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Abstract
Laboratory experiments on granular flows using natural material were carried out under different conditions in order to 
investigate the behavior of fine to coarse-grained, channelized and non-channelized granular flows passing over a break in 
slope. Morphometric parameters of channelized and non-channelized experiments are compared for both fine-grained and 
coarse-grained grain size distributions. After normalization, morphometric data provide empirical relationships that high-
light the major influence of grain size vs. channelization of the experimental flows. Normalized velocity data of the flow 
front show third-order polynomial fit for both coarse-grained and fine-grained experiments, as well as for non-channelized 
and channelized ones. This highlights similar complex behavior of the different experimental flows, which differs only for 
different partition of inertial and frictional forces at changing grain size of experimental mixtures. The runout of coarse-
grained granular flows is always longer than that of fine-grained granular flows, irrespective if they are channelized or 
non-channelized. Finally, we discuss the applicability of the experimental results to natural granular flows, highlighting the 
change in physical behavior of fine-rich pyroclastic density currents and volcaniclastic flows depending on the effectiveness 
of fluidization processes in fine-grained natural materials.
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Introduction

Many hazardous natural processes, like snow avalanches, 
landslides, debris flows and pyroclastic density currents 
(PDCs) are dominated by granular flow processes (Iverson 
1997; Branney and Kokelaar 2002; Zanchetta et al. 2004; 
Louge et al. 2012; Sulpizio et al. 2014; Jones et al. 2023), 
being characterized by complex interactions between solid 
grains and an interstitial fluid phase that ultimately control 
their motion, deposition and final runout (Campbell 2006; 
Iverson and Vallance 2001). In volcanic settings, the physics 
of granular flows particularly controls the dynamics of con-
centrated PDCs and debris flows, which are among the most 
dangerous phenomena related to volcanic activity, threaten-
ing life and producing great economic loss around the world 
(Tilling and Lipman 1993; Tanguy et al. 1998; Gurioli et al. 
2010). The mobility of natural volcanic granular flows (e.g. 
concentrated pyroclastic density currents, debris flows) is a 
major topic in volcanology (Hayashi and Self 1992; Dade 
and Huppert 1998; Calder et al. 2000; Breard et al. 2018; 
Palladino and Giordano 2019), but it has relevance also for 
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snow avalanches (Vallet et al. 2004; Turnbull et al. 2007; 
Louge et al. 2012) and granular flow studies (e.g. Gray et al. 
1999; Pudasaini and Hutter 2007; Pudasaini 2012).

The dynamics of (dry) granular flows, in terms of particle 
segregation, erosion and rate of deposition, is directly influ-
enced by local variations of the topographic slopes, as docu-
mented in volcanic areas and other sedimentary settings (e.g. 
Macias et al. 1998; Calder et al. 2000; Denlinger and Iverson 
2001; Mulder and Alexander 2001; Felix and Thomas 2004; 
Zanchetta et al. 2004; Cole et al. 2005; Gray et al. 2005; 
Lube et al. 2007; 2011; Sulpizio et al. 2007; 2010; Bernard 
et al. 2014). However, accurate physical models describ-
ing the motion of granular flows over topography are few 
and not exhaustive (Gray et al. 1999; Denlinger and Iverson 
2001; Iverson et al. 2004), due to the complex feedbacks 
between moving particulate matter and real topography at 
a millimeter to decameter scale, although recent advances 
from laboratory experiments shed new light on the influence 
of the slope on flow overspilling at channel bends in chan-
nelized granular flows. This implies that the effects of grain 
size distribution of the granular flow and length of confine-
ment within valleys and channels are largely undetermined, 
as well as their influence on flow dynamics and runout.

The motion of natural volcanic granular flows is diffi-
cult to observe, because of their very hostile nature, while 
the collection of geological data from past deposits is 
very extensive but non-decisive for reconstructions of the 
behavior of the corresponding avalanches. It descends that 
laboratory experiments, although affected by scaling issues 
sometimes difficult to overcome (e.g., Iverson 2015), are 
usually the best compromise between analysis of deposits 
and direct observation of parent flows at natural scale. Here, 

we present the results of a number of laboratory experiments 
that simulate the behavior of granular flows engineered and 
carried out using a 5-m-long flume (Fig. 1a) and natural 
volcanic particles. The experiments deal with the runouts of 
both channelized and unconfined flows using coarse or fine-
grained volcanic material moving across a break in slope. 
In particular, the results of coarse-grained granular flows in 
unconfined conditions provided by Sulpizio et al. (2016) are 
here complemented and compared with experiments carried 
out using fine-grained material and a channelized version 
of the coarse-grained flows previously studied by Sulpizio 
et al. (2016). The results highlight some significant feed-
backs on flow mobility among slope changes, grain size and 
flow channelization, which may provide important insights 
for the comprehension of natural granular flows.

