POLITECNICO DI TORINO
Repository ISTITUZIONALE

New developments of HEMSim: a computational treatment for aluminized highly energetic materials
applied to rock blasting

Original

New developments of HEMSim: a computational treatment for aluminized highly energetic materials applied to rock
blasting / Caridi, Yuri; Selesovsky, Jakub; Cucuzzella, Andrea; Vicini, Fabio; Jirman, Stepan; Berrone, Stefano;
Pachman, Jiri. - In: FIREPHYSCHEM. - ISSN 2667-1344. - (2026). [10.1016/j.fpc.2026.03.008]

Availability:
This version is available at: 11583/3009547 since: 2026-04-02T20:19:09Z

Publisher:
Elsevier

Published
DOI:10.1016/j.fpc.2026.03.008

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

24 April 2026



Journal Pre-proof KeAi
FirePhysChem

Viokwmna 2 Insws & December F03F

-
l' Progress In Solid
Wi r“Rocket Propulsion-Part B
¥, b -

New developments of HEMSim: a computational treatment for
aluminized highly energetic materials applied to rock blasting

Yuri Caridi, Jakub Selesovsky, Andrea Cucuzzella, Fabio Vicini,
Stepan Jirman, Stefano Berrone, Jiri Pachman

PIl: S2667-1344(26)00036-2

DOI: https://doi.org/10.1016/j.fpc.2026.03.008
Reference: FPC 291

To appear in: FirePhysChem

Received date: 5 September 2025

Revised date: 15 March 2026

Accepted date: 15 March 2026

Please cite this article as: Yuri Caridi, Jakub Selesovsky, Andrea Cucuzzella, Fabio Vicini,
Stepan Jirman, Stefano Berrone, Jiri Pachman, New developments of HEMSim: a computational treat-
ment for aluminized highly energetic materials applied to rock blasting, FirePhysChem (2026), doi:
https://doi.org/10.1016/j.fpc.2026.03.008

This is a PDF of an article that has undergone enhancements after acceptance, such as the ad-
dition of a cover page and metadata, and formatting for readability. This version will undergo addi-
tional copyediting, typesetting and review before it is published in its final form. As such, this ver-
sion is no longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are
providing this early version to give early visibility of the article. Please note that Elsevier’s sharing
policy for the Published Journal Article applies to this version, see: https://www.elsevier.com/about/
policies-and-standards/sharing#4-published-journal-article. Please also note that, during the produc-
tion process, errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

(©) 2026 Xi'an Modern Chemistry Research Institute. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.fpc.2026.03.008
https://doi.org/10.1016/j.fpc.2026.03.008
https://doi.org/10.1016/j.fpc.2026.03.008
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
http://creativecommons.org/licenses/by-nc-nd/4.0/

Journal Pre-proof

Graphical Abstract

New developments of HEMSim: a computational treatment for
aluminized highly energetic materials applied to rock blasting

Yuri Caridi?, Jakub Selesovsky?,
Andrea Cucuzzella®, Fabio Vicini®, Stepan Jirman®,
Stefano Berrone®, Jiri Pachman®

e ™ ~ N
Ideal detonation code JWL EoS

(HEMSim)
—»|  p=p(v,A,B,C,w,R1,R2)

\ Experimental JWL EoS )

Partial Al reaction
parameter

J Comparative analysis

|
|
|
|
| Sl
| Cylinder test

N ————— Simulation of explosive-
rock interaction



Journal Pre-proof

Highlights

New developments of HEMSim: a computational treatment for
aluminized highly energetic materials applied to rock blasting

Yuri Caridi?, Jakub Selesovsky?,
Andrea Cucuzzella®, Fabio Vicini®, Stepan Jirman®,
Stefano Berrone®, Jiri Pachman®

e Using an ideal detonation code (HEMSim) to describe non-ideal explo-
sives.

e Partial Al reaction is used as a parameter to align predictions with
experiments.

e Resulting theoretical JWL EoS are coinpared to the experimental ones.

e LS-DYNA is used to simulate the rock-explosive interaction.
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Abstract

