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Abstract 

To investigate the non-ideal detonation properties of aluminized emulsion explosive, a series of tests 
for an emulsion explosive with 5% aluminum powder additive were carried out with mortar 
confinement. The velocity of detonation (VoD) and the curvature of the detonation front for different 
charge diameters were obtained from the tests with a high-speed camera. The burning process of the 
aluminized emulsion explosive has been modelled with the ignition and growth (I&G) flow model in 
the LS-DYNA code. A routine based on the optimization program LS-OPT code was developed to 
identify the parameters in the burning rate function with the detonation velocities and the front 
curvature radii from two tests. A Perl code was implemented in the routine and was used to calculate 
the VoD, fit the detonation front and obtain the detonation front curvature radii.  The calibrated 
parameters were used to predict the VoDs and the detonation front curvature radii for the rest cases. 
The results indicate that both the VoDs and the detonation front curvature radii from the numerical 
modelling are in good agreement with the experimental results. The numerical results also indicate 
that the variety of the burn fraction and the peak pressure with the change of charge diameters is 
reasonable with the calibrated parameters. 
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Introduction 
Ammonium nitrate based emulsion explosives are widely used in mining explosives industry. The 
reason is the great advantages that emulsion explosives offer compared to other types of explosives 
such as ANFO. The advantages of emulsion explosive include safety and security, excellent resistance 
to water, increased velocity of detonation, transport, handling and storage, savings in drilling 
operations and low gas emissions. 
 
It is well recognized that emulsion explosives exhibit strong non-ideal detonation behavior. The non- 
ideal detonation is steady but the properties of the detonation depend on the conditions. The detonation 
wave propagates with lower pressure and lower velocity than the ideal values which calculated at the 
condition the diameter of explosive assumed infinite. The performance of emulsion explosives depends 
on charge diameter, density and confinement (Kirby and Leiper, 1985; Braithwaite et al., 1990; 
Persson et al., 1993; Esen, 2004).  
 
It has been revealed that the addition of aluminum [Al] additives enhances the blast performance of 
explosives (Mendes et al., 2012). However, the detonation velocity and pressure found experimentally 
for compositions with aluminum are normally lower than the values predicted by the thermochemical 
codes. Many experimental and numerical studies have been achieved to investigate the detonation 
properties of aluminized explosives (Howard et al., 1999; Gogulya et al., 2004; Kim et al., 2014). 
 
The detonation properties of explosives have a significant effect on blast performance. It is important 
to understand the detonation properties of explosives in confined environments in order to optimize 
the blasting performance. These non-ideal properties of explosives cannot be accurately predicted by 
ideal detonation models such as Chapman-Jouguet (CJ) model, in which the detonation process is 
treated as a one dimensional wave of infinitesimal thickness, without mass, momentum or energy loss, 
in an inviscid (no viscosity) fluid. Several non-ideal detonation models and /or theories have been 
proposed to describe the detonation process of non-ideal explosives (Wood  et al., 1954; Bdzil 1981; 
Kirby and Leiper, 1985; Esen, 2008). Hamashima et al. (2004) developed a method to determine JWL 
parameters of non-ideal explosive from the underwater explosion test. Watt et al. (2012) developed a 
streamline-based approach to steady-state non-ideal detonation theory. A review of existing non-ideal 
detonation models was given by Esen (2008). 
 
The Ignition and Growth (I & G) reactive model is popular to be used to study the shock initiation and 
the non-ideality of explosives (Price and Ghee, 2009; Kim et al., 2014) and the model has been 
implemented in several hydrodynamic codes such as LS-DYNA. The I&G model has a large number 
of parameters and the parameter set for a specific explosive is usually calibrated with multiple sets of 
experimental data. The development of a set of model parameters for a specific explosive is a time 
consuming process. Schimel et al.(1997) employed sequential quadratic programming methods to 
optimize the parameters of the I&G model. Gambino et al. (2018) used the differential evolution 
optimization algorithm to find I&G parameter sets that best correspond to experimental pressure 
histories. Yi et al. (2015, 2018) developed a code in Perl programming language (Christiansen et al. 
2012) to make the parameter calibration efficient. LS-OPT was employed to calibrate the parameters 
of the I&G model based on the shock initiation (Bergh et al., 2018; Cao et al., 2018).  
 
In this paper, the reaction rate parameters of the I&G model for an emulsion explosive with 5% Al 
additives in mortar confinement were calibrated by the velocity of detonation (VoD) and the curvature 
radii of detonation fronts at different charge diameters. A procedure combining nonlinear software 
package LS-OPT with hydrocode LS-DYNA was employed to calibrate the parameters of the I&G 
model to investigate the non-ideality of aluminized emulsion explosive.  
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Experiments 
As a part of the EU project of SLIM, a series of tests were carried out for the pure emulsion explosive, 
the pure emulsion with 5% Al additives and the pure emulsion with 30% AN prill additives in different 
diameters. All the explosives were confined with mortar cylinders in order to achieve rock-like 
conditions and to reduce the boundary effects that may occur if the explosive was not confined. Both 
the velocity of detonation and the detonation front curve were measured. The detailed experiment 
description can be found in Johansson (2019) and Petropoulos (2020). The set-up for the detonation 
front curve measurement is shown in Figure 1. 
 

