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Abstract

Sustainable landslide risk management is critical for achieving resilient communities and
supporting the United Nations Sustainable Development Goals, particularly in vulner-
able mountainous regions of developing countries. This study presents experimental
evidence supporting dimensionless analysis approaches for characterizing granular flow
behavior, contributing to cost-effective landslide hazard assessment frameworks. We de-
signed a 4 m experimental flume to investigate the influence of particle characteristics
on flow velocity and runout distance, using two materials with contrasting shapes but
similar density (~460 kg/m?) and nominal size (~5 mm): uniform crystal beads (¢ = 25.2°)
and non-uniform crushed granite particles (¢ = 36.9°). High-resolution imaging (30 fps,
2336 x 1752 pixels) captured 30 flow experiments from initiation to deposition. Results
demonstrate significant differences in flow behavior: crystal beads achieved 50% longer
runout distances and 46% higher maximum velocities (380 cm/s vs. 260 cm/s) compared
to granite particles. The Savage number (Ns4, ) effectively captured fundamental flow-
regime differences, with granite particles exhibiting values seven times lower than crystal
beads (3.69 vs. 23.91, p < 0.001), indicating greater frictional energy dissipation relative to
collisional energy transfer. The Bagnold number confirmed inertially dominated regimes
(NBag > 10%) with negligible viscous effects in both materials. These findings demonstrate
that accessible material characterization using standard triaxial testing and dimension-
less analysis can significantly improve landslide runout prediction accuracy, supporting
evidence-based decision-making for sustainable territorial planning and community pro-
tection. This research supports the development of practical risk assessment methodologies
implementable in resource-limited settings, promoting sustainable development through
improved natural hazard management.

Keywords: landslide runout; granular flow; Savage number; dimensionless analysis; risk
assessment; sustainable development; community resilience

1. Introduction

Landslide hazards pose significant threats to sustainable development, particularly
in mountainous regions where vulnerable communities often lack adequate resources for
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comprehensive risk management. The United Nations Sustainable Development Goals
(SDGs), especially SDG 11 (Sustainable Cities and Communities) and SDG 13 (Climate
Action), emphasize the critical need for resilient infrastructure and effective disaster risk
reduction strategies. Understanding granular flow mechanisms significantly impacts
various applications, ranging from industrial processes [1,2] to assessment of natural
hazards, including powder snow avalanches [3-5] and flow-like landslides such as debris
flows and rock avalanches [6,7]. The latter are the focus of this study due to their devastating
impact on sustainable development.

In such scenarios, comprehending the role of various interactions among components
forming the flowing mass is crucial for assessing the velocity and runout distance of flow-
like landslides. The implications of these processes are significant for multiple purposes,
including the design of mitigation structures [8,9] and landslide risk assessment for down-
stream communities [10-12], which directly support sustainable territorial development
and community resilience.

The development of granular flows, such as debris flows, mud flows, or rock
avalanches, results from complex interactions among elements composing the flowing
mass [13]. This mass typically consists of a mixture of different materials in fluid and solid
phases. At the microscale, granular flow kinetics are influenced by (1) particle—particle
interactions and (2) particle-fluid interactions [13]. Regarding particle-particle interactions,
two important mechanisms are involved: brief collisional contact between particles, which
dissipates energy through damping-like behavior, and long-term frictional interaction that
dissipates energy due to prolonged particle contact. Particle-fluid interactions are primarily
related to the rheology of the fluid phase, commonly water [14-16], resulting in energy
dissipation through viscous-like behavior.

Accounting for these processes at larger scales, such as the mesoscale (i.e., consid-
ering the flowing mass as a continuum), may unveil the key processes driving material
displacement, which is essential for sustainable risk management frameworks. This ap-
proach represents a key feature in modeling complex phenomena at real scale. In this way,
characterization of granular flows, specifically within the scope of landslide processes,
can be performed using dimensionless numbers indicating the dominance of the forces
interacting in the flow: characteristic numbers relating the friction, collision, and viscous in-
teractions [6] or an inertia-based approach directly considering the effects of the dominating
actions on the flow shear rate [17].

Replication of these processes under real-scale conditions is extremely difficult, lead-
ing to nearly unpredictable uncertainties given the complex nature of the phenomenon.
Therefore, laboratory-scale observations of the process are crucial for the statistical valida-
tion of the theoretical basis and for the development of cost-effective methodologies that
can be implemented in resource-constrained environments. In this manner, experimental
evidence on granular flows may unveil the key processes in particle flows, contributing to
the sustainable understanding of their effects in real-scale conditions.

Granular flows simulating landslide runout processes can be replicated under con-
trolled conditions in the laboratory or at experimental sites within a wide variety of scales.
Some investigations have reported the use of large artificial flumes [18,19] and even natural
gullies for the testing or recording of the runout and deposition of flowing material ranging
from a few to thousands of cubic meters [20,21]. Other investigations have scaled down
the problem by using smaller flume tests; with bidimensional flow-based experimental
modeling, some studies have used soil-water mixtures to study the influence of the shape
of the flume transversal section, grain size composition, and water content on the motion
and deposition of the flowing mass [22,23], while others have used dry granular flows to
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investigate the effect of the shape of the flow bed in the runout process [24-26] and even
that of three-dimensional granular flows in irregular 3D terrain [27,28].

The aim of the present study is to demonstrate, through experimental evidence, the
influence of particle interactions at three flow stages—initiation, intermediate flow devel-
opment, and runout or deposition—contributing to sustainable landslide risk management.
It also seeks to show how flow characterization can capture the key mechanisms driving
longer or shorter runout distances, supporting evidence-based decision-making for territo-
rial planning and community protection. To this end, novel experimental investigations are
presented using a 4 m-long and 10 cm-wide flume with high-resolution image acquisition
that recorded the material flow, demonstrating cost-effective experimental approaches that
can inform sustainable hazard assessment methodologies.

The experimental campaign utilized two different materials with similar unit weights,
nominal sizes, and colors but differing in particle shape (quasi-spherical white glass beads
vs. white crushed granite particles). The flow was characterized using various dimen-
sionless quantities at its maximum velocity in the acceleration zone, demonstrating their
influence on the final runout and deposition, with implications for sustainable risk man-
agement and community resilience strategies.

2. Material and Methods
2.1. Experimental Design and Flow-Regime Characterization

Our experimental approach was designed considering resource efficiency and scalabil-
ity principles relevant to sustainable research practices. Flow regimes were characterized
using dimensionless numbers proposed in the literature [6,17], supporting cost-effective
approaches that can be adapted to different contexts. This characterization was conducted
considering quasi-steady flow conditions when flow velocity remained approximately
constant in the central portion of the acceleration zone.

