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Abstract: As an oxygen carrier and a strong oxidising agent, ammonium nitrate can create an
explosive mixture when mixed with organic material. A typical example is the mixture of ammonium
nitrate and fuel oil (ANFO), which is the most used explosive for civilian applications. In this
work, we studied the detonability and detonation properties of mixtures of ammonium nitrate with
recycled rubber and hay. The main goal of this study was to determine the optimal volume ratio
of ammonium nitrate and organic materials in terms of achieving the best performance (working
capacity). Using small experiments, it was determined that the maximum burst velocity for the
ammonium nitrate/hay mixture is achieved at 8% hay by volume, while the maximum burst velocity
for the ammonium nitrate/rubber mixture is achieved at 15% rubber by volume. A thermochemical
calculation has shown that the maximum detonation heat is achieved at the zero oxygen balance at
the volume ratios of 89.2/10.8 for AN/Rubber and 72.85/27.15 for AN/Hay.

Keywords: ammonium nitrate; recycled organic additives; non-ideal explosives; EXPLO5
thermochemical code

1. Introduction

Ammonium nitrate (AN, H4N2O3) plays an important role in agriculture as a high-
nitrogen fertiliser, but also in the production of commercial explosives. It is present in the
form of colourless or white-to-grey crystals or odourless globules, with a molecular weight
of 80.06 and a specific weight of 1.725 g/cm3. It has a melting point of 169.51 ◦C and boils
at 210 ◦C, forming nitrous oxide [1].

As an oxygen carrier and strong oxidising agent, ammonium nitrate readily forms
explosive mixtures with other explosives or with fuels (such is fuel oil, various organic
materials, aluminium powder, etc.). The typical examples of commercial AN-based ex-
plosives are ANFO (mixture of 94% AN and 6% fuel oil) and emulsion explosives (an
aqueous solution of AN separated by thin films of fuel/emulsifier) [1]. By changing the
type and content of organic material in AN-based explosives, the detonation properties
can be adjusted so to obtain the best blasting effect. If recycled organic materials (e.g.,
recycled rubber, hay, etc.) are used as ingredients, the additional benefit of the disposal or
exploitation of such materials may be obtained.

The first research on the development of AN-based explosives with the addition of
organic materials started in the 1960s, with the addition of various low-density materials
to commercial ANFO explosives. The main goal of this research was to develop simple-
to-use and cost-effective explosives with appropriate detonation properties [2,3]. Similar
research was conducted in Norway, where a blend of ANFO and sawdust in a 50:50
volume ratio was used [4]. The first commercialized explosive with organic material
was Isanol, an ANFO explosive with the addition of expanded polystyrene (EPS) [4–6].
The modification of ANFO detonation properties by decreasing its density by adding
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polystyrene [7], expanded polystyrene [2,8–10], sawdust [11,12], sawdust and used mineral
oil [12], organic waste from sugar manufacturing [3,12], perlite [13–15], rubber [16], corn,
coal, and fly ash [17], wheat husk [18], and rice husks [6] has been also investigated.
The effects of different parameters on the detonation performance of ANFO have been
well researched and published. The main parameters include [19] the properties of AN
prills [20–22] and the density of the mixture and charge diameter [22]. The effects of
other parameters, such as the initiation energy [23], charge temperature [24], presence of
additives [25], and presence of confinement [26,27], have also been reported.

During the planning, monitoring, and execution of blasting operations, there is a
need to develop an explosive suitable for blasting in the vicinity of inhabited areas or
surrounding buildings. Such an explosive should be made of products with sufficient heat
and volume properties to carry out the mechanical work of the fragmentation of rock. In
addition, it should have a favourable ratio between the density of the explosive and the
detonation velocity and pressure. The detonation pressure level and the duration of the
resulting stress impulse, i.e., the duration of the expansion of detonation products due to
the ambient pressure, ensure sufficient mechanical work is performed on the rock, which
leads to the formation of new cracks, the expansion of existing cracks, the formation of
fragments, and the displacement of blasted rocks.

