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ABSTRACT: This study presents the simulation of the internal fabric of volcanic scoria, known in Mexico as tezontle, using the
Discrete Element Method (DEM). This volcanic scoria with its highly porous and granular nature requires precise modeling to
understand its behavior. DEM simulations were conducted to evaluate porosity, contacts distribution, pore size distribution and the
effect of grain size distribution on structural properties. Grains with sub-spherical-sub-angular shapes were modeled using the Linear
Contact Model with rolling resistance. Surface roughness and angularity could be reproduced using a friction coefficient of 0.7 and a
rolling resistance coefficient of 0.6. The representativeness of the simulated samples was validated through the standard deviation of
the local porosity. The effect of grain size distribution was analyzed. Results show that well-graded samples exhibit greater particle
segregation compared to poorly graded ones. Pore size distribution analyses revealed average pore sizes of 0.012 and 0.15 times the
maximum grain size for well-graded samples and for poorly graded samples, respectively. Contact distribution analyses showed a high
concentration of contact points at the poles of grains, regardless of grain size distribution. This suggests that particle grading does not
affect contact distribution but strongly influences pore structure. These findings provide valuable data on the inner structure of volcanic
scoria and demonstrate the potential of DEM to model granular materials.
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1 INTRODUCTION

The volcanic scoria originates as magma rises toward the 2 CHARACTERIZATION OF A VOLCANIC SCORIA

surface, where a reduction in pressure causes the internal gas to The granular material is found in the area surrounding Mexico
escape. This process results in a porous structure, irregular grain City and exhibits a grain size distribution (GSD) characterized
shape and variable particle size. The material is lightweight, by a uniformity coefficient (C.=2.98), curvature coefficient
typically exhibiting red or black coloration and a minerology (C=1.05), and minimal (Du»=2.00 mm) and maximal grain
composition similar to basaltic and andesitic rocks (Pirsson, size (Dmar=19.05 mm). In this study, volcanic scoria was
1947). Volcanic scoria cones form during one or multiple analyzed using two grain size distributions: the natural
eruptive events. In Mexico, this volcanic scoria is named distribution (sample 1) and a hypothetical distribution (sample
Tezontle, a term of Nahuatl origin (Tetl: stone, tzontli: hair). 2) designed to meet typical specifications for geotechnical
The granular material derived from this rock possesses materials used as subbase under a roadbed (Mendoza &
advantageous physical properties that have encouraged its use Gonzélez, 2016) (Figure 1). Table | summarizes the
in industrial construction applications (Rodriguez 2011; Harker characteristics of both GSD.
& Mahar, 2013; Hossain, 2004 and Hermann et al., 2017). In
geotechnical applications, understanding its mechanical 100 (. —2.98
behavior is essential. Some studies have explored the physical . . C“ B 5'21
and mechanical properties of this material (Sabatan et al., 2000; X, 80f v
Agustin & Goto, 2008; Chavez & Arreygue, 2011; Mendoza, £
2021), the available data remain limited. Therefore, it is of 7 60F
interest to investigate this material through an approach that g
considers structural characterization at the particle level which g 407
is difficult to evaluate though conventional laboratory testing. §

The Discrete Element method (DEM) proposed by Cundall o 207
& Strack (1971) has been important in the study of granular
materials. It is widely used for simulating granular materials, 0 d
allowing study of its structure internal and micromechanical 107! 10° 10! 10
behavior. Auvinet & Sanchez (2023) have studied the internal d [mm]
fabric and mechanical behavior of granular materials by means Figure 1. Grains size distributions of a volcanic scoria sample
of probabilistic and computational models. Table 1. Characteristics of grain size distributions

This paper provides a study of the internal fabric of a Sample Dyis Duwe Dot Do Ca C.
volcanic scoria sample, using the DEM and the concepts 1 200 19.05 953 298 1.05
proposed by Auvinet & Sanchez (2023). 2 0.85 19.05 22.41 521 087

The geometrical characteristics of the grains were
evaluated based on the concept of sphericity and angularity.
The expressions (1) and (2) proposed by Wadell (1932), and the
computational method developed by Zheng & Hryciw (2005)
were applied for quantitative analysis. Grain classification was
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conducted according to the criteria suggested by Krumbein &
Sloss (1951), which incorporate both sphericity (S) and
angularity (4) parameters (Figure 2 and Figure 3).
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Figure 2. Schematic representation of the sphericity measurement
procedure (Zheng & Hryciw, 2005)

Figure 3. Schematic representation of the angularity measurement
procedure

where:

S: sphericity

Dq: equivalent diameter corresponding to the grain’s surface
area projected on a plane