The purpose of this study is to assess the feasibility of using the ideal det-
onation code HEMSim to calculate detonation parameters of non-ideal ex-
plosives, including aluminized formulations, for subsequent use in hydrody-
namic simulations. HEMSim is based on the Chapman-Jouguet (CJ) theory
and is not inherently designed to model non-ideal explosives or the delayed
energy release associated with aluminum reactions. This limitation compli-
cates the prediction of detonation parameters and Jones-Wilkins-Lee (JWL)
equation of state (EoS) parameters required by many blast simulation tools.
To address this issue, the HEMSim model was adapted to incorporate a
user-defined degree of aluminum reaction completion during detonation, en-
abling partial aluminum reactivity to be considered. Detonation parameters
and JWL EoS parameters were calculated for emulsion explosives contain-
ing 0-20% aluminum powder. A series of cylinder tests was conducted to
obtain experimental data, from which JWL parameters were derived. These
parameters, along with those calculated numerically, were implemented in
LS-DYNA hydrodynamic simulations, and simulated cylinder wall velocities
were compared with experimental results for validation. The approach was
further demonstrated by simulating explosive-rock interaction in a granite
specimen. The modified HEMSim approach provides detonation and JWL
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parameters that yield good agreement between simulated and experimen-
tally measured cylinder wall velocities. The inclusion of aluminum signif-
icantly influences detonation behavior and results in increased damage to
rock in numerical simulations. The proposed methodology enables practical
prediction of detonation parameters for non-ideal and aluminized explosives
using an ideal detonation code. This approach is suitable for hydrodynamic
simulations requiring simple JWL inputs and supports the design of more ef-
ficient, predictable, and cost-effective blasting operations, particularly when
aluminum-containing explosives are employed.

Keywords: Explosive, JWL, Thermochemical Code, Cylinder test,
Simulation

1. Introduction

Effective use of explosives in mineral extraction requires a thorough un-
derstanding of both the material being fragmented and the properties of the
explosive used. Over the past few decades, traditional experimental methods
have increasingly been supplemented or replaced by numerical simulations,
providing more detailed insights into the rock fracture process. The action
of an explosive on its confinement consists of an initial shock-loading phase,
followed by the expansion of detonation products [1]. The relative contribu-
tion of these two phases depends not only on the type and condition of the
rock but also on the characteristics of the explosive itself.

To successfully model the effect of an explosive on surrounding rock, it is
essential to describe the expansion of the detonation products numerically.
This is typically done using an equation of state (EoS), which defines the
thermodynamic behavior of detonation products during adiabatic expansion
from the Chapman-Jouguet (CJ) state [2]. Equations of state vary in com-
plexity, ranging from simple empirical models to more advanced, physically
based formulations. In hydrodynamic modeling, the selected EoS must strike
a balance between computational efficiency and physical accuracy, and must
be compatible with the simulation software. One widely used equation, due to
its simplicity and integration in many hydrocodes, is the Jones—Wilkins—Lee
(JWL) EoS. Originally developed by Lee [3], building on the work of Jones
and Miller [4] and Wilkins [5], the JWL EoS defines pressure P as a function
of relative volume V:
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The JWL equation requires knowledge of six constants (A, B, R;, Rs,
w, and Ey) specific to the explosive being modeled. These parameters may
be found in the literature for well-known formulations [6], calculated using
thermochemical codes such as Cheetah [7], Carte [8, 9, 10], SIAME [11, 12],
TDS [13], EXPLO5 [14, 15|, or HEMSim [16], or experimentally derived from
cylinder expansion tests |17, 18, 19, 20, 21, 22|.

The cylinder test involves detonating an explosive charge inside a copper
tube and measuring the velocity of the expanding cylinder wall. The primary
goal of this test is to derive EoS parameters from the observed wall motion.
This method was originally developed at Lawrence Livermore National Lab-
oratory (LLNL) for ideal, or nearly ideal, military explosives. Commercial
explosives, such as the ones based on ammonium nitrate, exhibit significant
non-ideal behavior characterized by diameter-dependent detonation velocity,
large critical diameters, highly curved detonation fronts, long reaction zones,
and strong confinement effect, especially for smaller charge diameters.

These complexities are further amplified when metal powders, such as
aluminum, are added to the formulation. Aluminum is commonly included
in commercial explosives to increase energy output, but its behavior com-
plicates modeling due to its only partial reaction during detonation. The
presence of a thin oxide layer on aluminum particles often delays or prevents
reaction within the detonation driving zone (DDZ). However, depending on
the explosive formulation and aluminum content, partial reaction may oc-
cur [23|. Aceurately simulating such behavior requires specialized modeling
strategies that are not available in commercial codes or even in many pro-
prietary codes.

In this work, the new ideal detonation code HEMSim (Highly Energetic
Materials Simulator) [16, 24] is used to model the highly non-ideal behavior
of aluminum-containing emulsion explosives. To address the known limita-
tions inherent in using an ideal detonation framework, a concept of partial
aluminum reactivity was applied. Outputs including the Chapman—Jouguet
(CJ) state and the fitted Jones—Wilkins—Lee (JWL) EoS parameters are ob-
tained and used in hydrocode simulations. By comparing the numerically
predicted cylinder wall velocities with experimental measurements, the effec-
tive fraction of reactive aluminum necessary to reproduce the experimentally

3
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observed behavior can be quantified. This value should not be interpreted as
the actual amount of aluminum that reacts in DDZ, but rather as a modeling
parameter used to approximate the observed detonation performance.