 

Figure 1. Set-up for detonation front curve measurement 

The composition of the tested explosive is listed in table 1 
 

Table 1. Explosive compositions 

Content Emulsion+ 5% Al 
Oxidant % 95.30 
Oil % 2.70 
Emulsifier % 2.00 
Target density ρ kg/m3  1150 
Oxygen balance % ≈0 

 
The confiner has outer diameter Ø150 mm (5.9 in), length 660 mm (25.98 in) and charge diameter 
varies between Ø25 mm (0.98 in) and Ø65 mm (2.56 in). The length of the explosives is approximately 
10 times inner charge diameter Ø. The break out profiles for emulsion + 5 % Al additives is shown in 
Figure 2. 

 

Figure 2. Break out profiles for emulsion + 5 % Al additives 
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Ignition and Growth Reactive Model 
The I & G reactive model in the LS-DYNA code originated with the work of Lee and Tarver (1980), 
and was refined in a number of subsequent articles by Tarver and collaborators (Tarver et al., 1985, 
1997).  Although the model was initially built to study the sensitivity of ideal high explosives, it 
essentially simulates the non-idealities of explosives. The I&G model contains two equations of state 
(EoS), one is for the unreacted explosive and the other is for its reaction products. Both unreacted and 
product equations of state are of the JWL form,  
 

1 2 /RV R V
VP Ae Be C T V                                                  Equation 1 

 
where P is pressure , V is relative volume, T is temperature, ω is the Grüneisen coefficient, Cv is the 
average heat capacity, and A, B, R1, and R2 are constants.  

The parameters of two JWL equations-of-state for the reacted explosive and the unreacted explosive 
can be determined by experiments. The parameters of JWL for the unreacted aluminized emulsion 
explosive were fitted according to the Hugoniot data (Esen, 2004). The parameters of JWL for reaction 
products were calibrated by Hansson (2009). The parameters are listed in table 2 and table 3. 
 

Table 2. Parameters of unreacted emulsion explosive with 5% Al additive 

Density (g/cm3) A (Mbar) B (Mbar) R1 R2 ω CV (Mbar/K) 

1.15 594.13 -0.04 19.19 1.28 2.52 1.48e-5 

Table 3. Parameters of products of emulsion explosive with 5% Al additive 

A (Mbar) B (Mbar) R1 R2 ω E0 (Mbar) 

2.628 0.079 5.215 2.212 0.501 0.0383 
 
The mixing rule of the model is 
  
V= (1-F)Ve+ FVp                                                                Equation 2 
 
where Ve is the unreacted explosive relative volume and Vp is the reacted explosive relative volume. 
F is the fraction reacted, where complete reaction means that F = 1 and no reaction means that F = 0.  
This parameter is calculated by the I & G reactive rate equation. The reaction rate law has three terms 
and each is active for different values of the reacted fraction. This three-term rate law describes the 
three stages of reaction generally observed in the shock initiation and detonation of heterogeneous 
solid explosives. 
 

0 1 2(1 ) ( / 1 ) (1 ) (1 )b x c d y e f zdF
I F a G F F p G F F p

dt
                          Equation 3 

 
where F is the fraction reacted, t is time, 𝜌0 is initial density, 𝜌 is the current density, P is the pressure, 
and I, b, a, x, G1, c, d, y, G2, e, f  and z are constants for the ignition term and the two growth terms. 
Three more constants are added to the model: Fmxig, Fmxgr and Fmngr which limit the contributions of 
the three terms respectively. A maximum reacted fraction Fmixg for the first term, a maximum fraction 
Fmxgr for the second term and a minimum fraction Fmngr for the last term. For explosive detonation 
modeling, the first reaction term represents the ignition of the explosive as it is compressed by the 
leading shock wave creating heated volumes (hot spots) as the voids in the material collapse. The 
fraction of explosive ignited is approximately equal to the original void volume. The second reaction 
term models the rapid formation of the major reaction product gases (CO2, N2, H2O, CO, etc.) in highly 
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vibrationally excited states and their subsequent expansion and equilibration. The third term is used to 
describe the relatively slow diffusion controlled formation of the solid carbon particles in the form of 
diamond, graphite, or amorphous carbon (Tarver and McGuire, 2002). 
 
Parameter Calibration Procedure 
The parameter calibration was performed in LS-OPT using experimental values for the velocity of 
detonation and values for detonation front curvature radius. The procedure is shown in Figure 3. 
 
Two sets of experiments were used in LS-OPT.  Case 1 in Figure 3 is the case of charge diameter in 
25 mm (0.98 in) while Case 2 is the case of charge diameter in 65 mm (2.56 in). An axisymmetric 
model was built for each case according to the charge diameter. The numerical model for case 2 is 
shown in Figure 4. The booster is PETN. As mentioned before, there are 15 unknown parameters in 
eq (3). In the present study, the value of b, c, d was set at 0.667, 0.333 and 0.667, respectively according 
to literatures. The rest 12 parameters were calibrated. Two responses in the post stage in Figure 3 are 
VoD and the detonation front curvature radius. 
 