The dimensionless numbers describe, within a mesoscale approach, the contribution
of different microscale interactions in the flow process. We analyzed particle—particle
interactions (collisional and frictional) and particle—fluid interactions using two approaches:
stress-based [6,17] and inertia-based [6,17] methods. This approach supports sustainable
risk assessment by providing a physically based framework that can be adapted to different
materials and conditions without requiring extensive site-specific calibration.

The Savage number characterizes energy transfer by intergranular collisions relative
to energy transfer by frictional interactions:

.2 5
NSm; = T Ps (1)
N (ps - pf)gtan¢

where 7 is the mixture shear rate at the flow base (s~!), J is the solid particle diameter (m);
N is the number of solid particles above the analyzed flow depth; g is the gravitational
acceleration (9.81 m/s?); tan ¢ is the material friction coefficient; and ps and p ¢ are solid and
fluid phase densities, respectively. Specifically, ps varies according to the tested material,
while ps corresponds to air density under standard conditions (1.23 kg/ m3).

The Bagnold number relates the inertial grain stress to the viscous shear stress:

vs Y805
1—vs

()

NBag =

where v is the solid fraction within the flowing material and y is the effective viscosity of
the fluid (Pa-s).
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The friction number, derived from the ratio between the Bagnold and Savage numbers,
relates friction stress to viscous stress:

Vs N(pS — pf>g5tan<p
1—wvs YU

N fric = (3)
Comparable dimensionless numbers were used according to an inertia-based approach—
specifically, the particle inertia-dominated regime:
Particle inertia-dominated regime:

I pi — 4)
Viscous resistance-dominated regime:
.2 2
nFY o
L = )
P P
Fluid inertia-dominated regime:
Iy, = (6)

where P, is the confining pressure (Pa).
The selection of these dimensionless numbers is justified by their complementary
physical interpretations. While stress-based parameters (Nsso, Npag, Npric) characterize

force balance at the particle scale, inertia-based parameters (1;, L, I fi) describe kinematic
regimes independent of normal stress assumptions [17]. This dual approach provides
robust flow characterization applicable across different confinement conditions. Thresholds
commonly cited in the literature include Ns4, > 0.1 for collision-dominated flows and N, Bag
> 200 for inertial regimes [6,29]. Our experimental conditions were designed to span these
transition zones, enabling clear regime identification.

2.2. Cost-Effective Experimental Flume Test Design

The experiments were conducted in the laboratories of Universidad Industrial de San-
tander (UIS), Colombia, demonstrating sustainable research practices that can be replicated
in developing countries. An experimental flume was built for the testing of dry flows of
disaggregated materials using locally available materials and standard equipment. The
flume has a 10 cm width and consists of two parallel walls of plexiglass supported from
behind by a rigid wall. The design is intended to evaluate a maximum of 3 L of material
at each time, resembling some of the characteristics of different experimental flume tests
already presented in the literature [16,30,31].

Specifically, it is constituted by an inclined section, named here the acceleration zone,
with 40° inclination and 2 m length, and a horizontal section, named here the deposition
zone, of 2 m length. The two sections are connected by a curved section of 20 cm. The flow
characterization described in Section 2.1 was conducted when the flowing mass reached
quasi-stationary flow conditions in the central part of the acceleration zone.

The experimental flume is equipped with a trap gate to keep the material still 45 cm
below the top of the flume. The opening mechanism of the gate is operated remotely at
the beginning of any test by activating an electric motor with 120 V-3000 rpm adapted to
the top of the gate, as shown in Figure 1. The Main Data Acquisition (MDA) system of the
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flume is composed of a camera shooting at 30 frames per second with 2336 x 1752 pixel
resolution in frontal view, demonstrating cost-effective monitoring approaches that could

be adapted for field applications.

Figure 1. Opening process of the gate remotely operated by a 120 V electric motor and initial flow
steps in an experimental flume test.

For this reason, the frontal wall of the flume is transparent with thick markings every
5 cm, while the back part is black, increasing the contrast between the flowing material and
the flume structure. The MDA is triggered right after the trap gate starts opening, and the
exact opening time is sensed with an optical sensor adapted to the side of the trap door to
precisely record the initiation time of any test.

Two different materials were used (see details in Section 2.3). The overall experimental
program, composed of 30 study units, replicates the same test 15 times for each selected
material. Each study unit consists of the release and capture of the flow process of 3 L of
granular material from initiation to deposition. The acquisition procedure of any study
unit lasts at least 3 s. A sequence of a complete study unit, from initiation to deposition,
can be seen in Figure 2.

Figure 2. Material flow process in an experimental flume test at times of (in descending order) 0.258 s,
0.559s,0.903 s, and 2.322 s.



Sustainability 2025, 17, 10236

6 of 24

The roughness of the flow base of the flume was controlled by covering it with
continuous 120 SIA sandpaper, which was replaced at the end of every study unit. In turn,
the friction with the walls was controlled by cleaning each side wall using low-viscosity oil
at the end of all tests.

2.3. Scaling for Resilience Estimation

A scaling factor (A) was estimated using distance and velocity measurements and
estimations from both a real scale landslide event and laboratory experiments. Based on the
scaling factor, the vulnerability of the exposed elements was estimated based on the results
of each model, enabling an evaluation of the implications of estimating the Landslide Risk
Degree (LRD) using different modeling approaches. The adopted vulnerability model is
presented in Equation (1) [32]. This model is particularly relevant to the present study, as it
was originally developed for international applications but has since been incorporated into
the Colombian guideline for landslide hazard, vulnerability, and risk assessment [32,33].

%G{Q{ [<1-8

o —%(%Q{ I>1-5

(7)

V, 1, and S are the vulnerability, landslide intensity, and susceptibility of the exposed
elements.

Accordingly, landslide resilience can be estimated as a function of vulnerability and
different response indicators related to the societal response to catastrophic events [34]. In
general terms, resilience can take the form of Equation (8).

R = “(1 - V) + :BAVECOUCW + r)/Aabsorption + 5Auduptution 8)

where A; represents indicators of recovery, absorption, and adaptation capacities while «, 3,
v, and J are coefficients that weight the relative importance of each indicator. In this specific
case, Aabsorption 1S NOt considered, as no absorption measures (such as retaining walls or
nets) are considered to physically intercept the flowing mass. Similarly, Arecovery and
Aadaptation are excluded, since the time scale under analysis encompasses only the duration
of the landslide event itself, thereby neglecting any subsequent response or adaptation
processes. Under these assumptions, Equation (8) simplifies to Equation (9).

R=1-V 9)

Landslide intensity and susceptibility were estimated differently according to two
different conceptual experiments or scenarios considered here: (a) a landslide impacting a
highway and (b) a landslide impacting an inhabited zone.