2. HEMSim Software

Ammonium nitrate-based explosives are inherently non-ideal due to their
sensitivity to confinement, diameter-dependent detonation velocity, and other
factors that affect their detonation behavior. When aluminum powder is
added to these explosives, the resulting aluminized compositions become even
more non-ideal. Predicting detonation parameters for such systems is par-
ticularly challenging due to the complex reaction kinetics and incomplete
metal combustion. Since a robust and generally accepted non-ideal deto-
nation code capable of accurately modeling these types of explosives is not
available, we adopted a simplified approach using the ideal detonation code
HEMSim [16]. This code is still under development and is not yet intended
for modeling highly non-ideal explosives; its use in this context is exploratory
and aimed at assessing its applicability beyond its original scope by applying
the assumption of partial chemical equilibrium.

HEMSim is a computational code designed to simulate detonations based
on Chapman-Jouguet (CJ) theory, which assumes a steady-state, one-dimensional
detonation wave governed by the conservation laws of mass, momentum, and
energy. The CJ condition defines the state of the reaction products at the
sonic point, where the detonation velocity reaches its minimum value that
still allows for a self-sustained detonation.

The code determines the composition of the detonation products by as-
suming chemical equilibrium. This is achieved by mathematically modeling
the equilibrium state of a multi-phase system through minimization of the
Helmholtz free energy, subject to the constraint of mass conservation. Since
the system is closed, the elemental quantities, b, remain constant. However,
the species quantities, n, can vary as chemical reactions take place.

Nine gaseous product species (Hg, N, Oz, CO, NO, H,O, CO, NHj,
and CHy) and ten condensed-phase species (two allotropic forms of carbon
(Cgraphite and Ciamond ), inert and reactive aluminum, silicon, and sodium ox-
ides in both solid (s) and liquid (1) forms) are considered in the equilibrium
calculations. Reaction products of aluminum oxidation, particularly alumina
(Al,O3), are also accounted for in both solid and liquid states, along with
any remaining unreacted aluminum (Al). HEMSim enforces both thermal

4
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and mechanical equilibrium between the gas and condensed phases, ensuring
that all phases share a common temperature and pressure at equilibrium.

To describe the thermodynamic properties of materials, HEMSim utilizes
specific EoS for each phase. For the gaseous phase, it applies the EXP-6
EoS, which is derived from the Buckingham potential and provides an ac-
curate representation of intermolecular interactions at high pressures and
temperatures. For condensed phases, the extended Murnaghan EoS is used,
accounting for material compressibility as well as temperature-dependent ef-
fects.

To account for the presence of aluminum in the detonation process, it is
assumed that a fixed fraction of the total aluminum content reacts to form
aluminum oxide (Al;O3), which may appear in either liquid or solid form.
The remaining aluminum is treated as inert and may also exist in either
liquid or solid state.

All other detonation products are assumed to remain in chemical equi-
librium during the isentropic expansion phase, up to a fixed temperature 7.
Once the product mixture reaches 73( 2100 K), its composition is frozen.

The pressure-volume (P-V') data obtained from this equilibrium-based
isentropic expansion model are then used to determine the coefficients A,
B, Ry, Ry, w, and Ey of the Jones-Wilkins-Lee (JWL) equation of state.
This approach enables characterization of the explosive behavior within the
ideal detonation framework while incorporating the distinct thermodynamic
contributions of both reactive and inert aluminum components.

A central component of the chemical equilibrium model is the formula
matrix M in Tab. 2, where rows correspond to the chemical species in the
detonation produets and columns to the constituent elements of the original
formulation.

To account for the incomplete reaction of aluminum within the reaction
zone, a user-defined parameter Rf is introduced, representing the fraction
of aluminum moles that react relative to the total aluminum present. This
parameter , which is a numerical construct, is typically inferred from ex-
perimental data. The equilibrium calculation must therefore allow for con-
strained reaction extent. Specifically, the stoichiometry of aluminum oxide
formation, which requires two aluminum atoms per Al,O3 molecule, must be
enforced along with the linear mass balance constraints defined by M:

Rf

N ALOs(s) T NALOs (1) = TbAL (2)
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H C N O Al Si Na

Ho(g) |2 0 0 0 0 0 0
No(g) [0 0 2 0 000
Os(g) |0 0 0 2 0 0 0
CO(g |0 1 0 1 0 0 0
NO(g) [0 0 1 .1 0 0 0
H,O(g) |2 0 0 10 0 0
COs(g) |O 10 2 0 0 0
NHs(g) |3 O 1L 0 0 0 0
CHy(g) 414 1.0 0 0 0 O
Clodiam [0 1 0 0 0 0 0
Cigaiap | 001 0 0 0 0 0
Al 0 0 0 0 1 0 0
Ay |0 0 0 0 1 0 0
ALOs() |0 0 0 3 2 0 0
Sis(s) |0 0 0 2 0 1 0O
Na,O(s) [0 0 0 1 0 0 2

Table 1: Formula matrix for the product species considered in HEMSim.
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where na,0, indicates the molar concentration of aluminum oxide in solid or
liquid phase and ba; indicates the number of aluminum atoms in the reactant.