D¢: diameter of the circle that encloses the projected surface of
the particle on a plane

Ap: equivalent circular area corresponding to the grain’s surface
area projected on a plane

A: angularity

7: radius of the circle tangent to the concave vertices of the
projected particle outline

R: radius of the maximum inscribed circle within the planar
projection of the particle surface

N: number of circles tangent to the concave vertices of the
projected particle outline

S and 4 were evaluated for thirty grains from each fraction
of the grain size distribution. For each grain, a digital image of
its projected surface on a plane was obtained, as required by the
computational method proposed by Zheng & Hryciw (2015).
Figure 4 shows the projected surface of some grains on a plane,
which were used to determine their sphericity and angularity.
The mean values of sphericity and angularity were 0.81 and
0.26, respectively. According to the classification by Krumbein
& Sloss (1951), these values indicate that the grains in the
volcanic scoria sample present a sub-spherical to angular
morphology, which is consistent with the findings by Zhihong
etal., (2021).
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Figure 4. The projected surface of several grains on a plane

The porous structure of grains contributes to a relatively
low density. Grain density (Gs) was measured using the
paraffin method (ASTM C127-88), applied to selected samples
from each grain size class. The mean Gs value obtained was
1.78, which is higher than the values reported by Hossain
(2004), McGetchin et al., (1974), Sabtan & Shehata (2000) and
Mendoza (2021). However, it is comparable to the values
obtained for volcanic scoria found in Indonesia and Yemen, as
reported by Al-Akhaly & Al-Sakkaf (2020).

The angle of repose (4R) of volcanic scoria cinder cones
is influenced by volcanic activity. According to Blake (2021),
cinder cones rarely exceed 300 m in height and 900 m in
diameter, exhibiting slope angles of approximately 33°. Cas &
Wright (1988) mentioned that cinder cones are composed of a
loosely consolidated material susceptible to erosion. Therefore,
youngest cinder cones achieve slope angles ranging from 30° a
35° and older cinder cones present slope angles as low as 15°.

Considering the above, the AR of the volcanic scoria
sample was measured in laboratory. The experiment was
conducted using a representative setup, employing the
cylindrical vessel pouring method (Beakawi & Baghabra,
2018). The grain size distribution used was that of sample 1, as
it corresponds to volcanic scoria deposit (Figure 1). Figure 5
shows the measured 4R of volcanic scoria sample. This sample
achieved an angle of repose equal to 31°.

)31.2"7~ ‘3it2°(

Figure 5. Angle of repose of a volcanic scoria sample

3 DEM PARAMETER

DEM simulations of volcanic scoria samples using the Rolling
Resistance Linear Contact Model (RRLCM) were performed.
RRLCM incorporates a friction coefficient (us) and rolling
resistance coefficient (x-), which allows representing surface
roughness and angularity (Jun et al., 2011), respectively.

Several studies have employed angle of repose
simulations to calibrate parameters in DEM models. Alizadeh
et al., (2018) conducted both experimental and numerical
measurements of AR using the fixed funnel method. Auvinet &
Sanchez (2020) performed cylindrical vessel pouring
simulations to determine parameters yand u- of a volcanic
scoria sample.

Angle of repose simulations were performed to calibrate
parameters for DEM models of the volcanic scoria sample. The
methodology proposed by Itasca (2015) was employed, which
consists in performing DEM simulation based on the cylindrical
vessel pouring method. The process consisted of three stages:
placement of material into a cylindrical vessel, pouring of the



vessel contents and measurement of the angle of repose
(Figure 6). The GSD with C,=2.98 was used, as it corresponds
to volcanic scoria deposit (Figure 1). The stiffness of the
contact between grains was calculated employing the
expressions proposed by Potyondy & Cundall (2004) which are
in function of elasticity modulus (£:) of the particles. Bell
(1983) suggests E.= 5x10' [Pa] for highly porous rocks.

A parametric analysis was performed considering values
of urand yr ranging from 0.4 to 0.8 and 0.1 to 0.9, respectively.
Figure 6 shows the cones formed under different combinations
of ur and ur. Figure 7 presents the variation of AR under
different combinations of urand u. The results indicate that the
value of 4R is proportional to u-. The numerically obtained 4R
values fall within the range of s from 0.4 to 0.8. Following
Cambou (1974), this range was restricted to 0.5-0.8. The u
values ranged from 0.4 to 0.9.
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Figure 6. Cones formed for different combinations of z4r and s
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Based on the above results and the observations of Cas &
Wright (1988) and Cambou (1974), values of 4=0.7 and 1-=0.6

1647

were adopted (Figure 7). They are consistent with the findings
of Auvinet & Sanchez (2020).