A part of the blasting energy that is not used for crushing spreads as elastic waves in
the surrounding area and leads to undesirable seismic effects. By reducing the density of
the explosive mixture by adding some organic waste material, the detonation velocity and
detonation pressure change, which can reduce the unwanted seismic effect of the explosion.

In this study, we investigated explosive mixtures based on AN and recycled rubber
or hay as organic additives. The main goal of the study was to determine, experimentally
and by employing thermochemical calculations, the optimal composition of AN/Rubber
and AN/Hay mixtures in terms of detonation properties (detonation velocity and pressure,
detonation heat and temperature, detonation energy, gas volume, etc.). In addition, we
intended to better understand the effect of the content of organic material on the detonation
characteristics of the mixtures through the analysis of the composition and concentration
of detonation products.

2. Materials and Methods
2.1. Ammonium Nitrate (NH4NO3)

Ammonium nitrate is available in two forms: as a commercial fertiliser (high-density
prills) and for the manufacture of explosives (low-density prills). Low-density prills are
more porous and are suitable for the production of AN-based commercial explosives. In
this study, we used AN prills with a density of 0.804 g/cm3 and a porosity of 6%. The
prills were ground using a mortar and pestle to obtain powdered AN with a density of
0.942 g/cm3 [28]. The appearance of the AN produced in this way is shown in Figure 1.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 2 of 14 
 

modification of ANFO detonation properties by decreasing its density by adding polysty-
rene [7], expanded polystyrene [2,8–10], sawdust [11,12], sawdust and used mineral oil 
[12], organic waste from sugar manufacturing [3,12], perlite [13–15], rubber [16], corn, 
coal, and fly ash [17], wheat husk [18], and rice husks [6] has been also investigated. The 
effects of different parameters on the detonation performance of ANFO have been well 
researched and published. The main parameters include [19] the properties of AN prills 
[20–22] and the density of the mixture and charge diameter [22]. The effects of other pa-
rameters, such as the initiation energy [23], charge temperature [24], presence of additives 
[25], and presence of confinement [26,27], have also been reported. 

During the planning, monitoring, and execution of blasting operations, there is a 
need to develop an explosive suitable for blasting in the vicinity of inhabited areas or sur-
rounding buildings. Such an explosive should be made of products with sufficient heat 
and volume properties to carry out the mechanical work of the fragmentation of rock. In 
addition, it should have a favourable ratio between the density of the explosive and the 
detonation velocity and pressure. The detonation pressure level and the duration of the 
resulting stress impulse, i.e., the duration of the expansion of detonation products due to 
the ambient pressure, ensure sufficient mechanical work is performed on the rock, which 
leads to the formation of new cracks, the expansion of existing cracks, the formation of 
fragments, and the displacement of blasted rocks.  

A part of the blasting energy that is not used for crushing spreads as elastic waves in 
the surrounding area and leads to undesirable seismic effects. By reducing the density of 
the explosive mixture by adding some organic waste material, the detonation velocity and 
detonation pressure change, which can reduce the unwanted seismic effect of the explo-
sion.  

In this study, we investigated explosive mixtures based on AN and recycled rubber 
or hay as organic additives. The main goal of the study was to determine, experimentally 
and by employing thermochemical calculations, the optimal composition of AN/Rubber 
and AN/Hay mixtures in terms of detonation properties (detonation velocity and pres-
sure, detonation heat and temperature, detonation energy, gas volume, etc.). In addition, 
we intended to better understand the effect of the content of organic material on the det-
onation characteristics of the mixtures through the analysis of the composition and con-
centration of detonation products. 

2. Materials and Methods 
2.1. Ammonium Nitrate (NH4NO3) 

Ammonium nitrate is available in two forms: as a commercial fertiliser (high-density 
prills) and for the manufacture of explosives (low-density prills). Low-density prills are 
more porous and are suitable for the production of AN-based commercial explosives. In 
this study, we used AN prills with a density of 0.804 g/cm3 and a porosity of 6%. The prills 
were ground using a mortar and pestle to obtain powdered AN with a density of 0.942 
g/cm3 [28]. The appearance of the AN produced in this way is shown in Figure 1. 

 

Figure 1. Appearance of ground ammonium nitrate.