The motivation for introducing Rf in the present work is not to replace
experimental fitting, nor to suggest a new fundamental physical parameter,
but to address a practical and well-known limitation faced by a large frac-
tion of numerical modellers. In preliminary design studies or parametric
simulations, direct experimental calibration of JWL parameters for specific
aluminized formulations is generally not possible due to cost, safety, or in-
frastructure constraints. Unavailability of a commercial non-ideal detonation
code leaves users with the simplified ideal detonation software only. In these
situations modellers do not have too many options and a simplified approach
regarding aluminum reactivity may be to only way to allow them to pro-
ceed. We also emphasize that the proposed approach is not intended to
be universally transferable to all classes of explosives. The reduction fac-
tor should be regarded as formulation- and application-dependent. However,
the emulsion explosive used in this study is representative of a broad class of
emulsion explosives commonly employed in civil applications, particularly in
rock blasting and mining. We therefore believe that the conclusions drawn
here are relevant for a substartial range of practical engineering applications,
while acknowledging that different explosive types, especially of a military
nature, may require different effective parameterization.

3. Materials and miethods

Five types of emulsion explosives (one pure and four with Al powder) were
tested in duplicate. All compositions represent highly non-ideal explosives.
Wall velocities from the cylinder test were measured and used to calculate
the JWL equation of state (JWLcrE, ). Every set of the JWL parameters was
used to simulate the wall motion during the cylinder test using LS-DYNA hy-
drocode. The JWL parameters were also determined using thermodynamic
calculation (HEMSim code, JWLygMmsim). The detonation properties, includ-
ing the expansion JWL parameters, were calculated for varying amounts of
Al with selected levels of reactivity. The simulated wall velocities were com-
pared to the experimental ones. Finally, LS-DYNA was used to simulate
rock-explosive interaction in a small-scale model. The scheme of experimen-
tal and simulation procedures is displayed in Figure 1.

The experimental and numerical methodology comprised six sequential stages.
First, five emulsion explosive mixtures were prepared with varying aluminum
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Figure 1: The flowchart of experimental and simulation sections.

content. Second, cylinder tests were conducted to measure detonation per-
formance. Third, the experimental data were evaluated using CTEv software
to derive JWL parameters (designated JWLCTEV). Fourth, thermodynamic
simulations were performed using HEMSIm with varying assumptions regard-
ing aluminum reactivity to obtain theoretical JWL parameters (designated
JWLHEMSim). Fifth, hydrodynamic simulations of the cylinder test were
conducted using LS-DYNA with both sets of JWL parameters. Finally, the
approach was demonstrated through hydrodynamic simulation of explosive-
rock interaction in a granite specimen.

In the results and discussion, we compare the simulated velocity profiles
with the experimental ones and determine the level of reacted Al providing
the best match to the experimental results.

3.1. FExplosive preparation

The unsensitized emulsion matrix was prepared by Explosia a.s. semi-
plant unit (Czech Republic). The matrix contained 67.77% of ammonium
nitrate (AN), 12.50% of sodium nitrate (SN), 11.92% of water, 6.25% of oil,
and 1.56% of Lubrizol 2724 by mass. The sensitization and addition of the
aluminum (Ecka emulsion grade 150, Non Ferrum Switzerland, Switzerland)
were done on-spot before filling the explosive into the cylinders by adding a
3.3% (m/m) of glass micro balloons (GMB) and the appropriate amount of
Al powder.

The aluminum concentration is with respect to a sensitized matrix, mean-
ing that in the case of, e.g., 10%, the explosive contained 10% of Al and 90%

8
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Table 2: Composition of the tested explosives (weight percents).
sample Al GMB AN SN water oil Lubrizol 2724

A 0 330 6553 12.09 11.53 6.04 1.51
B 5 314 6226 1148 10.95 5.74 1.43
C 10 297 5898 10.88 10.37 5.44 1.36
D 15 281 5570 10.27 9.80 5.14 1.28
D) 20 2.64 5243 9.67 922 484 1.21

of the sensitized matrix by mass. The concentration of GMB, therefore, var-
ied between the compositions based on the amount of Al as shown in Table
2.

