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Abstract 

In an explosion test using a shock tube, the behavior of pressure waves can be reproduced with high reliability. 
However, the explosion in a shock tube occurs in a confined space. It is difficult to predict the behavior of pressure 
waves and its effect on various concrete specimens by using the research findings related to free-field explosions. 
Moreover, few studies have focused on explosive-driven shock tubes. In this study, the behavior of pressure waves 
in a shock tube was numerically analyzed using a finite-element analysis program. The explosive used to generate 
the pressure waves was an ammonium nitrate fuel oil (ANFO), which exhibits non-ideal explosion characteristics. 
The Jones–Wilkins–Lee (JWL) and ignition-and-growth (I&G) equations of state were used for blast-pressure calcula‑
tion. The analysis results were affected by factors such as the release rate of explosive energy and the development 
of the pressure waves in the confined explosion. The blast behaviors, such as the low release rate of explosive energy 
and the resulting increase in the impulse, were analyzed using the ignition-and-growth equation. The impulse pro‑
duced during the development of waves reflected by the block installed at the tube inlet exceeded that produced 
by the tube wall. Such behaviors that occurred at the beginning of a blast affected the process of wave propagation 
along the shock tube and the wave reflection due to the test specimen at the outlet of the shock tube. In this study, 
the blast behavior in the shock tube, which could be referenced for the analysis of blast overpressure and its effect 
on concrete specimens, was numerically analyzed. Further research on the structural behaviors of concrete specimens 
due to blast overpressure is needed.
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1  Introduction
Blast-resistant design is frequently applied to military 
and industrial facilities, and recently, to civilian infra-
structures to prevent and counter the increasing ter-
rorist threat. Blast-resistant performance of those 
protective facilities is usually verified by experimental 

and numerical methods. Experimental methods typi-
cally include free-field tests and tests using blast simu-
lator facilities such as a shock tube. For free-field tests, 
testing is conducted in a test arena with multiple targets 
at different distances around a single charge. While it is 
possible to conduct multiple tests at once, weather condi-
tions may affect test results, and the use of large charges 
is limited due to noise, vibration and safety restrictions 
(Gan et al., 2020).

In comparison, the shock tube is an experimental facil-
ity that can reliably reproduce the behaviors of shock-
waves propagating at high speeds and pressures due 
to the blast of explosive materials. It has the advantage 
of allowing the experimenter to apply the desired blast 
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pressure to the target object reliably and repeatedly by 
adjusting the amount of explosive and the installation 
location within the capacity of the equipment (Balan & 
Raj, 2023; Gan et al., 2020; Stolz et al., 2016). Shock tubes 
are largely classified as gas-driven or explosive-driven. In 
this study, blast behaviors in an explosive-driven shock 
tube were analyzed using FEA method. Balan and Raj’s 
review article (2023) provides an overview of the wide 
applications for shock tubes. Their review focuses on 
shock tube testing for applications like shock and blast 
resistance of composite materials, the behavior of joints 
and bolts under shock loads, manufacturing processes 
using shock waves, and so on. Gan et  al.’s study (2020) 
aimed to demonstrate the ability of a newly designed 
shock tube in accurately generating a far-field blast envi-
ronment. Stolz et  al. (2016) explained how shock tube 
tests are used for the derivation of dynamic resistance 
parameters of building components. These parameters 
were used in single-degree-of-freedom (SDOF) models.

Many studies have focused on blasts in the free-field 
condition, including UFC 3-340-02 (Dobrocinski & 
Flis, 2015; Friedlander, 1946; Karlos et  al., 2016; King-
ery & Bulmash, 1984; Lim et al., 2016; Rigby et al., 2020; 
USACE, 2008; Yang et al., 2021). However, in the case of 
a blast within a shock tube, which is a confined explo-
sion, the behavior of the fluid material resulting from the 
blast differs significantly from that for a blast in the free-
field condition (Changyou et  al., 2017; Hu et  al., 2011; 
Park et al., 2021; Salvado et al., 2017). When an explosion 
occurs in a confined structure, not only the peak over-
pressure is higher than that of free air explosion, but also 
the duration of the blast wave is longer. This also causes 
the impulse, defined as the area of the pressure–time 
curve, to increase (Hu et  al., 2011). If a free air explo-
sion is simulated using a shock tube, much less explosive 
charge mass is required. For example, according to Kevin 
et al. (2013), ‘a scenario with 1000 kg TNT-equivalent at 
a distance of 80  m can be reproduced with 425  g TNT 
in a shock tube with a diameter of 2  m.’ The results of 
studies such as UFC 3-340-02, which is referenced often 
in relation to blasts in the free-field condition, are diffi-
cult to apply directly to the prediction of blast behavior 
in a shock tube. Therefore, it is also difficult to assess the 
effect of pressure waves on protective walls and many 
other concrete specimens. This is because the blast 
behavior in a confined explosion depends on the geomet-
ric shape of the structure surrounding the explosive, and 
on reflection of waves by the surrounding structures. The 
next factor that must be considered is the type of explo-
sives used in the test, along with the appropriate analy-
sis method for these explosives. For example, explosives 
such as trinitrotoluene (TNT) have the characteristic of 
ideal explosion that releases a large amount of energy in 