Appl. Sci. 2024, 14, 1580 3 of 12

Ground AN was mixed in a specific volume ratio with ground organic material (rubber
or hay) to obtain the explosive mixtures used in this work. The mixing was performed in a
plastic bucket with a laboratory mixer.

AN/Hay mixtures were prepared in volume ratios from 99%/1% to 85%/15%, with
the hay content being increased by 1%. AN/Rubber mixtures were prepared in volume
ratios from 99%/5% up to 50%/50%, with an increase of 5%.

2.2. Recycled Rubber

Rubber is a mechanically stiff and extremely elastic polymer material obtained by the
vulcanization of raw rubber [29]. The ground rubber used in this study came from recycled
old car tires and was purchased as such. The density of the rubber was experimentally
determined to be 0.466 g/cm3, and the particle size was between 0.15 mm and 0.5 mm
(Figure 2).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 3 of 14 
 

Figure 1. Appearance of ground ammonium nitrate. 

Ground AN was mixed in a specific volume ratio with ground organic material (rub-
ber or hay) to obtain the explosive mixtures used in this work. The mixing was performed 
in a plastic bucket with a laboratory mixer. 

AN/Hay mixtures were prepared in volume ratios from 99%/1% to 85%/15%, with 
the hay content being increased by 1%. AN/Rubber mixtures were prepared in volume 
ratios from 99%/5% up to 50%/50%, with an increase of 5%. 

2.2. Recycled Rubber 
Rubber is a mechanically stiff and extremely elastic polymer material obtained by the 

vulcanization of raw rubber [29]. The ground rubber used in this study came from recy-
cled old car tires and was purchased as such. The density of the rubber was experimentally 
determined to be 0.466 g/cm3, and the particle size was between 0.15 mm and 0.5 mm 
(Figure 2). 

 
Figure 2. Appearance of ground recycled rubber. 

2.3. Hay 
Hay is sun-dried grass with a low moisture content of 12–15%. The moisture content 

by volume is reduced by drying about 3/4 of green grass and 1/5 of dried hay. The volume 
content of moisture is reduced by drying from about 3/4 of the volume of green grass to 
1/5 of the volume of dried hay. Hay is an organic “waste” that is a lignocellulosic raw 
material and consists of cellulose (40–50%), hemicellulose (25–35%), and lignin (15–20%) 
[30]. 

The hay used in this study was ground in a Retsch SM 2000 mill. A hay fraction from 
0.25 mm to 0.5 mm with a density of 0.391 g/cm3 was used. Its appearance is shown in 
Figure 3. 

 
Figure 3. Dried hay. 

Figure 2. Appearance of ground recycled rubber.

2.3. Hay

Hay is sun-dried grass with a low moisture content of 12–15%. The volume content of
moisture is reduced by drying from about 3/4 of the volume of green grass to 1/5 of the
volume of dried hay. Hay is an organic “waste” that is a lignocellulosic raw material and
consists of cellulose (40–50%), hemicellulose (25–35%), and lignin (15–20%) [30].

The hay used in this study was ground in a Retsch SM 2000 mill. A hay fraction from
0.25 mm to 0.5 mm with a density of 0.391 g/cm3 was used. Its appearance is shown in
Figure 3.
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2.4. Burst Velocity Measurement

Since, in the small-scale experiments we performed, we are not sure whether the
explosive charge detonated, deflagrated, or burnt fast, we will use the term “burst velocity”,
or just “velocity”, to describe the propagation mechanism of the reactions in the test charge.
This issue is discussed in more detail in Section 3.

The burst velocity measurements were performed on samples filled in steel tubes,
with an inner diameter of 21.5 mm, a wall thickness of 2.7 mm, and a length of 150 mm.
The velocity was measured using an electro-optical method, with a distance of 50 mm
between sensors. The explosive charges were detonated in a detonation chamber (1 m3 in
volume) using electric detonators, whose total energy of the initial impulse corresponds to
the energy of reference detonator no. 4, according to EN 13763-15: 2004 [31].