3.2. Cylinder test setup

The sample was filled into the oxygen-free copper tube (DHP copper,
supplied by OZM Research, Czech Republic). Nominally, 25 and 30 mm were
the inner and outer diameters, and 300 mm was the tube length. The exact
dimensions of each tube’s internal and external diameters were measured
with the Mitutoyo caliper, and the wall thickness was measured with the
Mitutoyo wall thickness micrometer. Each parameter was measured at 5
positions, the diameter-along the pipe length, and the wall thickness at the
edges. These precise values were used for evaluation and the simulations.
The properties of the tested charges are shown in Table 3.

The velocity of the wall tube was measured using two (samples A and B)
or three (samples C, D, and E) PDV sensors (collimators, inclined 5°). Cus-
tom built Photonic Doppler Velocimeter manfactured by University of Par-
dubice (Czech Republic), was used. The detonation velocity was measured
using 5 channels of Optimex-64, manufactured by OZM Research (Czech
Republic).The measurements were done in duplicate. The scheme of the
cylinder test can be seen in Figure 2.

3.3. Cylinder test evaluation

To describe the explosive for JWL calculation, one needs to know its den-
sity, detonation velocity, and detonation pressure. Whereas measurement of
the density and the detonation velocity is simple, the measurement of det-
onation pressure is not. Indirect methods [25] can be used; however, their
application is difficult for the cases of explosives with a long reaction zone
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Figure 2: The scheme of the cylinder test.
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Table 3: Properties of tested charges.
Shot Sample p' (g/cm?) d? (mm) s° (mm)

1 A 1.00 25.35 2.49
2 A 1.00 25.35 2.51
3 B 1.00 23.31 2.51
4 B 1.00 25.30 2.49
) C 1.11 25.30 2.49
6 C 1.10 25.35 2.51
7 D 1.13 25.35 2.59
8 D 1.13 25.40 2.52
9 E 1.15 25.30 2.49
10 E 1.16 25.35 2.54

Ldensity
%inner tube diameter
3wall thickness

using a standard-sized cylinder test. A detonation pressure was therefore es-
timated with an alternative approach, based on the density p and detonation
velocity D. Equation (3), proposed by Cooper [2]|, was found to be the most
appropriate [26]:

Pey = pD? (1 —0.7125p°%) (3)

Parameters of JWL EoS were calculated according to [21] with two modifi-
cations:

e The JWL pressures were optimized for more relative volumes. The
original approach optimizes the pressure only for relative volumes equal
to V, = 2.4, 4.4, and 7.0. We have used a sequence of relative volumes
from V., = 1.5 to V,, = 7.0, with a step of 0.5.

e Only two main corrections were applied. First for the wall thinning
and second for copper work hardening.

All the cylinder test evaluations were done with CTEv (Cylinder Test Eval-
uation), an in-house code which calculates JWL EoS from measured wall
velocity profiles [26].

11
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3.4. Thermodynamic simulation with HEMSim

HEMSim code was used to compute the CJ parameters (D, Pcy) and
JWL constants (A, B, Ry, Ry and w) for each explosive. The fraction of
Al reacting directly in a detonation zone (samples B-E) was varied from 0%
(aluminum does not react) to 100% (all aluminum reacts) with a 20% step.
The energy E, was taken for the expansion to an infinite volume.

3.5. Hydrocode modeling of cylinder test

The cylinder tests were simulated with LS-DYNA. The axial symmetry
was employed, and the simulations were done in 2D. A uniform Eulerian
mesh with a resolution of 5 elements per mm was used. The inner and outer
radii of a copper tube were adjusted to the experimental values for each shot.
The length of the tube was shortened to 200 mmn.

The main charge was characterized by the new JWL (*EOS JWL key-
word) set obtained from experimental data (CTEv) or the results of HEM-
Sim (with varying fraction of Al reacting). The beta burn flag was activated
in *MAT _HIGH-EXPLOSIVE BURN keyword to achieve a curved profile
of the detonation front. Beta burn needs to be initiated by the booster
(PETN based plastic explosive Semtex 1A). The copper tube was charac-
terized by Johnson-Cook cosntitutive model (*MAT JOHNSON COOK)
and linear polynomial equation of state (*EOS LINEAR POLYNOMIAL).
The air was described as an ideal gas (keywords *MAT NULL and *EOS_ -
LINEAR POLYNOMIAL). The wall velocity profile was processed using
trigonometry to achieve a velocity profile "as seen by probe", enabling direct
comparison to experimental data. All the LS-DYNA keywords are explained
in the second volume of LS-DYNA keyword manual |27].

3.6. Hydrocode simulation of rock-explosive interaction

A proper modeling of a blasting process requires a reliable description of
both the explosive and the rock. Since we do not have any experimental data
from rock blasting, we have adopted a small-scale model of a granite rock
specimen (fresh rock with uniaxial compressive strength 120 MPa) from [28],
S6.