(a) Landslide impacting a highway

Consider the case in which a landslide threatens a highway, as sketched in Figure S1.
For simplicity, vulnerability and resilience will only be considered to affect the highway
structure, neglecting the vulnerability of persons.

In this case, the landslide intensity (Ir) was estimated as Ir = L4 /Wrg, where Ly
represents the distance along the highway affected by the landslide, derived from the
LRD estimation, and Wty is the total roadway width. The latter was taken as 24 m,
corresponding to six standard lanes of 3.5 m each, plus 1.5 m side banks.

The road susceptibility (Sg) was computed as Sg = 3/Wgg, where 3 m is the minimum
lane width required for a vehicle to continue safely, and Wy is the total paved width
available in the analyzed section (24 m).

(b) Landslide impacting an inhabited zone
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Now, consider an event threatening an inhabited zone, as sketched in Figure S2 in the
Supplementary Materials. The landslide event in this case exposes structural elements to
the landslide path in an inhabited zone. Once again, for simplicity, we are considering only
the vulnerability and resilience of the exposed structures.

Susceptibility in this case was estimated using an integral methodological approach
considering structural type, height, and age [35]. Equation (10) shows how calculations
were performed.

S¢g=1-— (1 - Stype) (1 - Sheight) (1 - Suge) (10)

In turn, landslide intensity was estimated considering the effects of velocity, flow depth,
and pressure on the structures potentially at risk. Equation (4) shows how calculations
were performed.

Is=1-— (1 - Ipressure) (1 - Idepth) (1n

Ipressure is the intensity ratio relating the landslide pressure exerted on the structure
(Ps) and the maximum limit pressure (Ps, . ) that the structure can hold. The pressure in
the structure was estimated based on landslide velocity as Ps = 0.5000°. A limit pressure of
8 kN was adopted, as suggested by [35], for the structures considered here. In turn, Ly, is
the intensity ratio relating the landslide flow depth () and the total height of the structure
(hr), assumed here as 4 m.

Therefore, consider, as sketched in Figure 7, houses of ~3.5 m width posed in the
trajectory of a flowing mass. In this example, there are three lines of houses potentially
on the landslide runout way. Consider line 1 of houses starting right after the change of
direction at 225 cm, line 2 starting at 250 cm, and line 3 starting at 275 cm.

2.4. Material Selection and Characterization

Two different granular materials were tested in the experimental flume. As can be
seen in Figure 3, the selected materials are white crushed granite (Figure 3a) and white
crystal beads (Figure 3b). Their white color enhances the contrast with the rear wall of the
flume, easing image processing. In terms of unit weight, they present similar characteristics,
but the crystal beads are highly uniform. while the crushed granite is much less uniform,
increasing the contact surface between grains and, thus, the friction angle, as well as their
interactions during the flowing phase. To further investigate this aspect, both materials
were subjected to mechanical resistance tests.

Figure 3. Materials used for the flow tests: (a) white crushed granite and (b) white crystal beads.

Both materials were subjected to triaxial compression tests under relatively low con-
fining pressures (2 kPa to 30 kPa) to determine the angle of internal friction, as shown in
Figure 4a. To perform the tests, a sample of 550 cm? of loose, dry granular material was
prepared in a latex membrane of 0.635 mm thickness, mounted inside the triaxial cell.
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Figure 4. Triaxial tests performed on the investigated materials: (a) cell montage and p-q diagrams
for (b) white crushed granite and (c) white crystal beads.

The triaxial tests were carried out to simulate drained conditions in conventional
testing procedures, so the fluid (air) in the pores of the sample was allowed to freely flow
out, avoiding any pore air overburden. The p-q diagrams derived from the triaxial tests are
shown in Figure 4b,c. Table 1 summarizes the main properties of the tested materials.

Table 1. Properties of materials shown in Figure 3 used in the flow tests.

Material Description pslkg/m3)  S(mm)  $(°)
(1) Granite (see Figure 3a) Tests: S3P1-3P15 White and non-uniform crushed granite 2480.37 4.75 36.9
(2) Crystal (see Figure 3b) Tests: S3P16-S3P30 White and uniform crystal beads 2442.66 6.00 25.2

Specifically, the particle diameter of the crushed granite was assumed to be equal to the
maximum nominal size as, according to the sieving analysis, the material passed through
sieve no. 4 (mesh size of 4.75 mm) and was retained by sieve no. 6 (mesh size of 3.35 mm).
Moreover, it is important to note that the friction-angle values of the materials reported in
Table 1 approximately coincide with some values already reported in the literature [36,37].

2.5. Image Processing for Accessible Monitoring Applications

The processing phase of all frames captured by the MDA was conducted using the
MATLAB®R2020a image processing toolbox. The algorithm was applied for every study
unit following the workflow shown in Figure 5.

Frame reading: Area of interest: Mass position:

* Read all files from * Crop area of * Divide the domain
a study unit interest « Estimate the

* Take the first band * Binarize pixels: 0 distance per pixel
of any image 'no mass'; 1 'mass' accordingly

Figure 5. Workflow of image processing for the estimation of the position and height of the mass
profile in the experimental flume.
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First, all files containing the pictures corresponding to a single study unit were read
in the form of arrays containing 3 bands corresponding to red, green, and blue (RGB)
colors. The color intensity at each band can vary from 0 to 255 units. In this case, to save
computational efforts, only the first band (i.e., red band) was selected, thereby discarding
the other two (i.e., green, and blue) for further analysis. Then, an area of interest was set
to analyze exclusively the pixels containing the flume path. Therefore, the color intensity
distribution was analyzed to select an intensity value to distinguish pixels containing
granular material from those that do not contain any granular material. Figure 6 shows
the overall color intensity histogram of study unit S3P1. In this case, pixels with intensities
greater than 50 were considered to contain mass. This threshold was determined through
statistical analysis of the intensity distribution, which showed a clear bimodal separation at
this value.

0.6

0.5

Frequency
o = o
) W I

S
=

50 100 150
Intensity

Figure 6. Color intensity distribution of the red band in frames of tests S3P1-S3P15.

To eliminate noise in the processed images, further data corrections were applied to
each picture after the binarization process. Specifically, pixels containing a 0 value but
surrounded by pixels containing 1 were considered as 1. Also, pixel clusters containing 1
with fewer than 100 pixels (equivalent to approximately 0.1% of the total flume area) were
considered as noise, so the entire cluster was assigned a 0 value. An example of a complete
data process, up to image binarization, is shown in Figure 7: from the original frame shot
by the acquisition system (Figure 7a) to the area of interest considering the red color band
only (Figure 7b) and to the final clean and binarized image (Figure 7c).