4 FABRIC OF VOLCANIC SCORIA

DEM simulations of cubic specimens of volcanic scoria were
performed using the GSD shown in Figure 1. The dimensions
of each specimen were 30 cm in height and 30 cm in width. The
specimen, with a C,= 2.98, required 70,000 particles to
reproduce grains size distribution, while sample with a C,=5.21
required 90,000 particles. RRLCM was employed to represent
particle interaction. Normal and shear stiffness values were set
to 1x107 N/m, and u~=0.7 and p»=0.6 were adopted. Figure 8
presents a comparison between numerically and experimentally
obtained GSD; a good fit is observed in both cases.
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Figure 8. Comparison between the numerical and experimental GSD
a) sample 1 b) sample 2

4.1  Porosity

The porosity of the specimens was evaluated inside the central
measurement cube (cmc) using the Monte Carlo technique,
which involves generating random points in space and
recording those that fall within the voids. Auvinet & Sanchez
(2023) recommended using 107 or more random points.
Porosity (n) was calculated as the ratio of the number of points
within the pores to the total number of points. The standard
deviation of local porosity was evaluated using the method
suggested by Auvinet & Bouvard (1984). These authors
propose an expression which is a function of porosity, specific
grain surface (S3) and size of cmc:

On

=yt ] 3)
[n(n—1) 411(1 —n)
where:
on: standard deviation of local porosity
a: edge length of central measurement cube
Yas
S, =
3 3 Vp “4)

as: particle surface area
Vp: particle volume

A sensitivity analysis was performed to evaluate the effect
of central measurement cube size. The bias caused by boundary
effects was mitigated by maintaining a distance equal to /=2Dmin



between the specimen borders and cmc (Auvinet & Sanchez,
2023). Figure 9 presents the variation of porosity for both
samples under different cmc sizes. It is observed that as a
increases, porosity converges toward a stable value.

Figure 10 shows the variation of g» for different cmc. The
results indicate that the effect of cmc size is negligible for cube
edge lengths greater than 10Dmar. The porosity of specimens
was estimated using a cmc with a=12Dmax. Table 2 presents the
characteristics of simulated volcanic scoria specimens. It is
observed that both samples exhibit similar porosity values.
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Figure 9. Variation of local porosity for volcanic scoria samples with
different cmc sizes
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Figure 10. Variation of o, for different cmc

4.2 Homogeneity

Auvinet (1986) proposes the concept of spatial distribution of
particles per unit of volume, area and length. This allows
describing the array of particles within a homogeneous mass of
granular material. The number of grains intercepted by
horizontal planes at different heights of the simulated cubic
volcanic scoria specimens was recorded. Figure 11 presents the
grain proportion along the height of specimens, normalized
with respect to minimum particle diameter. The results reveal a
higher grain concentration near the bottom of the specimen, a
phenomenon known as segregation (Auvinet & Sanchez, 2023).
This effect was more pronounced in sample 2 with C,=5.21,
which presented higher values of Dua/Dmin and C. In contrast,
sample 1 with C,=2.98 exhibited a nearly constant grain
proportion per unit area throughout its height. The expected
value of particles per unit of area in sample 1 is 6.93x10* and in
sample 2 is 2.05x105.
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Figure 11. Homogeneity of volcanic scoria samples

4.3 Coordination number and contacts distribution

The coordination number N, represents the mean number of
contacts per particle. It is widely used to evaluate the packing
structure in granular assemblies (Auvinet & Sanchez, 2023).
Oda (1972) and Cambou et al., (2009) reported several

empirical correlations between N, and the porosity for materials
of spherical samples. However, Auvinet & Sanchez (2023)
noted that no direct relationship exists between these properties
as revelated in Table 2.

The coordination number of volcanic scoria samples was
determined. Sample 2 with wider grain size distribution
presents a higher N, than sample 1 (Table 2).

Table 2. _n and N of a volcanic scoria sample

Sample Dma’x/ Dinin C, n FC
1 9.525 298 039 383
2 22.41 521 039 427

The concept of “fabric” in granular assemblies was
proposed by Brewer (1964). It is used to describe the spatial
arrangement of solid particles and voids. The position of a
contact on the surface of a grain is defined by angles a y f
(Figure 12) and the distribution of the corresponding vector is
represented by I'(a,f) (Auvinet & Sanchez, 2023):

lr(a, Pdo=1 5)

where:

Q: sphere of unit radius
do: elemental solid angle equal to cosadadfs

(—E<a<+£;0<ﬂ<27z)
2 2

I'(o,B)dw represents the probability that a normal vector to
the tangent plane at the contact points be located in the
elemental solid angle (Auvinet & Sanchez, 2023) (Figure 12).