The granite rock specimen has the form of a cylinder with a diameter
of 240 mm and a height of 300mm. A central borehole has a diameter of
17.1mm and a depth of 206 mm. The borehole has been filled with 15 mm of
the explosive. Above the charge is 101 mm of an air deck and 90 mm of sand
stemming. The whole model is displayed in Figure 3. The ALE method was

12
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used. The explosive, air, and stemming were modeled as Euler materials,
and the rock as Lagrange material. Nominal size of the mesh was 1 mm.

The explosive was modeled with standard burn (keywords *MAT HIGH-
EXPLOSIVE BURN, beta burn flag 0, and *EOS_JWL). The air was mod-
eled as an ideal gas (with keywords *MAT NULL and *EOS LINEAR -
POLYNOMIAL), and the stemming as a sand (*MAT SOIL AND FOAM).
The granite rock specimen was modeled with RHT constitutive model (*MAT -
RHT). All the material constants for air, sand, and granite can be found in
[28]. All the LS-DYNA keywords are explained in the second volume of
LS-DYNA keyword manual [27].

Three simulations were carried out for three parameter sets of explosives.
Sample A, characterized by HEMSim, serves as a baseline. To see the effect
of aluminum addition, sample D, characterized by HEMSim (80% of reactive
aluminum), was simulated (parameters from Table 8). To see the difference
between theoretical (HEMSim) and experimental (CTEv) characterization
of the explosive, sample D, characterized by CTEv (parameters in Table 6),
was simulated.

This set of simulations can be evaluated only in qualitative manner, due
to the lack of experimental data. If the usage of Rf in HEMSim is suitable
for the determination of JWL parameters of aluminized emulsion explosives,
the damage patterns for theoretical and experimental JWL coefficients of
sample D will be similar. In this case, the JWL from HEMSim with using of
Rf is suitable for a different application than a cylinder test.

4. Results and discussion

4.1. Cylinder test

The influence of aluminum addition on the experimentally measured cylin-
der wall velocities can be seen in Figure 4. The teminal velocities, read from
the experimental velocity profiles, are presented in Table 4. As expected,
the terminal velocities increase with the increasing Al content, whereas the
initial velocity jump is not significantly affected.

4.2. Cylinder test evaluation

The velocity profiles shown in Figure 4 were evaluated with CTEv, leading
to Figure 5. Each velocity profile was processed separately. Figure 5 shows
the reproducibility of JWL parameters calculation from two shots (each with
three PDV probes) for sample C (with 10% Al). The individual parameters

13
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Figure 3: The model used for rock-explosive interaction simulation.

14



Journal Pre-proof

1200 T
L e Thave (L 4 g
1000 F--------1-------—+ |7 L s e i ; -

800:— 777777777 o - = S N S VR D SN B ]

velocity [mm/ms]
o
S
S

400 A AR 1o sample A (0%Al) ——
! ! ! sample B (5%Al) ———
200 L4 - R S N . sample C (10%Al) ——— ]
3 | ! | sample D (15%Al) ———
i | | | sample E (20%Al) ———
ol o0 A I
0.01 0.02 0.03 0.04 0.05 0.06 0.07

time [ms]

Figure 4: Experimental velocity time histories showing the effect of Al addition. The
terminal velocities increase with the increasing Al content.

Table 4: Terminal velocities from cylinder test.

Sample Individual terminal velocities (m/s) ol (m/s)  s,2 (m/s)
A (0%AD) | 860 915 896 897 N/A? N/A®| 802 23
B (5%A1) | 996 N/A* 924 962 N/A® N/A®| 961 36
C (10%Al) | 1033 1014 1041 986 1055 1050 1030 26

D (15%Al) | 1099 N/A* N/A* 1089 N/A* 1078 | 1088 1
E (20%Al) | 1090 1072 1112 1123 N/A* 1124 1104 23
mean

2standard deviation
3samples A and B were measured only with two probes per shot
4incomplete record
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Figure 5: The reproducibility of JWL evaluated with CTEv, sample C, shots 5 and 6 (s05
and s06), three velocity profiles each (chl, ch2, and ch3).

of JWL EoS can not be compared directly; only a comparison of the whole
P(V,) relationship makes sense. It can be seen that the differences between
individual P(V;) in Figure 5 are only minor.

4.8. HEMSim simulations

Detonation of each composition was simulated with the HEMSim code,
with varying amounts of Al, reacting directly in the detonation zone. The
effect of increasing reactive Al content can be seen in Figure 6 for sample E
(20% Al). The total energy (represented by the area under the P-V curve)
grows with the increasing content of reacting Al, as was expected.

4.4. Cylinder test simulations

The last step of the JWL determination is the comparison of the ex-
perimental wall velocity profiles with the velocity profiles obtained from a
hydrocode with the new JWL.