To associate each pixel to the mass position, the analysis of the flume was divided into
three parts: (1) the inclined section, noted as the acceleration part; (2) the curved section,
noted as the transition part; and (3) the horizontal section, noted as the deposition part.
In any case, the distances were taken all parallel to the flume base by simply considering
a constant distance relationship between pixels in each segment and the real distance
measured on the flume base: A,y = Lyes/ (pix, — pix;). In this way, the flowing mass
depth was also assessed accordingly. Figure 8 shows the mass profile resulting from the
processed frame shown in Figure 7c.
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Figure 7. Different stages of image processing for the first frame of experimental unit S3P1: (a) original
loaded picture; (b) area of interest using only the red color band; (c) binarized image revealing the

mass position.

0.15—— , T '
? | _© Exp data S3P1}
0.10F ‘
CANE -
o o ©
().05‘-0c 1
0 a— ,
1.5 20 25 30 35 4.0

0 05 1.0
Distance (m)

Figure 8. Flow depth profile assessed from the binarized image in the first frame (t = 0 s) of

experimental unit S3P1.

Based on the resulting flowing mass position and depth analysis, the instantaneous
velocity was also analyzed. Control points were established every 5 cm from where the
instantaneous velocity of the frontal surge of the flowing mass was evaluated.

3. Results and Discussion
3.1. Material Flow Behavior and Sustainable Risk Assessment Implications

Figure 9 shows several frames captured at different moments of the flow process
for the results from tests S3P1-53P30. Specifically, Figure 9a,b display the flow profiles
of crystal (S3P1-53P15) and granite (S3P16-S3P30) at the same point in time as the flow
develops in the acceleration section, corresponding to the initiation and progression of
the flow across the inclined plane. Figure 9a shows the mass position at the initial time
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(a)

(t = 0s), while Figure 9b depicts the mass position shortly before the flowing mass enters
the transition and deposition zones. Furthermore, Figure 9¢c,d illustrate the flow profiles of
the materials as they enter the deposition section of the flume, passing through the curved
part and finally coming to rest on the horizontal plane.

(b)

0.15 ‘ 0.15 —
3 ¢ S3P1-83P15 ‘ ¢ S3P1-S3PI5 ‘
= * S3P16-S3P30 + S3P16-S3P30

017 . t=0.00s i - 0.1r t=0.64s 1
g " -
- 3 -~ tig. i
0.05} ° 005F 1'&%% g3
_ I L § %% §§{
0 . . 0 H 1t Lo .
0 1 2 3 4 0 1 2 3 4
Distance (m) Distance (m)
(C) 0.15 v v v (d)O.IS 1
¢ S3P1-S3P15 ¢ S3P1-S3P15
t S3P16-S3P30 * S3P16-S3P30
‘Q mﬁ%wg S |
0.05 s, __3° te, 1 0.05 - SR
| . o,
0 & Py ‘LLT‘ Ll i 0 ! & ; §%lll
0 1 2 3 4 0 1 2 3 4

Distance (m)

Distance (m)

Figure 9. Flow profile depth (h) and position and relative standard error for h at different experimental
times: (a) t = 0 s, the beginning of the experiments; (b) t = 0.64 s, after the initiation of the experiment
while the materials are still in the acceleration part; (c) t = 1.18 s, after the initiation of the experiment
once the materials started moving on the deposition part; and (d) t = 2.8 s, after the initiation of the
experiment when both materials come to rest.

The points in Figure 9 represent the mass position along the flume and the correspond-
ing instantaneous flow depth (h), while the whiskers represent the standard deviation of h
across the 15 samples. It can be observed that, at the same flow times, the crystal beads
reach further distances than the crushed granite, especially in the acceleration zone. This
indicates that the flowing glass mass of crystal beads gained more kinetic energy upon
entering the transition and deposition zones compared to the crushed granite.

Quantitative analysis of frontal surge propagation revealed statistically significant
differences between materials (Table 2). Crystal beads reached the transition zone (2.0 m) in
0.71 £ 0.04 s (mean =+ SD, n = 15), while granite particles required 0.95 £ 0.06 s. Att=0.7's,
the crystal beads’ center of mass was positioned at 90 & 7 cm, compared to 75 £ 5 cm for
granite. Final runout distances were 265 £ 18 cm (crystal) versus 210 & 12 cm (granite),
representing a 26% increase (95% CI: 19-33%, p < 0.001).

After passing through the transition zone, the crushed granite particles come to rest
with their center of mass at approximately 2.1 m, while the center of mass of the crystal
beads at rest lies around 2.65 m (approximately 26% farther). However, during the flow
process, the mass of crystal beads contracts slightly upon hitting the curve in the transition
zone but expands immediately afterward, with some frontal particles reaching the end of
the flume and extending beyond the 4.0 m mark. In contrast, the flow of crushed granite
contracts upon entering the transition zone, and the front of the flow remains almost
stationary beyond this point. Few particles advance past the transition zone, not even
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reaching the end of the flume and coming to rest at around 2.6 m. This indicates that
the runout distance of the crystal beads exceeds that of the crushed granite flow by more
than 50%.

Table 2. Comparative flow characteristics (mean + SD, n = 15).

Parameter Crystal Beads Granite p-Value
Time to transition (s) 0.7 £ 0.04 0.95 + 0.06 <0.001
Max velocity (cm/s) 380 £ 22 260 £+ 18 <0.001
Final runout (cm) 265 + 18 210 £ 12 <0.001
Center of mass at rest (cm) 265 + 16 210 + 11 <0.001
Flow duration (s) 28+0.2 21+£0.15 <0.001

p < 0.001 from independent-samples ¢-test.

Even though the materials used in the experiments share many characteristics, the
results indicate that the velocity (related to the kinetic energy and inertia of the flowing
mass) developed by granite is significantly lower than that of the glass beads, naturally
influencing the runout of the flowing masses. These results align with various studies
conducted in controlled laboratory environments [38], demonstrating that particle shape
and uniformity significantly affect the energy dissipation mechanism. Early qualitative
results suggest that the density of the flowing mass may affect particle interactions, whether
frictional (long-term) or collisional (short-term) [38].

More specifically, the irregular shape of granite particles appears to play a clear role in
energy dissipation during the flow and deposition processes [39]. These concepts, when
applied to dry granular flows, may still be relevant for understanding avalanches up to a
certain volume [40]. In fact, the occurrence of several high-mobility landslides supports
this idea. While some events involve displacements of several meters or kilometers from
the source, others come to a halt when encountering an obstacle or change direction when
reaching a road or a small flume [41-44].

3.2. Flow Velocity Development and Its Practical Implications

Figure 10 shows the instantaneous velocities of the frontal surges recorded at different
control points along the experimental flume for the flow experiments with crystal beads
(S3P1-53P15) and crushed granite (S3P16-S3P30). The points represent the mean instanta-
neous velocity for each sample group, and the whiskers indicate the standard deviation
among measurements within each group.