The velocity was measured for 75 samples, of which 45 samples were mixtures of
AN/Rubber, and 30 samples were made of AN/Hay. Three shots were fired for each
composition. Figure 4 shows the measurement setup.
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2.5. Thermochemical Calculation

The detonation properties of the studied AN mixtures were calculated using the
EXPLO5 thermochemical code [33,34]. The code predicts the detonation properties (e.g.,
velocity, pressure, energy, heat, temperature, etc.) of explosives by applying the chemical
equilibrium steady-state Chapman–Jouguet (C-J) detonation model. The code calculates the
equilibrium composition of detonation products by applying the free energy minimisation
technique. EXPLO5 has the possibility of using several equations of the state of gaseous
detonation products, but for this study, we used the modified Becker–Kistiakowsky–Wilson
(MBKW) equation of state because previous research has shown that it best describes the
behaviour of low-density explosives [34].

As already mentioned, AN-based explosives exhibit highly non-ideal behaviour, and
their detonation properties depend strongly on the diameter of the explosive charge and the
properties of the charge confinement. In addition, non-ideal explosives are characterised
by a curved shock front, wide reaction zone (due to much slower chemical reactions
compared to typical military brisant explosives), and the existence of a certain amount of
unreacted explosive in the Chapman–Jouguet state. Due to the aforementioned reason,
the detonation properties of non-ideal explosives cannot be accurately predicted using the
Chapman–Jouguet detonation theory. Non-ideal detonation can be modelled using the
Wood–Kirkwood (W-K) detonation model [35]. However, its application is complicated by
the fact that the model requires a number of input parameters that must be determined
experimentally. Due to the lack of the input parameters for AN/Rubber and AN/Hay
mixtures (reaction rate parameters, equations of state of the unreacted materials, etc.),
we could not use the W-K detonation model. Instead, we performed thermochemical
calculations using the Chapman–Jouguet (C-J) detonation model. This model assumes that
all materials react up to the C-J point and provides so-called ideal detonation parameters.
These parameters correspond to the infinite diameter of the explosive charge.
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3. Results and Discussion

Input information for the studied substances needed for the thermochemical calcula-
tion is given in Table 1. The experimentally measured detonation velocities of the AN/Hay
and AN/Rubber mixtures are given in Table 2.

Table 1. Input data for reactants (taken from EXPLO5 database).

Name Formula Relative
Molar Mass

Density
(g/cm3)

Enthalpy of Formation
(kJ/mol)

Ammonium nitrate (a) NH4NO3 80.05 0.942 −365.26
A rubber (b) C51H87 700.21 0.466 −674.99
Hay (dried grass) (c) C10.55H16.39O7.72 266.71 0.391 −1616.0

Note: (a) and (b) data taken from [36]; (c) data derived when assuming hay is composed of cellulose, hemicellulose,
and lignin.

Table 2. Measured detonation velocities and calculated detonation parameters of studied compositions.

Composition
Volume

Ratio
AN/Fuel

Oxygen
Balance,
OB (%)

Density,
ρ0,

(g/cm3)

Experimental
Burst Velocity,

Dcalc., (m/s)

Calculated Detonation Parameters

Detonation
Velocity,

Dexpt.,
(m/s)

Detonation
Pressure,

PCJ, (GPa)

Detonation
Tempera-

ture, T, (K)

Heat of
Detona-

tion,
Q, (kJ/kg)

Volume
of Gas,

V0,
(dm3/kg)