The comparison of experimental and simulated (JWL from CTEv) wall
velocity profiles is demonstrated by Figure 7 for sample C (10% Al). The
simulated profiles slightly overestimate velocity; however, the difference does
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Figure 6: The comparison of JWL (HEMSim) for sample E with varying content of Al
reacting in the detonation zone.

not exceed 50 m/s, which corresponds to the difference from individual sig-
nals. A similar comparison for other samples can be seen in Figure 8. The
differences between experimental and simulated wall velocity profiles do not
exceed the experimental scatter for each sample.

Terminal velocities, read from individual simulations, are presented in
Table 5. In comparison with Table 4, the mean value for sample A (0% Al)
is overestimated, the mean values for the other samples are similar to the
corresponding experimental values.

The measured detonation velocity D, CJ pressure (estimated by Equation
3), and JWL coefficients calculated by CTEv are summarized in Table 6.
CTEwv evaluates every velocity profile itself. However, only one resulting
JWL set was selected for each sample. The differences are only minor, as
stated previously (Figure 5). Despite the individual parameters of the JWL
EoS are not being comparable, parameter Fy is an exception. It corresponds
to the energy liberated at detonation/expansion. Parameter Fy grows with
the increasing Al content, as was expected.

The experimental wall velocity profiles are compared to the ones simu-
lated with detonation velocity, CJ pressure, and JWL coefficients from HEM-
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Figure 7: The comparison of experimental and simulated (JWL from CTEv) wall velocities
for sample C (10% Al). ’sXX’ corresponds to shot number XX, 'chY’ corresponds to
individual PDV probes.

Table 5: Terminal velocities from cylinder test simulations (JWL parameters from CTEv).

Sample Individual terminal velocities (m/s) ol (m/s) 8,2 (m/s)

A (0%AD | 933 950 944 946 N/A® N/A®| 946 11

B (5%Al) | 994 N/A* 972 989 N/A® N/A®| 085 12

C (10%Al) | 1033 1061 1060 1075 1064 1048 1057 15

D (15%Al) | 1075 1073 1080 1083 1047 1097 1076 16

E (20%A1) | 1076 1104 1091 1119 1094 1133 1103 21
mean

2standard deviation
3samples A and B were measured and simulated only with two probes per shot
4JWL was not evaluated, incomplete experimental record
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Figure 8: The comparison of experimental and simulated (JWL from CTEv) wall veloci-
ties for remaining samples. 'sXX’ corresponds to shot number XX, ’chY’ corresponds to
individual PDV probes.

Table 6: The CJ properties of tested samples, JWL constants from CTEv.
Sample D PCJ A B Rl R2 E() w
(km/s) (GPa) (GPa) (GPa) () (1) (GPa) ()

4.82 6.68  86.19 0.04988 3.877 0.166 3.75 0.28
4.90 6.90 89.74 0.10713 3.880 0.186 3.91 0.28
4.80 7.25 10449 0.33358 4.052 0.367 3.95 0.28
4.71 712 11539 1.14398 4.458 1.006 4.66 0.32
4.67 7.13  109.79 0.66236 4.226 0.419 488 0.27

HOQm&»>
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Figure 9: The comparison of experimental and simulated (CJ and JWL from HEMSim)
wall velocities for sample D (15% Al). The terminal velocities increase with the increasing
Al reactivity.

Sim for sample D (15% Al) in figure 9. The more Al reacts in the CJ state,
the more energy is released; thus the terminal wall velocity grows. The profile
corresponding to 80% of reacting aluminum best matches the experimental
data. The results for sample E are similar; 80% of Al reacting produces the
best result. For the samples B and C with smaller total aluminum content,
the best correspondence is, however, achieved for 100% of reactive aluminum.
The results for the samples A, B, C, and E are plotted in Figure 10.

Read teminal velocities, from simulations with HEMSim explosives pa-
rameters, are for all samples presented in Table 7. Te value of terminal
velocity most corresponding to the mean experimental value (Table 4) are
highlighed. These corresponds to the values of Rf 0% (sample A), 100%
(samples B and C) and 80% (samples d nd E).

The results of HEMSim calculations are summarized in Table 8. The
results for 100% (samples B and C) or 80% (samples D and E) of reacting
Al are stated, respectively. It is important to say that this result does not
mean that 80% (or 100%) of Al reacts in the detonation zone. It can be
said only that if one sets the reactivity of Al to 80% (100%) in an ideal
detonation code, the resulting simulated wall velocity profile best matches
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Figure 10: The comparison of experimental and simulated (CJ and JWL from HEMSim)
wall velocities for remaining samples. The terminal velocities increase with the increasing
Al reactivity.

Table 7: Terminal velocities from cylinder test simulations (CJ and JWL parameters from
HEMSim). Values most corresponding to the mean of experimental terminal velocities are

in bold.