 

Figure 3. The flowchart of parameter calibration in LS-OPT 

 
Figure 4. Numerical model for case 2 
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Parameter identification is a commonly used feature of LS-OPT. The procedure consists of minimizing 
the mismatch between target values and corresponding output values. In this paper, target values are 
the measured VoD and the detonation front curvature radius at the vertex for different charge diameter 
cases, and output values are calculated VoD and the detonation front curvature radius. In LS-OPT, the 
mismatch between measured and calculated values were defined as the objective function (Cao et al., 
2018). Metamodel-based Optimization with Sequential with Domain Reduction was employed to 
create and optimize an approximate model of the design. Linear polynomial metamodel and D-optimal 
point selection was adopted in LS-OPT for optimization calculation. Adaptive Simulated Annealing 
(ASA) algorithm was used to minimize the objective function (LS-OPT user manual, 2018). 
 
Because the post-processor of LS-DYNA cannot directly output the velocity of detonation and the 
detonation front curvature radius, a code in the Perl programming language was developed in the post 
stage to calculate and output them.  
 
The detonation front can be fitted to many forms, such as circles, second order polynomials, ellipses 
and the natural logarithm of a Bessel function (Kennedy, 1998), In this Perl code, the detonation front 
is fitted with an ellipse in the form 
 

2 2R aZ bZ c                                                                             Equation 4 
 
where R and Z are the radial and axial coordinates respectively, a, b and c are the fitting constants. 
The radius of the curvature is a function of Z  in Equation 4 and can be calculated by the following 
equation. 
 

 3/22
(R)

1

R
k

R





                                                                         Equation 5 

 
To calculate the VoD of explosives, the locus of detonation fronts at two different times are output in 
the Perl code, see Figure 5. The distance between the two vertexes of the detonation fronts is calculated, 
the time difference is known and then the VOD can be estimated.  
 

 

                             (a) Detonation front at T2                  (b) Detonation front at T1 

Figure 5. Scheme of acquiring VOD 
 

Results and discussion 
After 20 iterations in LS-OPT, a set of values for unknown parameters was given by LS-OPT. The 
calibrated parameters are listed in Table 4. 
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Table 4. Reaction rate parameters for emulsion explosive+5% Al 

I 1.466e6 G2 624.1 
b 0.667 e 0.614 
a 0. 748 f 0.744 
x 7.00 z 3.662 
G1 23.2 Fmxig 0.449 
c 0.667 Fmxgr 0.938 
d 0.333 Fmngr 0.844 
y 1.145   

With the calibrated parameter, the comparison between experimental results and numerical results for 
each case is shown in Table 5.  Table 5 indicates that the experimental results are scattered because of 
measure deviations while the numerical results show an obvious trend on both VoD and the detonation 
front curvature radius. Overall, the agreement is fair. 

Table 5. Experimental and numerical results of emulsion explosive+5% Al 

Charge 
 Ø (mm) 

Test VoD-Exp  
  (m/s) 

Curv radius-
Exp (mm) 

VoD-Num  
  (m/s) 

Curv radius-
Num (mm) 

25 
T1b Ø25 4212 54.6 

4106.1 39.7 
T1a Ø25 4426 55.2 

40 
T2a Ø40 4801 87.4 

4779.8 57.0 
T2b Ø40 4702 54.7 

50 
T3a Ø50 4788 73.7 

4960.0 84.9 
T3b Ø50 4832 84.1 

65 
T4b Ø65 4862 166.2 

5086.5 109.6 
T4a Ø65 4993 102.8 

 
The pressure contours of different charge diameter are shown in Figure 6 and the contours of burn 
fraction are shown in Figure 7 with the calibrated parameters. Figure 6 shows that the bigger charge 
diameter gives a larger von-Neumann spike. Figure 7 shows the bigger charge diameter gives a high 
burn fraction. The change of the von-Neumann spike and the burn fraction with the increase of charge 
diameter agrees with the non-ideal detonation theory. It can be concluded that the calibrated parameters 
are reasonable for the investigated aluminized emulsion explosive. 
 

                                              
    (a) 25mm                       (b) 40mm                            (c) 50mm                         (d) 65mm 

Figure 6. Pressure contour of different charge diameters (unit of pressure: Mbar) 
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   (a) 25 mm                       (b) 40 mm                         (c) 50 mm                          (d) 65 mm 
Figure 7.  Burn fraction of different charge diameters 

 
Conclusions 
To investigate the detonation properties of aluminized emulsion explosives, a series of tests were 
carried out to obtain the VoD and the detonation front curves for different charge diameters. A 
procedure by using the LS-OPT code and the LS-DYNA code was developed to calibrate the 
parameters of the I&G model based on the experimental results. The VoD and the detonation front 
curvature radius with the calibrated parameters are in good agreement with the experimental results 
for different charge diameters. The change of the von-Neumann spike and the burn fraction with the 
change of charge diameter is reasonable with the calibrated parameters. The present study indicates 
that using the LS-OPT code to calibrate the parameters of the I&G model is an effective method. 
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