Experimental setup

The laboratory experiments were carried out using a flume 
facility, designed and built at the Instituto de Geología of 
Universidad Autónoma de San Luis Potosí (Mexico), using 
a plastic rough-bottom with transparent glass sidewalls, 
which allow real-time observation of the moving granu-
lar avalanches (see Sulpizio et al. 2016 for details). It is a 
modular apparatus, whose geometric characteristics can be 
modified to arrange different experimental setups. The facil-
ity consists of the following sections (Fig. 1a): (1) a charge 
system, consisting of a container of 0.036 m3 (hopper) with a 
remotely controlled electromagnetic opening system releas-
ing the granular material from 0.4 m height above the flume; 
(2) a 5.0 m long and 0.3 wide channel with constant slope 

Fig. 1   Design of the experimental flume. (a) Sketch of the charge and delivery system, flume and expansion box. (b) Grain size histograms and 
tables for material used for coarse-grained and fine-grained experiments
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angle (which can be changed by the operator); and (3) an 
expansion area, with inclination that can vary between 0° 
and 20°, where the granular material decelerates and depos-
its. We run two different types of experiments where the 
deceleration of the granular flows occurred in (i) confined 
and (ii) unconfined conditions. In the first case, the channel 
was prolonged within the expansion area using glass walls 
that delimited a channel of the same width, while in the sec-
ond case the granular material was left to expand unconfined 
in the expansion area (Sulpizio et al. 2016). In the first set 
of experiments (see also Sulpizio et al. 2016), we monitored 
the flows with three medium-speed (60 fps) high-resolution 
(1920 × 1080 pixel) camcorders (SONY HDR-CX240) and 
a GoPro (Hero3 model) with wide-angle zenithal vision. In 
the second set of experiments (with channelized deposition 
area), three Nikon1 J1 cameras (400 fps and 640 × 240-pixel 
resolution) were used, as well as a GoPro hero 7 camera for a 
zenithal panoramic view. Both experiments were monitored 
by means of 14 laser barriers, detecting the flow front veloci-
ties and allowing the characterization of the flow kinematic 
(Fig. 1a).

The experimental runs were performed with a (constant) 
channel inclination of 40°, whereas the inclination of the 
expansion box varied between 0° and 20°, at 5° increments. 
We define the slope-angle ratio (SR) as the ratio between 
the slope angle in the expansion box (depositional area) and 
that in the upstream channel (charge area), so that lower 
SRs indicate greater breaks in slope. Three experiments for 
each SR were carried out. We used 43 kg of granular mate-
rial, represented by moderately vesicular, dacitic pyroclas-
tics (density ca. 2300 kg m−3) from the Nevado de Toluca 
volcano (Mexico), of two different grainsize distributions as 
displayed in Fig. 1b: coarse-grained (30° internal and 35° 
basal friction angle of material) and fine-grained (32° inter-
nal and 37° basal friction angle of material). Specifically, in 
order to obtain the two distributions, the material was first 
sieved at 1φ interval (φ = − log2d, where d is the particle 
diameter in mm). The sieved material was then assembled 
in order to obtain a coarse-grained Weibull distribution, 
modified with the addition of coarse-grained material (− 3φ; 
8 mm), and a fine-grained Gaussian distribution (Fig. 1b). 
The internal friction angle was determined by measuring the 
slope of a conical pile formed by the material on a horizontal 
surface. The basal friction angle was assessed by gradually 
increasing the inclination of a plane covered with the same 
plastic material used for the base of the experimental chan-
nel and expansion box, and it was assumed to be equal to 
the critical slope angle at which basal sliding of the material 
was first observed.

The roughness of the plastic material was calculated 
using a Profilometer MAHR, model MarSurf PCV 200 GD 
25 (precision of 30 nm), measured on longitudinal section of 
25 mm. The measured roughness parameters are Ra (mean 

arithmetic roughness), Rq (quadratic mean roughness), and 
Rz (mean peak-to-valley height), in agreement with ISO 
4287/1 and DIN 4768 international standards for surface 
texture and roughness measurement. The roughness param-
eters are reported in Table 1.