AN 100/0 19.99 0.942 1246 4490 4.638 1643 1582 979
AN/Rubber 98/2 14.64 0.928 NA 4609 4.938 1889 1989 977
AN/Rubber 97/3 14.66 0.921 NA 4661 5.047 2007 2197 974
AN/Rubber 96/4 12.86 0.914 NA 4708 5.176 2124 2404 974
AN/Rubber 95/5 11.03 0.914 2153 4779 5.376 2239 2615 973
AN/Rubber 94/6 9.20 0.900 NA 4792 5.375 2354 2862 971
AN/Rubber 93/7 7.33 0.893 NA 4829 5.453 2466 3042 970
AN/Rubber 92/8 5.47 0.886 NA 4863 5.509 2575 3258 968
AN/Rubber 91/9 3.56 0.879 NA 4896 5.581 2687 3479 993
AN/Rubber 90/10 1.63 0.851 2534 4943 5.699 2801 3703 965
AN/Rubber 89.2/10.8 0.07 0.840 NA 5002 5.845 2873 3867 965
AN/Rubber 85/15 −8.31 0.821 2551 4818 5.133 2692 3532 1010
AN/Rubber 80/20 −18.82 0.789 2408 4720 4.674 2445 3134 1055
AN/Rubber 75/25 −29.92 0.759 2370 4596 4.265 2268 2878 1073
AN/Rubber 70/30 −41.65 0.731 2149 4463 3.861 2136 2716 1072
AN/Rubber 65/35 −54.13 0.697 1994 4294 3.405 2023 2589 1063
AN/Rubber 60/40 −67.42 0.659 1749 4099 2.945 1918 2465 991
AN/Rubber 55/45 −81.55 0.622 1649 3901 2.531 1820 2353 965
AN/Rubber 50/50 −96.67 0.589 1440 3712 2.186 1722 2244 939

AN/Hay 99/1 0.901 19.36 1606 4360 4.259 1668 1646 978
AN/Hay 98/2 0.884 18.73 1770 4322 4.163 1732 1710 977
AN/Hay 97/3 0.872 18.09 1844 4302 4.081 1771 1776 976
AN/Hay 96/4 0.854 17.44 2077 4259 3.938 1811 1841 975
AN/Hay 95/5 0.847 16.79 2188 4257 3.91 1850 1908 973
AN/Hay 94/6 0.830 16.13 2243 4217 3.791 1892 1975 972
AN/Hay 93/7 0.816 15.46 2497 4188 3.718 1936 2044 970
AN/Hay 92/8 0.799 14.79 2644 4148 3.575 1975 2112 963
AN/Hay 91/9 0.792 14.10 2569 4145 3.559 2017 2182 967
AN/Hay 90/10 0.776 13.40 2509 4108 3.473 2063 2253 966
AN/Hay 89/11 0.753 12.69 2367 4044 3.28 2104 2325 965
AN/Hay 88/12 0.735 11.98 2320 4000 3.16 2149 2397 963
AN/Hay 87/13 0.724 11.26 2251 3980 3.123 2195 2470 962
AN/Hay 86/14 0.701 10.53 2182 3916 2.941 2237 2545 960
AN/Hay 85/15 0.687 9.79 2167 3885 2.852 2280 2618 959
AN/Hay 84/16 0.670 9.04 NA 3844 2.764 3228 2696 957
AN/Hay 82/18 0.636 7.51 NA 3760 2.564 2421 2850 954
AN/Hay 80/20 0.602 5.94 Fail 3675 2.354 2511 3008 951
AN/Hay 75/25 0.517 1.84 NA 3462 1.86 2740 3416 943
AN/Hay 72.85/27.15 0.480 −0.03 NA 3363 1.687 2828 3560 942
AN/Hay 70/30 0.432 −2.57 NA 3196 1.393 2783 3475 951
AN/Hay 60/40 0.262 −12.39 NA 2567 0.605 2460 2887 998

Note: Experimental detonation velocities represent a mean value of 3 measurements for each composition
(measurement uncertainty is ±63 m/s). Experimental data have already been published in this conference
paper [31]. NA—not available (not measured); fail—detonation failed.

By comparing the experimental and the calculated detonation velocities (Table 2),
it becomes clear that the experimental detonation velocities are about 50% lower than
the calculated ones. For illustration, the maximum calculated value for the AN/Rubber
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mixture is 5002 m/s, while the maximum experimental value equals 2551 m/s. Such a
large difference between the calculated and experimental detonation velocities is due to
the effect of the charge size (the ideal detonation velocity corresponds to an infinite charge
radius, and the experimental values were obtained for confined charges with a radius of
10.8 mm), which confirms the non-ideal behaviour of the studied mixtures.