a single moment. In contrast, widely used commercial 
explosives such as ammonium nitrate fuel oil (ANFO) are 
characterized by non-ideal explosion, such as relatively 
long chemical reactions and energy release (Johansson, 
2011; Kittel et  al., 2016). Finite-element analysis (FEA) 
has been conducted to analyze blast behaviors, and the 
equation of state (EOS) is used to calculate the blast 
pressure. One example is the Jones–Wilkins–Lee (JWL) 
equation (Lee et  al., 1968), which is often used in ideal 
explosion cases. In some studies (Dimitraki et  al., 2021; 
Figuli et  al., 2020; Grisaro et  al., 2021; Mahmood et  al., 
2020; Trofimov & Shipovskii, 2020), the JWL equa-
tion was used for non-ideal explosions. Nonetheless, 
researchers (Johansson, 2011; Kittel et  al., 2016; Miao 
et  al., 2022; Yi et  al., 2020) have claimed that the JWL 
equation is more suitable for ideal explosions because it 
does not consider the reaction rate of the explosives. The 
JWL equation of state, which is based on the Chapman–
Jouguet (CJ) theory and assumes that explosion occurs 
instantaneously in a narrow reaction zone, is considered 
to be inaccurate for simulating non-ideal explosion (Miao 
et al., 2022). According to Stimac et al.’s study (2021), det-
onation velocity and blast pressure of explosives with the 
non-ideal explosion characteristics, calculated theoreti-
cally applying the CJ theory, are significantly higher than 
experimentally measured.

Blast wave behaviors in the free-field have been 
studied experimentally and numerically by many 
researchers. For well-known explosives such as TNT 
(trinitrotoluene), if the explosive charge mass and 
stand-off distance are given as initial conditions, the 
blast pressure, positive phase duration, impulse, etc., 
can be predicted without much effort. However, for 
safety and security restrictions, studies related to 
explosive-driven shock-tube tests are very limited and 
rarely published. Furthermore, it is difficult to predict 
blast wave behaviors in a confined explosion from the 
research finding on a free-field explosion. Thus, numer-
ical analysis is necessary to predict the blast behavior in 
the shock tube and make a proper test plan. JWL EOS 
is one of the most well-known equations of state used 
to calculate blast pressure, but it has limitations in sim-
ulating non-ideal explosion. Nevertheless, because the 
JWL EOS is represented in the form of a single simple 
equation, it is often used to calculate the blast pressure 
without considering the explosion characteristics of 
explosives. However, with regard to the shock-tube test, 
it is unknown how accurately the blast wave behavior in 
the confined condition can be analyzed. Thus, it is nec-
essary to clarify the differences in blast wave behaviors 
depending on the analysis methods by comparing the 
results obtained using the equation of state suitable for 
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a non-ideal explosion with the results obtained using 
the JWL EOS.