As can be seen in Figure 10, immediately after the flowing masses are released in
the acceleration zone, although the glass beads initially develop slightly higher velocities,
creating a growing gap between the recordings, both frontal surges exhibit relatively high
acceleration. This gap continues to widen as the frontal surge’s acceleration approaches a
constant value just before the materials reach the transition zone (200 cm to 225 cm), where
both flowing masses clearly experience a slight deceleration due to the change in direction.

However, while the velocity decreases to zero shortly after entering the deposition
zone in the case of crushed granite, the frontal portion of the crystal beads accelerates again,
causing some particles to roll to the end of the flume. These differences in the behavior of
the frontal velocities between the two materials may be due to two factors related to the
interactions among the particles in the flowing mass that are crucial for sustainable risk
assessment. First, the higher velocities (i.e., greater kinetic energy) achieved by the crystal
beads in the acceleration zone provide them with more energy, allowing them to travel
farther in the deposition zone. Second, the inertia of the rear mass of the crystal beads exerts
additional force, pushing the front particles forward and overcoming their deceleration.
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Figure 10. Instant flow velocity of the frontal surge of tested materials: glass beads (S3P1-53P15) and
crushed granite (S3P16-S3P30).

To explore these concepts further, Figure 11 illustrates the position of the flowing mass
at three different times for a single test with crystal beads (Figure 11a) and crushed granite
(Figure 11b). Each time point represents a characteristic stage of the flow: at the end of the
acceleration phase, as the mass passes through the transition zone, and when it is near rest
in the deposition zone.

Figure 11. Typical instantaneous mass positions in two flume tests for (a) crystal beads and (b) crushed
granite at (from left to right) the end of the transition zone, when the mass breaks into the deposition
zone, and right before entering rest.

As shown in Figure 11, the crystal beads, which develop higher frontal velocities
than the crushed granite, reach the transition zone first, with a time difference of around
0.1 s. However, after crossing the transition zone, the crystal beads travel farther into the
deposition zone compared to the granite particles, whose mass remains nearly stationary
until it comes to a complete rest. In contrast, the crystal beads continue to move forward,
driven by the inertia of the rear mass.

The velocity development of the frontal surge is an index of the maximum kinetic
energy developed by the flowing mass, providing evidence of the macroscopic effects of
micromechanical interactions within the flowing mass. This feature may be relevant for
some practical applications in landslide risk mitigation, such as in the design of landslide
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protection barriers [9,45,46], and for sustainable infrastructure planning that balances
cost-effectiveness with community safety.

The maximum shear rate () estimated 50 cm down the acceleration zone, whenever
the flow presents maximum acceleration, is about 417 s~1 for the crystal beads and 290 g1
for the granite particles. The frontal flow velocities found here are comparable to those
reported in other studies, ranging from 3 to 4 m/s, aligning with observations from various
laboratory experiments [24,25,30,31,44,47]. This consistency supports the applicability of
these findings to sustainable landslide risk management strategies.

3.3. Dimensionless Analysis for Sustainable Hazard Characterization

Table 3 displays the dimensionless numbers characterizing the material flow in the
acceleration part of the flume under quasi-steady conditions, providing fundamental
insights applicable to sustainable landslide hazard assessment. Such conditions were
considered here when the flowing mass completely deployed in the acceleration zone,
instants before the frontal mass flow reached the transition zone. The frontal velocity in
that part experiences nearly null acceleration, as can be derived from Figure 10. In both
cases, the frontal surge reached a nearly constant velocity of approximately 380 cm/s
for the crystal beads and 260 cm/s for the crushed granite. The dimensionless numbers
specifically account for particle-particle and air—particle interactions, as the experiments
were conducted with dry granular flows.

Table 3. Dimensionless numbers for the characterization of material flow in the acceleration part of
the experimental flume.

Dimensionless Number Crystal Beads Granite Particles Ratio (C/G)  p-Value (t-Test)
Niav 2391 +2.14 3.69 £ 0.42 6.48 <0.001
NBag 3.95 x 106 +3.2 x 10° 2.12 x 10° + 1.8 x 10° 1.86 <0.001
Nfyic 1.65 x 10° + 3.2 x 10* 5.75 x 10° £+ 4.6 x 10* 0.29 <0.001
L; 4.01 +0.38 1.97 £0.21 1.76 <0.001
L 721 x 1070 £ 62 x 1077 447 x 1070+ 4.1 x 1077 1.32 <0.002
Isi 0.09 4 0.008 0.04 4 0.005 1.66 <0.001

Statistical analysis using independent-samples t-tests confirmed that all dimensionless
numbers differed significantly between materials (p < 0.01), validating the distinct flow-
regime characteristics. The seven-fold difference in Ngg (p < 0.01) demonstrates statistically
robust evidence that particle shape fundamentally alters the collision-to-friction ratio in
granular flows.

The fluid viscosity is negligible, as the fluid in the flowing materials is air at 20 °C
under atmospheric pressure conditions. This is confirmed by the small viscous-resistance
inertial number (I,), varying by orders of magnitude between 10~® and 10~7. The Bagnold
number also confirms this picture; in both cases, N Bag > 200, reflecting the clear dominance
of granular collision stresses over fluid viscosity stresses, with nominal values within ranges
already reported in the literature [6,29].

In any case, such a large number shows the clear dominance of particle inertia, as
confirmed by a relatively high I,; for both types of granular flow [17]. Therefore, the
remaining important interactions driving the motion in the fluid mass are particle-particle
interactions: friction and collisions. In this sense, the Savage number helps disentangle the
relationship between those different interactions, showing a clear dominance of collisional
stresses over friction stresses with Ng,;, > 0.1 in both cases, in line with reported values in
laboratory and natural scales in different types of granular flows [23,48].
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However, the lower uniformity of crushed granite particles, which also contributes to
their higher friction angle, provides a larger particle-particle contact surface, allowing for
longer interactions between particles compared to the crystal beads. The Ng,, for crystal
beads is around seven times greater than the Ng,, characterizing crushed granite, providing
a clear indication of the importance of collisional interactions in the acceleration of the two
flows. This seven-fold difference demonstrates how particle characteristics can dramatically
influence flow behavior, with direct implications for sustainable hazard assessment and
territorial planning.

This seven-fold difference in Ng,, demonstrates how relatively simple material char-
acterization achievable with basic laboratory equipment and standard triaxial testing can
capture fundamental differences in flow behavior. This approach significantly reduces the
need for expensive rheological testing and complex numerical modeling while maintaining
predictive accuracy for runout distances. The methodology is particularly suitable for
resource-limited contexts in developing countries, where local technical teams can conduct
preliminary hazard assessments using accessible equipment and procedures.