Results

We describe here the original results of the experiments 
carried out using fine-grained material in confined and 
unconfined conditions and using channelized coarse-grained 
material, which are compared with those of coarse-grained 
unconfined granular flows described by Sulpizio et  al. 
(2016).

In these previous experiments, the focus was on the effect 
of changing break in slope on runout of a granular flow 
with a Weibull-modified grain size distribution spreading 
unconfined on the expansion area. In the new experiments 
described in this paper, we used the same Weibull-modified 
grain size distribution for analyzing runout of channelized 
granular flows, and fine-grained Gaussian grain size dis-
tribution for both channelized and non-channelized flows. 
The material charged in the hopper hits the flume base after 
0.40 m of free fall. Following the impact with the flume bot-
tom, the material accelerates until the break in slope, beyond 
the granular flow starts to spread unconfined (then decelerat-
ing) in the expansion box (Fig. 2a) or decelerates confined 
in the channel (Fig. 2b, c). The unconfined flow deposits 
show elliptical shapes (Fig. 2a), similar to those observed 
for coarse-grained granular flow experiments (Sulpizio et al. 
2016).

The results of experiments using two different grain size 
distributions in channelized or non-channelized conditions 
highlight similar behaviors in terms of the relationships 
between runout and SR. Here we define the normalized 
runout as the ratio between the distance travelled beyond 
the break in slope for each experiment (D), which is the 
effective runout of the flows, and the difference in height 
between the hopper gate and the deposit in the expansion 
box (ΔH) (Fig. 1a). Non-channelized experiments show 
a linear dependence of the normalized runout on SR for 

Table 1   Roughness parameters for the plastic substrate used in the 
experiments. The measurements were carried out on three longitu-
dinal windows of 25 mm in length. Ra = mean arithmetic roughness; 
Rq = quadratic mean roughness; Rz = mean peak-to-valley height

Roughness 
parameter

Measurement 1 Measurement 2 Measurement 3

Ra (µm) 12.0703 12.1897 12.2337
Rq (µm) 16.1916 16.3047 16.3667
Rz (µm) 72.3577 72.3904 72.4681
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experiments carried out with both coarse-grained and fine-
grained material (Fig. 3a). The runouts are similar for low 
SR values (0 to 0.125), but they diverge at increasing SR 
values (Fig. 3a). This is clearly expressed by the different 
slopes of the two regression lines, passing from 1.1 for the 
fine-grained grain size to 1.5 for the coarse-grained one. 
Channelized experiments show a behavior very similar to 
non-channelized ones, with slopes that vary from 1.2 for 
fine-grained material to 1.6 for coarse-grained one (Fig. 3b). 

The comparison of experiments using the same grain size 
in channelized and non-channelized conditions shows quite 
similar regression lines, with only a limited increase shift 
of 5–10% in favor of channelized experiments (Fig. 3c, d).

To investigate the depositional behavior in the different 
experimental conditions, we plotted also the position of the 
maximum thickness relative to SR (Fig. 4). The position of 
the maximum thickness is expressed as the ratio between the 
distance at which the maximum thickness of the deposits is 

SR = 0 SR = 0.125 SR = 0.5SR = 0.375SR = 0.250

a

SR = 0 SR = 0.125 SR = 0 SR = 0.250

b c

Fig. 2   View of non-channelized and channelized deposits using dif-
ferent slope ratio (SR) values. (a) Deposits of fine-grained experi-
ments. The red contours were used for calculation of morphological 

parameters; (b) examples of channelized deposits for coarse-grained 
(two pictures on the left) and fine-grained (two pictures on the right) 
experiments
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recorded (MT) and ΔH. The MT represents the position of 
the maximum thickness of the granular material and, due 
to the geometry of the deposits in channelized and non-
channelized experiments, it can be considered as a proxy 
of the center of mass of the deposits. From Fig. 4a, it is evi-
dent how the general behavior described by the normalized 
maximum thickness vs. SR in non-channelized conditions is 
similar to that described for the runout, but there is a marked 
divergence at increasing SRs between coarse-grained and 
fine-grained material highlighted by different slopes (from 
0.55 to 1.05). Under channelized conditions, the relation-
ship between normalized maximum thickness and SR dif-
fers significantly. Experiments for both coarse-grained and 
fine-grained material show almost constant MT/ΔH values 
(0.08–0.11 for coarse-grained and 0.05 for fine-grained 
material) at low (coarse-grained flows) and low to interme-
diate (fine-grained flows) SRs (shaded areas in Fig. 4b). Data 
at increasing SRs may be linearly fitted (Fig. 4b).