To gain a better insight into the behaviour of the AN mixtures used in our small-scale
experiments, we modelled the propagation of detonation in a standard ANFO explosive
(which is a mixture of prilled AN and fuel oil) using the AUTODYN hydrocode. The
reason why we used ANFO for modelling and not the studied mixtures are that there is
no necessary input data (equation of state and reaction rate parameters) for these. On the
other hand, considering that both ANFO and the studied mixtures contain dominantly AN,
it is realistic to assume they behave in very similar way.

The simulation was carried out by applying the Lee–Tarver Ignition and Growth (I&G)
reactive flow model [37]. The parameters for the reaction rate and the equations of state for
the reacted and unreacted ANFO were taken from [38]. Steel confinement was modelled
using the material properties of steel (4340 alloy steel) taken from the AUTODYN material
library [39]. The charges were initiated with 1.2 g PETN. Eleven gauges were placed at
regular intervals within the charge to register the arrival time of the detonation wave, based
on which the shock velocity was determined as a function of the distance from the initiation
point (Figure 5).
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AN/Hay 70/30 0.432 −2.57 NA 3196 1.393 2783 3475 951 
AN/Hay 60/40 0.262 −12.39 NA 2567 0.605 2460 2887 998 

Note: Experimental detonation velocities represent a mean value of 3 measurements for each com-
position (measurement uncertainty is ± 63 m/s). Experimental data have already been published in 
this conference paper [31]. NA—not available (not measured); fail—detonation failed. 
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were placed at regular intervals within the charge to register the arrival time of the deto-
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The simulation (Figure 5) showed that the shock velocity and the maximum pressure
reach an almost constant value (D = 1.28 km/s, p = 0.3 GPa) after approximately 50 mm
distance. The calculated detonation velocity is very close to the value we determined
experimentally (D = 1.11 km/s at ρ0 = 0.82 g/cm3). However, the other parameters are
highly different along the charge axis. For example, the maximum conversion of ANFO into
a detonation product at the moment of arrival of the shock wave to the end of the charge
(approximately after 115 µs) equals 25% in the central part of the charge (gauges 5–7) and
less than 10% at the end of the charge. We could not precisely determine the sonic point
(the point at which the flow is sonic, i.e., C0 = D − u) from the simulation, but based on the
density jump in the reaction zone, we estimated that the sonic point reaches approximately
15–20 µs after the arrival of the shock front and changes along the charge axis. The amount
of reacted explosive at estimated sonic point also changes along the charge axis and ranges
between 10 and 25%. The majority of the explosive from the central part of the charge reacts
after the sonic point is reached (i.e., during the expansion process) and reacts completely
after approximately 150 µs. This results in larger deformation of the steel tube in the central
part (Figure 6).
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Figure 6. Appearance of steel tube after detonation: (a) AN/Rubber (90/10, experiment), and
(b) ANFO (Autodyn simulation).

Figure 6 shows that the deformation of the steel tube caused by the detonation of the
AN/Rubber mixture is similar to that caused by ANFO detonation, which is confirmation
that ANFO and the AN/Rubber mixture behave similarly. Although the calculated detona-
tion velocity–distance profile (Figure 5) indicates that it is a steady low-velocity detonation,
it is difficult to assert with certainty whether, under the conditions of our experiment,
it is a low-velocity detonation or detonation-like explosion. Regardless, we believe that
small-scale experiments, along with thermochemical calculations, can provide an answer
to the question of what the optimal ratio is between AN and organic material in terms of
the optimal detonation performance.

3.1. Effect of Amount of Organic Material on Detonation Properties

The changes in the experimental and calculated detonation velocities (D) and the
calculated detonation heat (Q) and detonation pressure (pCJ) with the variation in the
volume fraction of rubber and hay are shown in Figure 7.
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Figure 7. Changes in calculated detonation velocity, pressure, and heat with variation in volume
fraction of rubber (a) and hay (b). Experimental burst velocities are given for comparison.

As visible from Figure 5, the experimental burst velocity of both the AN/Rubber and
AN/Hay mixtures increases with the increase in volume fraction of organic material and
reaches its maximum values of 2664 m/s at an 8% volume fraction of hay and 2551 m/s
at 15% rubber. For the AN/Rubber mixture, the thermochemical calculation predicts
the detonation velocity–volume fraction of the rubber profile similar to that obtained by
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the experiments; this shows an increase in detonation velocity up to 10.9% by volume
(D = 5002 m/s), followed by a slow decrease with a further increase in the rubber content.
The calculated (ideal) detonation velocity is twice as high as the measured one, which
is the consequence of the non-ideal character of detonation under the conditions of this
small-cale experiment.