3.4. Implications for Sustainable Development and Climate Resilience

The experimental design aimed to capture and represent key physical and morpholog-
ical features of debris flows. The flows reproduce predominant momentum direction flows
with a distinctive change in slope. Notably, in many small to medium-sized events, such
processes exhibit a natural tendency to decelerate or even come to rest when a change in
flow direction occurs [49].

Consider the landslide shown in Figure 12. This event mobilized approximately
2 x 10® m3 of material and traveled about 80 m downslope, reaching a major highway that
connects a principal city with its airport [49]. Remarkably, the landslide came to a stop just
a few meters after crossing onto the highway.

I Source area

= Flow path
—— Major contour lines

—— Minor contour lines

Figure 12. Small to medium-sized landslide occurring in Giron (Santander, Colombia).

The event was investigated through a back-analysis of the landslide flow, which indi-
cated that the solid phase of the mixture played a dominant role in controlling the mass
deceleration and eventual deposition. This interpretation is consistent with the notion
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that the main physical characteristics of debris flows, as previously discussed, can be
effectively reproduced in laboratory-scale experiments. Table 4 summarizes the geomet-
ric characteristics of both the large-scale landslide and the corresponding experimental

flume setup.

Table 4. Geometric comparison between the large-scale landslide and the laboratory flume experiment.

Metric (i) (ii) (ii)/ (i)
Total fall, H (m) 1.286 41.850 32.7
Total horizontal length, L (m) 1.882 67.120 35.7
Ratio, H/L (-) 0.683 0.624 091
Triggered volume, V (m?) 0.003 102 322

The total fall height and the horizontal runout ratio (H/L) of the experimental and
real-scale landslides are very similar. More interestingly, the ratios between the remaining
quantities observed in the experimental setup and those of the natural event correspond
to a characteristic length scale of x;, = A ~ 34. For the assessment of vulnerability and
resilience, it is essential to examine the scaling of time, flow depth, and velocity (Table 5).
Velocity scales with a, = v/A, following the relation of v ~ ,/gL. Flow depth scales with
the length ratio («y), while time scales with at = ap /a0y = A/ VA= VA

Table 5. Scaling relationships for velocity, flow depth, and time between the laboratory experiment
and the natural landslide.

Metric Granite Landslide Scaled Value
Velocity, v (m/s) 1.38 9.47 Uiy X VA = 8.04
Flow depth, h (m) 0.03 0.96 higp x A = 1.02

Time, T (s) 1.18 7.64 Tiap X VA = 6.88

In this case, the use of a scale ratio of A = 34 provides a representative approximation
of the real landslide event exposed here. Building on this scaling relationship, the subse-
quent exploration of vulnerability and resilience concepts is conducted with reference to
this specific scale factor.

For simplicity, consider the case of granite in the forthcoming analyses of landslide
resilience estimation (a) on highways and (b) in inhabited zones:

(a) Landslide resilience on a highway: (RR)

Recall the case sketched in Figure S1 in the Supplementary Materials. In this case,
landslide vulnerability and resilience depend mainly on the landslide runout. Specifi-
cally, the farthest particles in the flume reached about 275 cm, or 50 cm after the change
of direction on the horizontal zone. Thus, the scaled affected highway distance is
Ly = ALy, = 34 x 0.5 = 17 m. In that sense, applying Ir = L4 /Wrg with Wrg = 24 m,
the landslide intensity would be Ir = 0.71.

In turn, the road susceptibility (Sg) is computed as Sg = 3/Wgg, where 3 m is the
minimum lane width required for a vehicle to continue safely and Wgp is the total paved
width available in the analyzed section (24 m), yielding Sg = 0.125.

Finally, applying Equation (7) yields Vg = 0.67, and subsequently, using Equation (9),
the calculated road resilience is Rg = 0.33.

(b) Landslide resilience in an inhabited area: (Rg)

Landslide susceptibility and intensity were assessed differently in this case. Consid-
ering Equation (10), Sty was assumed as suggested by [32]. Downslope structures were
considered in this case, as represented in the sketch shown in Figure S2. It is plausible to
consider such structures to belong to “rock masonry, concrete and timber” within medium
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fragility with Syype = 0.7. Accordingly, Speigns = 0.6, considering houses of two and three
floors, and Sgge = 0.5, considering houses should have already served about half their
lifetime. Applying Equation (10), S5 = 0.94.

House lines 1 and 2 are evidently reached by the main landslide body at its final
position, but line 3 is right on the edge, with a few beads reaching it position (as similarly
shown in Figure 52). Therefore, houses with a ~3.5 m width are posed in the trajectory of a
flowing mass.

According to this example, there are three lines of houses potentially on the landslide’s
runout way. Consider line 1 of houses starting right after the change of direction at 225 cm,
line 2 starting at 250 cm, and line 3 starting at 275 cm. Lines 1 and 2 are evidently reached
by the main landslide body at its final position, but line 3 is right on the edge, with a few
beads reaching its position.

Table 6 shows the vulnerability and resilience estimations considering progressively
evacuation of houses in line s1, 2, and 3.

Table 6. Scaled physical parameters, intensity indices, and resulting vulnerability and resilience
estimates for three representative house lines affected by the modeled landslide.

Metric House Line 1 House Line 2 House Line 3
Velocity, v (m/s) VA = 1.8/34 = 10.49 1.5v/34 = 8.74 0.1v/34 = 2.33
Depth, h (m) hA =0.08(34) =2.72 0.05(34) = 1.70 0.01(34) = 0.34
Ipressure 1.0 1.0 0.05
Laeptn 0.7 0.3 0.1
Ig 1.0 1.0 0.91
Sg 0.94 0.94 0.94
Vs 1 1 0.49
Rg 0 0 0.51

Runout distance prediction remains challenging despite advances in numerical mod-
eling [15,50-52]. Our results suggest that dimensionless characterization offers a mid-
dle path between empirical correlations [10] and complex multi-phase models [14-16].
While physically based models like r.avaflow [14] and D-Claw [16] provide detailed pre-
dictions, they require extensive parameterization (>15 parameters) often unavailable in
data-scarce regions.

Our approach reduces this to three measurable quantities—particle size (), friction
angle (@), and density (os)—from which all dimensionless numbers derive. The seven-fold
Nisav difference we observed aligns with field observations where landslides of similar vol-
ume exhibit vastly different runout [41,43], suggesting particle characteristics may explain
part of this variance previously attributed to unknown factors. However, our dry granular
simplification limits direct application to saturated debris flows where pore pressure [16]
and rheology [15] dominate. The methodology is most applicable to (1) initial screening
of potential source materials, (2) dry rock avalanche scenarios [40], and (3) comparative
analysis of mitigation structure designs [9,45].