In this study, FEA method was used to investigate the 
blast behaviors when explosives with non-ideal explo-
sion characteristics are used in a shock-tube explosion 
test. A shock-tube model was generated by referring to 
an explosion test (KICT, 2022; Park et  al., 2023) using 
the ANFO explosive, and it was analyzed using the Arbi-
trary Lagrangian–Eulerian (ALE) numerical simulation 
technique of LS-DYNA (LSTC, 2020), which is a uni-
versal finite-element program widely used for explosion 
analysis. The blast pressure obtained from the FEA was 
compared with the test result, and the development and 
propagation of the pressure wave due to the blast were 
analyzed. The JWL EOS and the ignition-and-growth 
(I&G) EOS, which includes the concept of the reaction 
rate, were used for simulations of the same conditions. 
Then, the differences in the blast behavior in the shock 
tube were examined. Thus, it was possible to analyze 
the blast behaviors in an explosive-driven shock tube, 
such as the development and propagation of pressure 
waves, which are difficult to analyze via explosion tests. 
Furthermore, the factors affecting the behaviors of pres-
sure waves were confirmed when explosives with non-
ideal explosion characteristics, such as ANFO in the case 
of this study, are used in shock-tube explosion tests. In 
this study, the blast behavior in the shock tube test with 
non-ideal explosives was numerically analyzed. This fun-
damental study related to blast-loads assessment could 
be used as a reference for further research of the effect 
of blast overpressure on the behaviors of blast-resistant 
walls and many other concrete protective structures.

2 � Equations of State for Blast‑Pressure Calculation
When an explosive is ignited and undergoes the explo-
sion process, it can be divided into three main zones 
according to its degree of reaction: the detonation prod-
uct zone, where there are byproducts from the completed 
chemical reaction; the unreactive explosive zone; and the 
reaction zone, where the chemical reaction occurs inten-
sively. For high explosives such as TNT, the reaction zone 
is short and can be neglected. It is characterized by the 
“ideal explosion”, where the release of energy from the 
explosion occurs instantaneously (Johansson, 2011). The 
JWL EOS, which was briefly introduced in the previous 
section, is based on this phenomenon and expresses the 
relationships among the changes in volume and energy 
and the pressure in a chemical reaction. It is expressed as 
follows (Lee et al., 1968):
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where P represents the pressure generated by the chemi-
cal reaction of the explosive; V represents the relative vol-
ume; and A, B, R1, R2, and ω are the material constants of 
the explosive.

In contrast, a chemical reaction that occurs over a long 
period of time in a relatively long reaction zone is called 
a non-ideal explosion. ANFO explosives, which are the 
subject of this study, belong to this category. The reac-
tion zone was ignored in the development of the EOS 
for ideal explosions, but it must be considered for non-
ideal explosions. For example, the I&G model defines the 
pressure generated in the reacted and unreacted explo-
sive zones as separate equations (I&G EOS), as given by 
Eq.  (2) and (3), respectively. The rate of the transition 
from the unreacted explosive zone to the reacted explo-
sive zone is governed by the “reaction rate equation”, i.e., 
Eq. (4) (Johansson, 2011; Kittel et al., 2016; Yi et al., 2020). 
In the equations below, P, V, and T represent the pres-
sure, relative volume, and temperature, respectively; r1, 
r2, r3, r5, r6, ap, bp, xp1, xp2, and gp are material constants; 
and λ is a variable that determines the volume occupied 
by each of the two sections, which is called the “volume 
fraction”. Furthermore, ρ0 and ρ represent the initial and 
current densities, respectively, and I, a, b, c, d, x, and y are 
material constants:

ANFO is one of the representative explosives that 
exhibit non-ideal explosion characteristics. According 
to experimental and numerical studies (Bohanek et  al., 
2022, 2023; Esen, 2008; Fabin & Jarosz, 2021; Jackson, 
2017; Kittel et al., 2016) on ANFO explosion under con-
finement, its explosion properties such as the detona-
tion velocity and blast pressure are significantly affected 
by charge diameter and confinement. According to the 
Fabin & Jarosz’s study (2021), “the detonation velocity 
might go as low as 40% of the ideal detonation velocity.” 
Thus, it is accepted by many researchers that there are 
limitations in simulating non-ideal explosion using the 
JWL EOS, which cannot take into account the energy 
release rate of the explosive and changes in the detona-
tion velocity depending on charge diameter and confine-
ment. Bohanek et  al. (2023) studied experimentally and 
numerically the shock initiation of ANFO and the effects 
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of charge diameter, booster mass, and confinement on 
initiation behavior. It was demonstrated that the I&G 
EOS is capable of correctly simulating experimentally 
observed shock initiation of ANFO, as well as the effects 
of charge diameter, booster mass, and confinement. 
Referring to the above research results on ANFO explo-
sive, I&G EOS was also used in this study to simulate the 
explosive-driven shock-tube test.