Unlike the AN/Rubber mixture, the experimental and calculated detonation velocity–
volume fraction profiles are quite different. The calculation predicts a continuous decrease
in detonation velocity and pressure with the hay content, while the experiment predicts an
increase in velocity with up to 8% of hay. The analysis showed that two factors simultane-
ously influence the calculated profile: firstly, the composition, and secondly, the density
of the mixtures. Compared to rubber, hay contains twice as much carbon and hydrogen
per unit of mass. Furthermore, unlike rubber, in addition to carbon and hydrogen, hay
contains a certain amount of oxygen. Therefore, its oxygen balance (OB) is more positive
than the OB of rubber (OB of hay equals −129.4%; OB of rubber is −332.4%). The result of
the above-mentioned calculation is as follows: for the same volume fraction, the AN/Hay
mixture produces less H2O and CO2 than the AN/Rubber mixture, which results in a lower
detonation heat, velocity, and pressure (Figure 8a).
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Figure 8. Change in calculated detonation velocity and oxygen balance (a) and detonation velocity
and density with volume fraction of rubber and hay (b).

The effect of another factor, density, is shown in Figure 8b. Since hay has a lower
density than rubber (0.391 g/cm3 compared to 0.466 g/cm3), the addition of hay decreases
the density of the AN/Hay mixture more than in the case of the AN/Rubber mixture.
Ultimately, the simultaneous action of these two factors, density and composition, results in
the calculated detonation velocity–volume fraction profiles of AN/Hay given in Figure 8b.
For the sake of validation, we performed the calculation, assuming a constant density of the
AN/Hay mixture, and found that detonation velocity continuously increases with the hay
content and reaches the maximum value at the zero oxygen balance concentration. This
confirms the significant effect of the density of organic material on the detonation velocity.

We do not have a sound explanation for why the experimental detonation velocity
for the AN/Hay mixture has a very different profile compared to the calculated one. The
fact that detonation fails at 15% of hay by volume (6.8% by mass) leads to the conclusion
that small-scale experiments are performed at diameters that are close to critical for the
AN/Hay mixture, given that a small variation in certain parameters can cause a change in
detonation behaviour. For example, the addition of hay may change the failure radius of the
mixture or may slow down the decomposition reaction, which will increase or decrease the
detonation velocity. In contrast to the AN/Hay mixture, the AN/Rubber mixture detonates
even at 50% by volume of rubber (33% by mass), which may indicate that the failure radius
is smaller and the reaction rate of rubber is faster. To answer these questions, additional
experiments should be conducted with larger-diameter charges.
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While the maximum value of the detonation velocity and pressure for the AN/organic
materials mixtures can be reached at different AN/organic materials ratios, depending
on the chemical composition and density of organic material, the maximum value of the
detonation heat is reached in all cases at the zero oxygen balance (Figure 9).
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Figure 9. Variation in detonation parameters with oxygen balance with amounts of rubber (a) and
hay (b).

The volume ratio and the mass ratio at which the oxygen balance equals zero and
values of detonation heat at the zero oxygen balance are given in Table 3. These ratios
correspond to the optimal mixture composition in terms of the heat of detonation, i.e., the
energetic characteristics. Along with the data for the studied AN/Rubber and AN/Hay
mixture, the data for AN/Fuel oil (ANFO) are also given for comparison.

Table 3. Values of volume and mass ratios at which OB = 0% and calculated corresponding values of
detonation heat and velocity.

Composition Volume
Ratio

Mass
Ratio

ρ0
(g/cm3)

Q
(kJ/kg)

D
(m/s)

AN/Rubber 89.2/10.8 94.35/5.65 0.84 3867 5002
AN/Hay 72.85/27.15 86.6/13.4 0.48 3560 3363
AN/Fuel oil (ANFO) 93.5/6.5 94.3/5.7 0.94 3903 5252

It follows from Table 3 that both the detonation heat and velocity for the AN/Rubber
mixture are very close to those of ANFO (about 2.3% lower), while the AN/Hay mixture
has a significantly lower predicted velocity and heat.