The depositional behavior is also described by means of 
geometric parameters, such as perimeter (2p) and area (A) of 
the deposit, measured from images of the (fine-grained) mate-
rial deposited in the non-channelized experiments (Fig. 2a). In 
order to generalize these morphometric data and to compare 
them with those obtained from coarse-grained unconfined 

experiments (Sulpizio et al. 2016), perimeter and area of the 
deposit were normalized with respect to ΔH and ΔH2, respec-
tively. Both areas and perimeters in the different experimental 
conditions are linearly correlated with SR (Fig. 5a).

Similarly to Sulpizio et al. (2016), we also plotted the flow-
front velocity profiles versus the travelled distance for different 
SRs (Fig. 5b). Velocities of the flows front (v) measured in 
the expansion box were normalized with respect to the maxi-
mum velocity of each experimental run (vmax, in the range 
5.2–5.5 m/s), the latter measured at the end of the inclined 
channel. The normalized distance (D) is instead expressed 
with respect to ΔH. The patterns of the (normalized) veloc-
ity vs. (normalized) distance in non-channelized conditions 
are complex but quite similar between experiments for fine-
grained (color lines in Fig. 5b) and coarse-grained flows (grey 
lines in Fig. 5b), although the normalized values are quite dif-
ferent at equal SRs. The normalized data show a very good fit 
to a third-order polynomial:

(1)v∕vmax = 1 +mD + nD2 + pD3
→

⎧
⎪⎨⎪⎩

m = a∕ΔH

n = b∕ΔH2

p = c∕ΔH3

0 0.1 0.2 0.3 0.4 0.5 0.6
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Coarse grained c

Channelized

Non channelized

0 0.1 0.2 0.3 0.4 0.5 0.6
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Fine grained
d

Channelized

Non channelized

D/ H=1.1SR+0.47

R =0.99

0 0.1 0.2 0.3 0.4 0.5 0.6

Fine grained

Coarse grained
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Non-channelized

D/ H=1.5SR+0.5
R =0.99
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0.6
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1.0
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0.6
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Fig. 3   Diagrams of reverse apparent coefficient of friction (D/ΔH) vs. 
slope ratio (SR). (a) Non-channelized experiments, comparing fine-
grained (red) and coarse-grained (blue) experiments. Equation for 
linear interpolation of data is also reported; (b) channelized experi-
ments, comparing fine-grained (green) and coarse-grained (orange) 

experiments. Equation for linear interpolation of data is also reported; 
(c) comparison of channelized and non-channelized coarse-grained 
experiments; (d) comparison of channelized and non-channelized 
fine-grained experiments. The equations are the same at equal color
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with an inflection point defining an intermediate runout 
region of relatively limited change in velocity (Fig. 5b). As 
in the case of coarse-grained experiments from Sulpizio 
et al. (2016), the inflection point coordinates have a positive 
correlation with SR, and depend on the polynomial coef-
ficients m, n and p, defined as in Fig. 5b. These coefficients 
are controlled by the variables a, b and c, which depend 
on the third-order polynomial at changing SR, and can be 
calculated as functions of SR:

In order to compare channelized and non-channelized 
experiments, we also plotted the normalized velocity pro-
files vs. normalized distance for coarse-grained (Fig. 5c) 

(2)

⎧⎪⎪⎨⎪⎪⎩

−a = 6.4e−2SR

b = 25e−3.3SR

−c = 32.2e−4.6SR

and fine-grained flows (Fig. 5d). The general behavior of 
channelized and non-channelized experiments for coarse-
grained and fine-grained flows is similar, with only slightly 
longer runouts of channelized flows with respect to non-
channelized ones. It is worth noting that major difference 
between channelized and non-channelized patterns is 
observed in the final decelerating paths of the experimental 
granular flows, and is more evident for SRs greater than 
0.125 (Fig. 5c, d). As for the non-channelized experiments 
of Fig. 5b, the correlation between (normalized) velocity and 
distance of channelized flows can be expressed as a function 
of the variables a, b and c:

(3)