VA

dw I'a.pB)

Figure 12. Spatial distribution of contact orientation represented by

I(a.p)

Auvinet & Sanchez (2023) observed that, in structures
deposited under the gravity field, I'(a,f) is independent of angle
p. Therefore, the function can be simplified as a function I'(a)
such that:

T

J-i I['(a)cosada =1 (6)

If contacts are uniformly distributed over the surface of the
grains (geometric isotropy), it can be verified that I'(a,$)=1/4
and I'(a)=1/2. As stressed by Auvinet (1986), deviations from



these reference values indicate the presence of geometric
anisotropy.

The distribution of the contacts was evaluated in the
simulated volcanic scoria samples. Figure 13 presents I'(a) for
each sample. It is observed a high concentration of contacts near
the poles of grain surface corresponding to an inherent
anisotropy. This is due to friction and roughness on the surface
of the grains. No effect of grain size distribution on I'(a) was

observed.

Figure 13. Distribution of contacts on the grain surface for simulated
volcanic scoria samples: a) C,=2.98 b) Cu=5.21

4.4 Pore size distribution

The voids formed in a granular media can be studied like
individual pores for quantifying its essential characteristics
(Auvinet & Sanchez, 2023). Matheron (1967) proposed a
function for describing the dimensions of pore (F31(p)). This is
the proportion of the total volume of voids inaccessible to a
reference sphere with diameter p. The origin of this definition
can be found in the so-called Purcell’s diagrams obtained from
mercury porosimeters by measuring the volume of this metal
penetrating inside a sample under different pressures (Auvinet
& Sanchez, 2023).

Auvinet (1986) indicates that function F3i(p) does not
strictly correspond to the one obtained using Purcell’s diagram,
since some pores may accommodate the reference sphere but
are not accessible to mercury from the exterior due to a lack of
entry paths. The pore size probabilistic density is defined as the
derivative of the volumetric distribution function:

- ™

fav(p) =

To determine the pore size distribution in simulated
volcanic scoria samples, the method proposed by Auvinet &

Sanchez (2023) was used:

e Random points were generated inside the core of the
structure analyzed. The number of points falling outside
the grains was recorded. The ratio between this number
and the total number of generated points was used to
estimate porosity at the same time.

e For each point, a trial-and-error process was used to
determine the smaller diameter D of the reference sphere
for which the points remained within an inaccessible
volume or intersection of such sphere exists with the
particles of the medium.

Fsy(p) was estimated as the ratio between the number of
points falling inside an inaccessible volume associated
with the diameter equal to or smaller than a given value p
and the total number of accepted points.

The pore size distribution (PSD) was calculated for the
simulated volcanic scoria samples. Figure 14 presents the PSD
results for both specimens. Sample 1 exhibits a more uniform
Fsy(p) distribution compared to sample 2. The results indicate
that the average pore size is approximately 0.15 Duax for sample
1 with C,=2.98 and 0.012 Dyax for sample 2 with C,=5.21. The
largest PSD dispersion is observed in the sample with C,=5.21
(Figure 15), whereas the smallest PSD dispersion corresponds
to sample with C,=2.98 (Figure 16).
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Figure 14. Pore size distribution of simulated volcanic scoria samples
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Figure 15. PSD and GSD of sample 1
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Figure 16. PSD and GSD of sample 2

5 CONCLUSIONS

In this study, DEM simulations of internal fabric of volcanic
scoria were performed. The DEM was enabled to reproduce the
structure of volcanic scoria samples, using the Rolling
Resistance Linear Contact Model. A friction coefficient of 0.7
and a rolling resistance coefficient of 0.6 were applied to
account for the effects of surface roughness and angularity of
grains.
Several properties of the volcanic scoria structure were
evaluated, including porosity, homogeneity, coordination
number, distribution of contacts and pore size distribution. The
representativeness of the simulated samples was validated
through the standard deviation of the local porosity.
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It was observed that the porosity is independent of the
grain size distribution, as both samples achieved similar values.

The coordination number was slightly higher in well-
graded samples, attributed to their wider grain size distribution.
The segregation phenomenon was more pronounced in well-
graded materials, with higher values of Duax/Dmin and Cy. The
poorly graded exhibited a nearly constant grain proportion per
unit area throughout its height.

The distribution of contacts on the grain surface of
volcanic scoria revealed inherent geometric anisotropy with
high concentration of contacts near the poles. This property was
found to be independent of the grain size distribution.

The pore size distribution of the volcanic scoria samples
was determined. The results revealed average pore sizes of
0.012 and 0.15 times the maximum grain size for well-graded
samples and for poorly graded samples, respectively.
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