3.2. Concentration of Detonation Products

To understand the variation in the detonation properties of the studied AN-based
mixtures with the amount of organic material, we analysed how the amount of organic
material affects the composition and concentration of the detonation products. The concen-
tration was calculated using the EXPLO5 code, and the results of the calculation are shown
graphically in Figure 10.

The main detonation products of the studied mixtures are H2O, N2, and CO2, while
CO, CH4, NH3, H2, NO, etc., are present in smaller quantities. Since H2O and CO2 have the
most negative values of the enthalpy of formation (−241.81 kJ/mol and −393.52 kJ/mol,
respectively), these two detonation products contribute the most to the increase in Q. It can
be also seen from Figure 10 that for both mixtures, the maximum detonation heat coincides
with the maximum concentration of H2O and CO2. As shown in Figure 9, the maximum
detonation heat was obtained for the AN/organic material ratio, corresponding to the zero
oxygen balance.
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Figure 10. Change in concentration of detonation products with amounts of hay (a) and rubber (b).

Generally, by adding organic material, the concentrations of H2O and CO2 increase,
while the concentration of O2 decreases up to the point corresponding to the zero oxygen
balance. With the further addition of organic material, the concentrations of H2O and
CO2 decrease, while the concentrations of CO, H2, and CH4 increase because the available
oxygen is not sufficient for the complete oxidation of carbon and hydrogen. It should
be noted that in the case of the AN/Rubber mixture, the concentration of CH4 increases
significantly for volume fractions of rubber above 20%. A comparison of the concentrations
of detonation products at the zero oxygen balance is shown in Figure 11. The concentration
of the detonation products of ANFO (AN/Fuel oil) is also given for comparison.

1 
 

 
Figure 11. Calculated concentrations of detonation products of ANFO and studied mixtures at
the maximum detonation velocity (products present in a concentration of less than 0.001 mol/kg
are ignored).

As can be seen from Figure 11, the product concentrations for both the studied mixture
and for ANFO are quite similar. This particularly applies to the AN/Rubber mixture
and ANFO, where there is a small difference in concentration. The AN/Hay mixture
produces somewhat less H2O (5%) and N2 (8%), but more CO2 (30%) than AN/Rubber.
This explains why the calculated heats of detonation for these three mixtures (Table 3) do
not differ significantly.

4. Conclusions

Mixtures of ground ammonium nitrate with ground recycled rubber and hay were
investigated using a thermochemical calculation and experimentally by determining the
burst velocity, with the intention of finding the optimal composition in terms of the best
performance (i.e., working capacity).

It was shown that under the conditions of a small-scale experiment (around 50 g of
the mixture in a steel tube having 21.5 mm inner diameter), the maximum burst velocity
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was achieved at 8% of hay by volume (with D = 2644 m/s), while for the AN/rubber
mixture, the maximum burst velocity was achieved at 15% of rubber by volume (with
D = 2551 m/s).

The thermochemical calculations have shown that the maximum heat of detonation
was achieved at a composition that corresponds to the zero oxygen balance; for AN/Rubber
mixture, it is at the 89.2/10.8 volume ratio (Q = 3867 kJ/kg), and for AN/Hay, it is at the
72.85/27.15 volume ratio (Q = 3560 kJ/kg). These values are close to the values for ANFO
(Q = 3903 kJ/kg) at the zero oxygen balance.

The main detonation products for both mixtures at the zero oxygen balance include
H2O, N2, and CO2. The AN/Hay mixture produces less H2O (5%) and N2 (8%), but more
CO2 (30%) than the AN/Rubber mixture.

In this research, the experiments were performed on small samples (≈50 g), so the
detonation of such charges had an extremely non-ideal behaviour. In the continuation of
this research, tests will be performed on larger samples and under the conditions of mine
boreholes to obtain the best possible insight into the performance of the studied mixtures.
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