⎧⎪⎪⎨⎪⎪⎩

−a = 3.2e−1SR

b = 8.4e−1.9SR

−c = 9.2e−3.3SR

Fig. 4   Diagrams of reverse 
apparent coefficient of friction 
of the maximum thickness of 
the deposits (MT/ΔH) vs. slope 
ratio (SR). (a) Non-channelized 
experiments, comparing fine-
grained (red) and coarse-grained 
(blue) experiments. Equation 
for linear interpolation of data 
is also reported; (b) channelized 
experiments, comparing fine-
grained (red) and coarse-grained 
(blue) experiments. Green and 
grey-shaded areas indicate the 
almost constant MT/ΔH values. 
Equation for linear interpolation 
of data beyond the constant MT/
ΔH values are also reported
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for coarse grained flows and:

(4)

⎧⎪⎪⎨⎪⎪⎩

−a = 4.9e−1.6SR

b = 17.8e−3SR

−c = 21.5e−4.3SR

for fine grained flows.

Discussion

The mobility of granular flows is a major topic in volcanic 
areas and other sedimentary settings (e.g., Branney and 
Kokelaar 2002; Lube et al. 2007; Sulpizio et al. 2014). It 

Fig. 5   Diagrams of (a) morphometric parameters vs. slope-angle 
ratio of fine-grained, non-channelized experiments (in red). In grey 
are reported the morphological data of coarse-grained experiments 
(from Sulpizio et  al. 2016); (b) diagram of normalized velocity 
(velocity/maximum velocity) vs. normalized distance (D/ΔH) for 
non-channelized experiments. The general form of the third-order 

polynomial regression is also shown, along with the general expres-
sion of parameters m, n and p; (c) diagram of normalized velocity vs. 
normalized distance for coarse-grained experiments; (d) diagram of 
normalized velocity vs. normalized distance for fine-grained experi-
ments. The colored numbers indicate the different slope ratios
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is generally expressed as the ratio between the horizontal 
distance travelled (D) and the height of generation (ΔH), 
which also helps to define the apparent friction coefficient 
µD/ΔH (Hayashi and Self 1992). Many factors influence 
the friction coefficient, and are either internal or external 
to the granular mixture. Internal factors comprise the grain 
size distribution (Cagnoli and Romano 2010; 2012), shape 
of particles and mass (volume) of the material (Rodriguez-
Sedano et al. 2016). External factors include channelization 
(Kokelaar et al. 2014) and the break in slope between the 
flume and the expansion area, defined here as SR (Sulpizio 
et al. 2016). The passage over a break in slope is generally 
claimed as one of the major factors influencing the dynam-
ics of volcanic granular flows (Denlinger and Iverson 2001; 
Iverson et al. 2004; Zanchetta et al. 2004; Sulpizio and Del-
lino 2008; Sulpizio et al. 2007; 2008; Sarocchi et al. 2011; 
Sulpizio et al. 2014). Beyond the break in slope, the reduc-
tion in flow velocity induces deposition of material and par-
tial transfer of momentum into the generation of turbulence 
and elutriation of fines (Gray et al. 2005).

The experiments reported in the present paper for coarse-
grained and fine-grained volcanic material in channelized 
and non-channelized conditions shed light on the effect of 
grain size and channelization of volcanic granular flows (e.g. 
concentrated PDCs, volcaniclastic debris flows) moving over 
a break in slope, as the main (internal and external) fac-
tors that control flow dynamics, inundated areas and deposit 
thickness. Here, different experiment outputs will be dis-
cussed in terms of flow runout and inundation area, velocity 
reduction leading to deposition, and will finally be evaluated 
for their predictive potential for natural cases.

Runout and inundation areas

Runout and inundation areas are discussed based on the 
morphometric parameters derived from image analysis of 
the deposits obtained in the different experimental condi-
tions. Results for coarse-grained, non-channelized flows 
provided by Sulpizio et al. (2016) are here compared and 
complemented with those for experimental flows made 
up of fine-grained material (both channelized and non-
channelized) and coarse-grained material in channelized 
conditions. The elliptical approximation of deposit con-
tours estimated by Sulpizio et al. (2016) also holds for 
fine-grained deposits in the present experiments (Fig. 2a), 
which allows for easy extraction of morphometric param-
eters at changing SRs (Figs. 2a, 5a). In particular, the 
major axis measured in elliptical deposits coincides with 
the runout of non-channelized deposits, which were com-
pared with channelized ones (Fig. 3c). It is worth noting 
that the runout of coarse-grained flows is always greater 
than that of fine-grained flows. Starting from a common 
value at SR = 0, the channelized and non-channelized 