3 � Description of Finite‑Element Model
3.1 � Initial Condition
An explosion test using a large-scale shock tube with a 
diameter of 1 m and a length of 15 m was conducted with 
the cooperation of the Agency for Defense Development 
(ADD) (KICT, 2022; Park et al., 2023). The explosive used 
in the test was ANFO, which has non-ideal explosion 
properties. The explosive charge masses used were 1, 2, 
and 3 kg, and seven tests were conducted for each explo-
sive charge mass. The explosive was placed in a paper 
container. The diameter of the explosive installed in a 
cylinder shape remained constant and only the length 
increased as the explosive charge mass increased. There-
fore, the confinement effect of the container and size 
effect were presumed to be negligible (Esen et al., 2005; 
Jackson, 2017; Johansson, 2011).

Referring to a technical data sheet provided by the 
explosive manufacturer H○○○, maximum density of the 
explosive used was 0.82 g/cm3, and ratio of AN (ammo-
nium nitrate) and FO (fuel oil) is known to be close to 
94:6. Furthermore, ANFO is not detonator sensitive, 
thus it must be initiated by a booster. Booster used in the 
shock-tube tests was Mega○○○ (ρ ≒ 1.20 g/cm3) weigh-
ing 100 g, a type of emulsion explosive, and was produced 
by the same manufacturer. Although a much smaller 
amount of booster was used compared to the main 
explosive, it cannot be concluded that it had no effect 
on blast wave behaviors. However, within the scope of 
this study, since the booster amount was a constant and 
not a variable, it did not affect the conclusions obtained 
from the experiment and FE analysis. As a reference for 
further study, according to Bohanek, et al.’s study (2023), 
as the amount of booster increases, minimum detona-
tion velocity increases and detonation velocity reaches 
the steady state more quickly, but the velocity in the 
steady state is not significantly affected by the amount of 
booster. Unless booster amount used differs by several 
tens of times, the detonation velocity does not seem to 
show significant variation in practice. Under the assump-
tion that the amount of booster is significantly smaller 
than that of the main explosive, the effect of the booster 
is expected to be limited to a very local scope. This needs 
to be reviewed through further studies.

Fig.  1 shows the test setup. A concrete block was 
installed at the inlet of the shock tube near the 
explosive, and a concrete slab with dimensions of 
1800 mm × 1800 mm was placed in front of the outlet of 
the shock tube. There is a certain gap between the con-
crete slab specimen and the shock tube outlet. This is 
because the purpose of using shock-tube equipment is 
not to simulate a confined explosion, but to simulate a 
free-field explosion. Because the block used in the experi-
ment was heavy, no movement was observed with < 3 kg 
of the ANFO explosive. The slab placed in front of the 
shock-tube outlet was fixed by a steel frame and directly 
received the pressure from the shock-tube outlet gen-
erated by the explosion. Three pressure sensors were 
installed inside the shock tube (free 1, free 2, and free 3), 
and one was installed at the center of the concrete slab 
(Pr1). The pressure sensors inside the shock tube meas-
ured the incident pressure, and the one on the slab meas-
ured the reflected pressure.

3.2 � Finite‑Element Model
The shockwave from the explosion causes a rapid pres-
sure change in the air surrounding the explosive. The 
ALE (Arbitrary Lagrangian–Eulerian) method was used 
to analyze the interaction of the fluid with the structure 
in the flow field (Carriere et al., 2009; LSTC, 2020; Rebelo 
& Cismasiu, 2017; Rigby & Sielicki, 2014; Zakrisson et al., 
2011). It can model the explosive, air, shock tube, and 
structures at the inlet and outlet of the shock tube. The 
fluid–structure interaction can be considered by apply-
ing constraints between the two domains. The ANFO 
explosive and air are modeled using the Eulerian method, 
whereas the shock tube and structures at the inlet and 
outlet of the shock tube are modeled using the Lagran-
gian method.

The finite-element program LS-DYNA was used for 
analysis, and the JWL and I&G EOSs were used to cal-
culate the pressure generated by the ANFO explosive. 
The relevant constant values were entered using input 
cards such as JWL and IGNITION_AND_GROWTH_
OF_REACTION_ IN_HE. Furthermore, when the 
JWL EOS was used, the input card HIGH_EXPLO-
SIVE_BURN was used as the material model for the 
explosive (density, ρ = 0.83  g/cm3; detonation velocity, 
D = 3879  m/s; CJ pressure, Pcj = 3253  MPa). In addi-
tion, when the I&G EOS was used, the explosive density 
was entered using the NULL input card. An emulsion 
booster (ρ = 1.20 g/cm3, D = 5500 m/s) was used for the 
detonation, and was considered in the model. For air, 
LINEAR_POLYNOMIAL (C0 = C1 = C2 = C3 = C6 = 0, 
C4 = C5 = 0.4) was used as the EOS, and NULL 
(ρ = 1.225E-3  g/cm3) was used as the material model. 
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In the FE model, the explosives and air were modeled 
using solid elements, each of which has eight nodes. 
When fluid or fluid-like materials, such as the explo-
sives and air in the case of this study, are modeled using 
the ALE method in the FE program, the multi-material 
ALE formulation (ELFORM = 11 in SECTION_SOLID 

