height of the deposit at the respective R/Rmax location. Bar charts of 
overall particle size concentrations by volume for each sampling method are shown to the right of the respective stacked bar charts with a 
black line marking the source volume concentration of each particle size, 0.33 concentration. The b stationary internal plane method best 
matches the initial source volume concentration of each particle size
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Observations at the external sidewall of the flume in replicate 
tests showed very clear longitudinal segregation, with a coarse-
grained front, transition zone, and finer-grained tail. Additionally, 
vertical segregation was shown to be prominent in the transition 
zone of the deposit from this sidewall data. Sets of replicate tests 
were then performed to explore three internal sampling strategies 
to quantify the differences in the distribution of particle sizes at 
the centre of the deposit and at the external transparent window.

Internal cross sections generated using the internal stationary 
plane method showed evidence of longitudinal segregation, how-
ever, these patterns did not match those seen from the external 
flume sidewall. Transition zone boundaries were observed to be 
closer to the deposit front than that seen from the sidewall, which 
is likely to be due to differences in boundary interaction length. 
Additionally, particle size concentrations by area were found to be 
more consistent into the tail of internal stationary plane deposits 
than at the sidewall.

The vertical insertion of a glass plane into a deposit could not 
be carried out in a controlled and consistent manner and therefore 
was not further investigated. The horizontal insertion of a thin glass 
plane into the centerline of a deposit produced a similar degree of 
segregation at the front of the deposit as that using the internal sta-
tionary plane method. However, past the initial front, longitudinal 
segregation is significantly less prominent. Incremental insertion 
of a plane into a deposit was found to cause significantly more 
disturbance than was expected, especially with respect to vertical 
particle rearrangement. Otherwise, results of this method more 
closely matched those seen from the horizontal insertion method 
than the stationary internal plane method. All internal deposit 
observation methods gave results that were more consistent to each 
other than the results taken from the external side wall. This further 
confirmed the need for the increased use of internal observations 
and decreased reliance on sidewall observations in relevant granu-
lar flow research.

The integration of the concentrations measured using different 
methods over the entire deposit enabled an assessment of whether 
results were representative of the original source volume. Results 
at the external sidewall showed the most significant variation from 
the original mixture, with a relatively large presence of the largest 
(12 mm) particles. The increased presence of large particles sug-
gests that shear along the boundary causes large particles to be 
preferentially advected to the flow edges as would occur in natural 
unconfined debris flows. In contrast, the internal stationary plane 
method produced an overall concentration that most closely rep-
resented the original source volume. It can be inferred that this 
method causes the least amount of out-of-plane segregation of par-
ticles resulting from the measurement technique employed.

Overall, this work produced valuable data sets for future devel-
opment of theoretical models and calibration of numerical models 
of segregation. Sidewall influence on particle size distribution was 
illustrated, internal deposit observation techniques were investi-
gated, and the stationary internal plane method was deemed the 
most pragmatic approach for future work. Future work on granular 
flows should decrease reliance on external sidewall observations 
and place an emphasis on internal observations in order to further 
current understanding of segregation dynamics in granular flows.
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