runout diverges at a rate of 0.4 SR (difference between the 
slopes of the two regression lines in Fig. 3a, b) in coarse-
grained flows compared to fine-grained ones (Fig. 3a, b), 
indicating the strong sensitivity of the reciprocal of the 
apparent coefficient of friction (µ = D/ΔH) from grain 
size at increasing SR. This means that curvature radius 
(defined as the radius of the circle tangent to the two 
slopes) effects are prevailing at low SR on the dynamics of 
granular flows, irrespective of their grain size. While the 
two adopted grain mixtures (coarse and fine-grained) have 
similar internal and basal friction angles, the divergence 
of runouts for coarse and fine-grained flows at increasing 
SR needs to be related to other internal effects than energy 
dissipation by friction with the substratum.

We cannot advocate a mass dependence of the runout 
difference (Rodriguez-Sedano et al. 2016) because the 
mass of the fine and coarse-grained material in the dif-
ferent experiments is the same (Fig. 1b). What is different 
is only the mass distribution along the vertical profile of 
the moving flow, which shows clear reverse grading of the 
larger clasts in the case of coarse-grained experimental 
flows (Sulpizio et al. 2016). This flow stratification con-
centrates the maximum of momentum at the top of the 
moving granular mixture, which is the portion of the flow 
least influenced by friction. This also explains why the 
grain size effect becomes more pronounced with increas-
ing SR, as the momentum partitioning of a flow crossing 
a slope break becomes more effective when transitioning 
from low to high SR values (Denlinger and Iverson 2001), 
in accordance with the equation:

where qbs is the momentum breakdown passing over a 
break in slope of radius r (with increasing r corresponding 
to higher SR), m is the mass of the granular mixture, 2πr 
and v2∕r are the tangential and centripetal accelerations per 
unit time.

In this respect, there is a limited influence of flow chan-
nelization, with confinement effect that impacts on flow 
runout only for 0.1 SR for both the grain size distributions 
(Fig. 3c, d). We can consider this slight difference as due 
to the energy dissipated for the lateral spreading in non-
channelized experimental flows.

The dependence of the reciprocal of the apparent coef-
ficient of friction by grain size is even more evident when 
it is considered relative to the center of mass of the deposit 
(MT) rather than to the run-out ( �MT = MT∕ΔH ) for non-
channelized experiments (Fig. 4a). In this case the linear 
fittings for coarse-grained and fine-grained flows yield a 
difference in slope of 0.5 SR. The almost constant value 
of �MT  at low SRs (Fig. 4b) suggests that increased SR 

(5)qbs = (m2�r −
mv2

r
)
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(increasing curvature radius, i.e. smoother transition 
between channel and depositional area) is less effective 
than an increased area over which friction applies, rep-
resented by the lateral walls of the channel. If we con-
sider the balance between inertial and frictional forces, 
it is evident how the first are prevalent for SR > 0.125 for 
coarse grained mixtures, or 0.250 for fine grained ones 
(Fig. 4b), indicating again how abundance of fine-grained 
grain sizes, together with particle segregation, increases 
effectiveness of frictional forces.

Finally, the values of normalized perimeter and area 
for fine-grained non-channelized flows relative to SR have 
linear fittings similar to those for the coarse-grained ones 
(Sulpizio et al. 2016), but they yield lower slopes (Fig. 5a). 
This indicates a higher internal friction between the (fine) 
grains, which limited the surface covered by the deposits 
(corresponding to the inundated area) with respect to the 
coarse-grained experimental flows.

Velocity decay beyond the break in slope

The deceleration paths of experimental coarse and fine-
grained granular flows in channelized and non-channelized 
conditions show the same trends, independently on SR. 
The normalized velocity profiles show three distinct phases 
of deceleration: (i) initial strong deceleration due to sud-
den drop in the driving force; (ii) almost invariant, inertia-
dominated deceleration; (iii) final, friction-dominated rapid 
deceleration (Fig. 5b). The runout decreases in fine-grained 
flows with respect to coarse-grained ones at increasing SR, 
as already discussed in the previous subsection. The same 
holds when comparing normalized velocity profiles for 
channelized vs. non-channelized experimental flows. All 
the profiles show third-order polynomial fits according to 
the general form:

where m = a/Δ H, n = b/Δ H2, p = c/Δ H3, and a, b, c are the 
parameters of the third-order polynomial at changing SR 
(Table 2).