Many models aim to be highly accurate and are physically robust [50,51] but often
require precise assessments of the triggered volume of soil or rock and the composition of
the flowing material. However, uncertainties in these aspects present significant challenges
to the practical application of many physically based models, particularly in resource-
limited settings.

Some recent studies have attempted to address many of these issues by proposing
innovative model calibration procedures [43,53,54]. Nevertheless, physical validation
through intensive laboratory rheological testing is still required. Continuing the application
of physically based flow models may further complicate an already complex phenomenon.
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Simplifying this complexity through flow regime characterization, as demonstrated in this
study, could offer a promising approach to the development of practical and reliable tools
for assessing landslide runout in localized and detailed studies, supporting sustainable risk
management in vulnerable communities.

These practical considerations are particularly relevant in the Colombian context
where this research was conducted. Many mountainous municipalities lack resources for
sophisticated numerical modeling software or specialized expertise. The dimensionless
analysis framework demonstrated here requires only basic flume equipment, standard
cameras, and conventional triaxial testing capabilities—resources typically available at
regional universities and technical institutes. This accessibility enables local authorities
to develop preliminary hazard assessments and prioritize areas for detailed investigation,
optimizing the use of limited financial and technical resources.

Climate change is expected to alter precipitation patterns and increase the frequency
of extreme weather events, potentially exacerbating landslide hazards. The fundamental
insights provided by this research contribute to the building of climate resilience by improv-
ing our understanding of landslide processes. This enhanced understanding can support
the development of adaptive management strategies that can respond to changing hazard
conditions while maintaining cost-effectiveness and social acceptability. These insights
form the foundation for the development of comprehensive sustainability frameworks that
integrate scientific understanding with practical implementation strategies.

3.5. Scale Effects and Experimental Limitations

While this study provides valuable insights into granular flow mechanics, several
limitations must be considered when extrapolating results to field-scale landslides:

Scaling considerations: Laboratory flows (3 L) represent volumes 5-7 orders of magni-
tude smaller than typical debris flows (102-10° m3). Previous research [29,48] suggests that
dimensionless parameters like Nz, and I,; maintain physical relevance across scales, but
absolute velocity predictions require careful consideration of scale-dependent effects such
as air entrainment and lateral confinement. The Froude number (Fr = v/,/(gh)) similarity
principle, commonly used in hydraulic modeling, may provide guidance for the scaling of
dynamic similarity, though particle-level interactions introduce additional complexity not
present in continuum flow models.

Material simplification: Real landslides involve complex mixtures of particle sizes,
shapes, and water content. Our dry, two-material approach isolates particle shape effects
but cannot capture pore pressure dynamics or grain size distribution effects critical in
natural events [13-16]. The absence of interstitial fluid limits direct application to saturated
debris flows, where pore pressure dissipation and liquefaction phenomena significantly
alter flow behavior. Future studies should investigate grain size polydispersity effects
and progressive saturation conditions to bridge this gap between idealized experimental
conditions and natural complexity.

Boundary conditions: The controlled flume environment (fixed roughness via 120 SIA
sandpaper, smooth plexiglass walls, and a constant 40° slope) differs from irregular natural
terrain. Field applications require adjustment factors accounting for topographic com-
plexity, vegetation effects, and variable substrate conditions [43,55]. The two-dimensional
confinement of the flume also restricts lateral spreading phenomena observed in unconfined
natural flows [27,28].

Temperature and atmospheric effects: Experiments conducted under standard labora-
tory conditions (20 °C, 1 atm, corresponding to pr = 1.23 kg/ m? and p = 1.81 x 107° Pa's
for air) may not represent high-altitude scenarios where reduced air density affects drag
forces or extreme temperature conditions where viscosity variations become significant.
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However, the negligible I, values (107 order) obtained in this study suggest that rea-
sonable atmospheric variations would not fundamentally alter the identification of a
collision-dominated regime.

Despite these limitations, the dimensionless framework presented here provides a
physically based foundation for preliminary hazard assessment, which is particularly valu-
able in resource-constrained settings where detailed site-specific modeling is impractical.
The methodology enables rapid screening of potential landslide materials and identifica-
tion of critical source areas requiring detailed investigation, supporting cost-effective risk
management strategies aligned with sustainable development objectives.

4. Conclusions and Sustainability Implications
4.1. Scientific Contributions to Sustainable Risk Management

This experimental investigation provides fundamental insights contributing to more
sustainable and scientifically rigorous approaches to landslide risk management. The
study presents a systematic comparison of two dry granular flows involving different
particle morphologies, conducted using a cost-effective flume setup consisting of a 2 m
inclined section (40° acceleration zone), a 2 m horizontal section (deposition zone), and
a 20 cm curved transition connecting the two parts. The experimental design, requiring
only standard equipment available at regional universities, demonstrates that sophisticated
understanding of flow mechanics does not necessarily require expensive infrastructure.

The tested materials—crushed granite particles and uniform crystal beads—share
similar physical properties, including released volume (3 L), nominal particle size
(4.75-6.00 mm), and material density (443-480 kg/ m?®). However, particle shape differ-
ences resulted in substantially different internal friction angles: 36.9° for non-uniform
crushed granite versus 25.2° for highly uniform spherical beads. This 11.7° difference in
friction angle, achievable through standard triaxial testing under low confining pressures
(2-30 kPa), proved sufficient to characterize fundamentally different flow behaviors.

Key Experimental Findings

(1) Flow mobility and energy dissipation: Crystal beads exhibited significantly higher
mobility than crushed granite across all flow stages. Maximum velocities in the
acceleration zone reached 380 £ 22 cm /s for crystal beads, compared to 260 &= 18 cm/s
for granite (46% increase, p < 0.001). Final runout distances were 265 + 18 cm versus
210 £ 12 cm, respectively (26% increase, p < 0.001), with some crystal bead particles
reaching beyond the 4 m flume length, while granite flows stopped consistently
around 2.6 m.

(2) Dimensionless flow characterization: The Savage number (Nyu0) effectively distin-
guished collision-dominated from friction-dominated regimes. Crystal beads exhib-
ited Nszp =23.91 £ 2.14, compared to Ngzp = 3.69 £ 0.42 for granite particles (7-fold
difference, p < 0.001), demonstrating that the smooth, spherical nature of crystal beads
promotes particle collisions as the dominant energy transfer mechanism, while the
irregular shape of granite enhances sustained frictional contact.

(3) Regime validation: The Bagnold number confirmed purely inertial regimes (Np,q > 10°)
for both materials, with negligible fluid viscosity effects (I,~10~°). This validates the
particle—particle interaction framework and justifies neglecting air—particle viscous
effects in dry granular flow modeling at these scales.