Individual terminal velocities (m/s)
Sample/Rf 0% 20% 40% 60% 80% 100%
A (0%Al) 873 N/A N/A N/A N/A N/A
B (5%Al) 829 81 871 891 910 929
C (10%Al) 850 894 935 974 1012 1046
D (15%Al) 834 902 933 1021 1073 1120
E (20%Al) 801 891 972 1045 1108 1166
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Table 8: The CJ properties and JWLygMmsim constants from HEMSim. 100% of reacting
aluminum is assumed for samples B and C, 80% of reacting aluminum is assumed for
samples D and E.
Sample D PCJ A B Rl Rg Eo w
(km/s) (GPa) (GPa) (GPa) () () (GPa) ()
4.88 5.65 265.8 2.508 556 1.27 2.83 0.29
4.78 5.5 257.545 2.677 5.68 1.29 3.83 0.26
5.05 6.74 333.091 3.143 572 123 4.96 0.23
4.97 6.66 349.929 3.130 581 1.22 528 0.21
4.87 6.68 339.225 3.172 583 1.19 597 0.20

HOQ®m»

the experimental one from the cylinder test.

4.5. Simulation of rock-explosive interaction

Figure 11-13 show cross-sections of the granite cylinder at plane y = 0,
with rock damage (history variable 4) displayed. Following Li et al. |28],
damage values above 0.4 are considered complete failure; therefore, only el-
ements with damage between 0 and 0.4 are shown to illustrate the damage
progression.

If one compares the damage pattern produced by emulsion A (without
Al, figure 11) and the damage pattern produced by emulsion D (15% Al,
figure 12), it is clear that the addition of Al results in larger damage of a
tested granite block. This result was expected; this is exactly the reason for
the Al addition.

More interesting is the comparison of figures 12 and 13. Both figures
correspond-to emulsion D with 15% Al. For the first case, the explosive
was characterized theoretically with HEMSim (80% Al was assumed to re-
act). For the second case, the explosive was characterized by an experimental
cylinder test. The damage patterns are not the same, but they are very sim-
ilar. The usage of an ideal detonation code with the assumption of partially
reacting Al produces similar results as experimental characterization of the
explosive.
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Figure 11: The damage of a granite rock specimen block, cut at y = 0, ¢ = 50 us, emulsion
A (without Al), characterized with HEMSim. Only elements with damage lower than 0.4
are displayed.
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Figure 12: The damage of a granite rock specimen block, cut at y = 0, t = 50 us, emulsion
D (15% Al), characterized with HEMSim with 80% of reactive aluminum. Only elements
with damage lower than 0.4 are displayed.
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Figure 13: The damage of a granite rock specimen block, cut at y = 0, ¢ = 50 us, emulsion
D (15% Al), characterized experimentally. Only elements with damage lower than 0.4 are
displayed.
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5. Conclusion

Effective use of explosives in mineral extraction requires a comprehensive
understanding of both the material to be fragmented and the properties
of the explosive employed. This study focuses on the characterization of
commercial explosives based on ammonium nitrate, which are inherently non-
ideal. The addition of aluminum, used to increase energy output in the
expansion phase, further enhances this non-ideality, introducing additional
complexity to the description of the detonation process. As a result, standard
ideal detonation thermodynamic codes based on the Chapman—Jouguet (CJ)
theory are inadequate for reliably describing the behavior of such explosives.

To address these challenges, we adapted the HEMSim code, in its current
state suitable for modeling ideal detonations, to include the concept of partial
aluminum reactivity. We recognize that using an ideal detonation code like
HEMSim for modeling non-ideal explosives is inherently limited. However,
by introducing an artificial assumption of incomplete aluminum reaction, we
create a pragmatic workaround that enables a better match with experimen-
tal results. Five types of emulsion explosives containing 0-20% aluminum
were characterized experimentally using cylinder tests, derivation of JWL
equations of state, and hydrocode simulations for validation. These explo-
sives were also modeled in HEMSim across a range of aluminum reactivity
assumptions (0-100%). The best agreement with experimental wall veloc-
ities was achieved by assuming 80% reactive aluminum for explosives with
15-20% Al, and full (100%) reactivity for those with 5-10% Al

To further validate this approach, a small-scale rock—explosive interaction
model, adapted from the literature and implemented in LS-DYNA, was used
to simulate the detonation of the 15% Al emulsion. The simulations based
on both experimental and HEMSim-derived parameters produced compa-
rable rock damage patterns. These results support the idea that partial
aluminum reactivity, though a simplification, can serve as an effective tool
for characterizing non-ideal explosives within the framework of ideal det-
onation modeling. At present, no computational code fully capturing the
complex physical and chemical processes in the detonation wave of non-ideal
explosives is publicly available to the mining community; therefore, such an
engineering approximation remains necessary for practical applications.
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