(6)v
/
vmax

= 1 + mD + nD2 + pD3

The passage from the initial drop in momentum and the 
final friction-dominated deceleration tract can be identified 
in the position of the flex of the third order polynomials ( Xf  ; 
Fig. 5d). Figure 6 shows how Xf  increases with SR, with 
no significant differences between channelized and non-
channelized experimental flows and only a slight difference 
between coarse- and fine-grained flows.

Implication for natural granular flows

The empirical relationships extracted from laboratory 
experiments provide useful insights for better understand 
the dynamics of transportation and deposition of natural 
granular flows. In particular, experiments demonstrated 
how, at equal boundary conditions, channelization has not a 
decisive effect in increasing flow runouts. On the other hand, 
fine grained mixtures show shorter runouts at increasing SR 
with respect to coarse grained mixtures (Fig. 3), indicating 
how grain size distribution is prevalent with respect to topo-
graphic control for determining the flow runout.

The experiment outputs seem to contradict some data 
from natural cases, which suggest higher mobility for fine 
grained PDCs or volcanoclastic flows (i.e. mud flows). As 
an example, fine grained PDCs generated from column/foun-
tain collapse during the Montserrat eruption in the period 
1995–1998 were reported to have longer runout and inundate 

Table 2   Variations of 
parameters a, b and c of the 
third-order polynomial fit at 
changing SR and for the various 
combination of grain size and 
channelization

Coarse grained, channelized Fine grained, chan-
nelized

Coarse grained, not chan-
nelized

Fine grained, not 
channelized

Slope ratio a b c a b c a b c a b c

0 3.3 9.3 11 5.5 20.4 24.3 5.5 18.29 19.57 6 23.5 30.8
0.125 2.7 5.9 5.2 3.7 11 11.7 3.3 8.51 7.8 5.1 14.8 18.5
0.250 2.5 5.1 1.6 3.1 7.5 6.3 2.7 5.8 4.34 4.2 12.1 11.4
0.375 2.3 4.3 2.5 2.5 5.8 4.4 2.2 4.48 2.93 1 7.1 5.6
0.5 1.9 1.4 2 2.4 4.4 2.7 1.72 2.81 1.51 2.2 4.5 1.2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.1 0.2 0.3 0.4 0.5 0.6

Non channelized FG

0

Channelized FG Channelized CG
Non channelized CG

SR

Fig. 6   Diagram showing the position of flex of third-order polynomi-
als of Fig. 5 vs. SR for the different combinations of grain size and 
channelization and non-channelization
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larger areas with respect to coarse grained PDCs from dome 
collapses (Calder et al. 1999). In volcaniclastic flows, mud 
flows are considered more mobile than coarse grained debris 
flows, as in the case of Osceola mud flow from Mount Rain-
ier (USA; Vallance and Scott 1997).

In order to shed light on the effect of fine-grained mate-
rial on flow dynamics, two experiments were carried out 
using 2-mm particles as coarse grain size and adding (i) 
different weight % of 0.25 mm particles (Fig. 7a) and, (ii) 
50% in weight of 1 mm, 0.5 mm, 0.25 mm and 0.125 mm 
particles (Fig. 7b). These experiments resemble those car-
ried out using small scale apparatus (Linares-Guerrero 
et al. 2007; Phillips et al. 2006). Figure 7 summarizes the 
experimental results, and highlight the first order, negative 

linear dependence of runout from abundance of fine particles 
(Fig. 7a) and from the dimension ratio (dratio; Fig. 7b). In 
particular, experimental results provide empirical relation-
ships for runout:

Although not directly scalable to nature, these experi-
ments highlight how the runout is slightly more sensitive 
to dratio (decay ratio of 0.04) with respect to fine% (decay 
ratio of 0.01).

(7)

⎧
⎪⎨⎪⎩

runout = 2.6 − 0.01fine%

runout = 1.3 − 0.04dratio

Fig. 7   Diagrams showing the runout dependence on the amount of 
fine particles in the mixture, using the grain size of 2 mm as coarse 
grain size class. (a) Runout as function of the % of 0.25  mm grain 

size added to the 2 mm one; (b) runout of mixture composed of 50% 
of 2-mm grain size and 1 mm, 0.5, 0.25 and 0.125 grain size classes. 
dratio =