(4) Physical mechanisms: The sustained momentum and longer runout of crystal beads
result from two complementary mechanisms: (i) higher kinetic energy accumulated
during acceleration due to lower frictional dissipation and (ii) continued forward push
from rear mass inertia during deposition. In contrast, granite flows experience rapid
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energy dissipation upon entering the transition zone, with front particles decelerating
faster than rear particles can provide forward momentum.

Practical implications for sustainable risk assessment: These results have direct rel-
evance for landslide susceptibility and risk mitigation in resource-limited contexts. The
findings demonstrate the following:

- Material screening is feasible: Simple laboratory characterization (particle size distri-
bution, triaxial testing, and visual shape assessment), combined with dimensionless
analysis, provides preliminary flow regime identification without expensive rheologi-
cal testing or complex numerical modeling.

- Runout prediction can be improved: Understanding whether source materials ex-
hibit collision-dominated (high Ns4y) or friction-dominated (low Ni,y) behavior helps
bound expected runout distances. Our results suggest collision-dominated materials
may travel 50-100% farther than friction-dominated materials with similar volume
and initial conditions.

- Design parameters can be informed: The observed differences in velocity and impact
force (46% velocity increase translates to >100% kinetic energy increase) directly affect
protective barrier design requirements, with collision-dominated flows requiring more
robust structures [9,45,46].

- Cost-effective monitoring is possible: The image processing methodology demon-
strated here (standard camera, MATLAB processing, and threshold-based binarization)
can be adapted for field monitoring applications or educational demonstrations in
developing regions.

Limitations and scaling considerations: As discussed in Section 3.5, several limitations
must be acknowledged. The 3-L laboratory scale represents volumes five to seven orders of
magnitude smaller than typical field-scale debris flows. While dimensionless parameters
theoretically maintain relevance across scales [29,48], absolute predictions require careful
consideration of scale-dependent effects. The dry granular simplification excludes pore
pressure effects critical in saturated natural events [13-16]. The controlled boundary
conditions (fixed roughness, smooth walls, and constant slope) differ from irregular natural
terrain requiring adjustment factors [43,55]. Despite these limitations, the fundamental
physics revealed herein—that particle shape governs the collision-to-friction ratio, which,
in turn, determines mobility—remain applicable across scales. The methodology provides a
physically based screening tool particularly valuable where detailed site-specific modeling
is impractical due to resource constraints.

4.2. Contributions to Sustainable Development Goals

This research meaningfully advances several United Nations Sustainable Development
Goals through practical, implementable scientific contributions: ** SDG 11 (Sustainable
Cities and Communities): ** The accessible experimental methodology and dimensionless
analysis framework support evidence-based land-use planning in mountainous regions. By
enabling preliminary hazard characterization using standard university laboratory equip-
ment, the approach democratizes scientific risk assessment capabilities. Local authorities
can identify high-risk source materials and prioritize detailed investigations, optimizing
limited technical and financial resources. The 50% runout difference observed between
material types demonstrates that material characterization substantially improves hazard
zone delineation accuracy, directly informing safer urban development decisions.

SDG 13 (Climate Action): Climate change projections indicate increased frequency
of extreme precipitation events in mountainous regions, potentially triggering more land-
slides [41]. Understanding fundamental flow mechanics—specifically, how particle charac-
teristics control runout through collision versus friction dominance—provides foundational
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knowledge for adaptive risk management strategies. The framework enables rapid assess-
ment of newly exposed source materials as climate-driven landscape changes alter slope
stability conditions. Cost-effective screening identifies critical areas requiring monitoring
or intervention, supporting efficient allocation of climate adaptation resources.

SDG 1 (No Poverty): Landslide disasters disproportionately impact economically
vulnerable communities in mountainous regions, potentially trapping survivors in poverty
through the destruction of homes, infrastructure, and livelihoods. Improved risk assess-
ment capabilities—achievable through the practical methodologies demonstrated here—
enable better protective measures and early warning systems. The emphasis on cost-
effectiveness ensures that resource-constrained communities can implement scientifically
sound risk reduction strategies without requiring expensive external expertise or pro-
prietary software. This capacity building supports community resilience and reduces
disaster-induced economic vulnerabilities.

Broader sustainability implications: Beyond specific SDG contributions, this research
exemplifies sustainable scientific practice by achieving rigorous understanding through the
use of accessible methods, prioritizing replicability and knowledge transfer, and explicitly
considering implementation constraints in developing regions. The experimental design
emphasizes locally available materials (plexiglass, standard cameras, and conventional
triaxial equipment) and open-source processing tools (MATLAB algorithms adaptable
to Python (2022) or R), facilitating technology transfer and capacity building. The di-
mensionless analysis framework reduces dependence on expensive commercial software
while maintaining physical rigor, supporting the democratization of hazard assessment
capabilities. This philosophical approach—sophisticated understanding through simple
means—aligns with core sustainability principles of resource efficiency and equitable access
to knowledge.

Future research directions: Building upon these foundations, future investigations
should address the following;:

(1) Grain size polydispersity: Natural landslides involve wide particle size distributions.
Systematic investigation of polydisperse mixtures would reveal whether dimension-
less characterization remains robust or requires refinement for realistic grain size
distributions.

(2) Saturation effects: Progressive introduction of interstitial fluid (water content of
0-30%) would bridge the gap between dry granular flows and saturated debris
flows, elucidating transition thresholds where pore pressure begins dominating flow
behavior.

(3) Scale-up validation: Larger experimental facilities (10-100 m® volumes) or field-scale
validation using instrumented natural debris flows would quantify scale-dependent
effects and refine extrapolation procedures from laboratory to field applications.

(4) Three-dimensional effects: Unconfined flow experiments over irregular 3D terrain [27,28]
would characterize lateral spreading and channelization phenomena not captured in
2D flume studies, improving predictions for complex natural topography.

(5) Material library development: Systematic testing of diverse geological materials
(volcanic ash, weathered schist, limestone fragments, and glacial till) would establish a
reference database correlating material properties with dimensionless flow parameters,
enabling rapid preliminary assessment based on geological mapping.

(6) Integration with monitoring: Coupling laboratory-derived dimensionless characteri-
zation with real-time monitoring systems (seismic sensors and hydrological stations)
could enable dynamic hazard assessment that adjusts to changing conditions during
extreme events. These research directions maintain the core philosophy of accessi-
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ble, implementable science supporting sustainable risk management in vulnerable
communities worldwide.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su172210236/s1, Figure S1. Schematic representation of a landslide
affecting a highway in experimental scale, Figure S2. Schematic representation of a landslide affecting
an inhabited zone in experimental scale
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