2mm

dparticles
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This apparent contradiction between experiments and 
natural flows may be explained by other mechanisms that 
in nature may alter the simple relationships found in the 
experiments. First of all, fine grain size of the solid parti-
cles can promote fluid (gas or water) retention within the 
mixture, promoting fluidization (Druitt et al. 2007; Iverson 
1997). Fluidization reduces granular contacts, which are 
the primary source of energy consumption due to frictional 
forces. As an example, fluidization was claimed as main 
mechanism explaining the longer runouts of slow moving, 
ignimbrite-forming concentrated PDCs (Roche et al. 2016). 
Efficiency of fluidization depends on many factors, including 
topographic roughness, amount of gas in eruptive mixture 
or water in volcaniclastic flow, and type of substratum. In 
any case, the most prevalent parameter is the permeability 
of the solid mixture, which controls the rate of fluid escape 
from the moving flow (Bourgisser 2012; Sulpizio et al. 
2014). Permeability is the combination of different physical 
properties of the moving mixture, including flow expansion, 
grain size distribution and shape and sorting of solid parti-
cles (Bourgisser 2012). Flow expansion depends mainly on 
granular temperature, which measures the state of agitation 
of solid particles, and is proportional to the square of flow 
velocity. The higher the flow expansion, the easier the gas 
escape. This effect reduces effectiveness and duration of flu-
idization state in the flow. Grain size distribution controls 
the rate of fluidization vs. elutriation of very fine-grained 
particles, which impinge on the retention of fluid within the 
moving flow. Finally, shape of particles determines the tor-
tuosity of fluid paths, which rules the time of fluid escape 
from the solid mixture (Bourgisser 2012).

From the parameters discussed above, it is evident how 
the fluidization strongly depends on availability of fluid 
sources and characteristics of solid particles. Applying these 
characteristics to our experiments, it emerges how there are 
not internal (e.g. magmatic gas from breakage of juvenile 
clasts, expansion of heated of entrapped air) nor external 
(e.g. water filled sediments, vegetation) fluid sources to the 
moving mixture. Also, the air ingestion of air from flow front 
is not effective, except for the expanded front, as demon-
strated by inspection of experiment video-records (Sulpizio 
et al. 2016).

The coarse grain size distribution of the experimental 
material shows more than 90% of particles coarser than 
0.5 mm and ca. 20% coarser than 2 mm (Fig. 1b), which 
seems not adequate to retain the (small) amount of gas (air) 
available within the moving flow. On the other hand, the 
mixture used for fine grained experiments shows a very good 
sorting, which increases permeability.

This justifies why our experimental flows largely appear 
non-fluidized granular flows, and the apparent contradiction 
of experimental results with some natural cases described 
in the literature.

All these points suggest that our experimental results 
are applicable to only natural non-fluidized, fine- to coarse-
grained granular flows.

Conclusion

Experimental runs were performed in order to investigate 
the behavior of coarse-grained and fine-grained volcanic 
material passing over a break in slope. Channel inclination 
was maintained fixed at 40°, whereas the inclination of the 
expansion box was varied between 0° and 20°, at steps of 5°. 
This experimental setup allowed measuring the flow param-
eters at different slope-angle ratios (SR) so that lower SRs 
indicate greater breaks in slope. Experiments were carried 
out using two grain size distributions of the granular mate-
rial: coarse grained (30° internal and 35° basal friction angle 
of material) and fine grained (32° internal and 37° basal 
friction angle of material).

Experiments results highlight linear dependence of 
runouts of both coarse-grained and fine-grained mixtures 
to SR. The slopes of the two regression lines differs of 0.4 
SR, indicating the strong sensitivity of the reciprocal of the 
apparent coefficient of friction (µ = D/ΔH) on grain size at 
increasing SR. This means that curvature radius effects are 
prevailing at low SR on the dynamics of granular flows, irre-
spective of their grain size. The effect of flow channelization 
is less effective, with confinement effect that impacts on flow 
runout only for 0.1 SR for both the grain size distributions.

The deceleration paths of experimental coarse and fine-
grained granular flows in channelized and non-channelized 
conditions show the same trends, independently on SR. 
The normalized velocity profiles show three distinct phases 
of deceleration: (i) initial strong deceleration due to sud-
den drop in the driving force; (ii) almost invariant, inertia-
dominated deceleration; iii) final, friction-dominated rapid 
deceleration.

Finally, caution is recommended for direct application of 
experimental results to nature, because of the more complex 
behavior of real fine-rich flows due to possible fluidization 
effects that can lower energy dissipation within the moving 
flow.
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