keyword) should be applied, which makes it possible 
for each element to contain a mixture of different mate-
rials. Furthermore, cylindrical shape of the explosive 
can be modeled using automatic mesh generation algo-
rithms as well as INITIAL_VOLUME_FRACTION_
GEOMETRY input card in LS-DYNA. Commands 

Fig. 1  Shock-tube test (KICT, 2022)
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linked to the keywords in the input card automate the 
assignment of initial volume fractions to ALE elements 
of the explosive and the air surrounding it.

The shock tube, concrete block, and slab were modeled 
as rigid or elastic bodies. Because the failure behavior of 
the slab under blast pressure was beyond the scope of the 
study, the slab was modeled as an elastic body with the 
same stiffness as the concrete. This is similar to the com-
putational fluid dynamics (CFD) analysis of fluid flow 
phenomena and pressure changes under the assumption 
that the structure is a rigid body. Furthermore, the shock 
tube used in the test was assumed to be a rigid body, as 
it was designed to have almost no deformation for an 
explosive (ANFO) charge mass of approximately 3  kg. 
Similarly, the concrete block installed at the inlet of the 
shock tube was assumed to be a rigid body. This mode-
ling and analysis method not only reduces the numerical 
errors caused by the nonlinear behavior of the struc-
ture but also significantly reduces the runtime required 
for ALE analysis. In the FE model, the shock tube was 
modeled using shell elements, and the concrete block 

and slab was modeled using solid elements. The mate-
rial model used for the shock tube and concrete block 
was MAT_RIGID input card in LS-DYNA, and the slab 
is modeled by material model, MAT_ELASTIC. If inves-
tigation of the failure behavior of concrete material had 
been included in the scope of the study, the slab and con-
crete block would have been modeled using a nonlinear 
model such as Karagozian & Case concrete model (CON-
CRETE_DAMAGE_REL3 input card in LS-DYNA).

The constant values related to the material model 
among those used in the analysis were mentioned 
above. The constant values for the EOSs are presented in 
Table 1. The constants used in the analysis were selected 
with consideration of the density and detonation veloc-
ity provided by the explosive manufacturer. A two-step 
reaction process of ignition and growth was taken into 
account in the I&G EOS, including the selection of con-
stants. As a boundary condition, all the displacements 
of the shock tube were fixed. The concrete block was 
allowed to move in the acting direction of the pressure 
wave, but other displacements were fixed. In the case 
of the slab, the displacements along the outer boundary 
were fixed. The resulting finite-element model is shown 
in Fig. 2.

For a mesh sensitivity analysis, the mesh size of the air 
was adjusted to 50, 20, 10, and 5 mm, and the FEA was 
performed under the same conditions. The mesh size of 
the structure was kept approximately the same as that 
of the air. When the maximum pressure (the maximum 
reflected pressure on the slab) from the model with a 
5-mm mesh was set to 100, pressures of 98.9 (10  mm), 
95.7 (20  mm), and 78.5 (50  mm) were obtained. The 
model with a 20-mm mesh exhibited an error within 5%. 
Considering the long runtime of > 720  h for the model 
with a 5-mm mesh, a model with a 10-mm mesh was 
used for the FE simulation of this study. Using a mesh 

Table 1  Constants of the JWL and I&G EOSs (Jayasinghe et  al., 
2017; Sanchidrian et al., 2015; Stimac et al., 2021)

JWL A (MPa) B (MPa) R1 R2 ω
2.318E5 3.414E3 6.76 1.07 0.36

I&G r1 (MPa) r2 (MPa) r3 (MPa/K) r5 r6

1.5E5 –2.0E3 0 11.0 15.0

ap (MPa) bp (MPa) xp1 xp2 gp (MPa/K)

1.518E5 7.15E2 5.0 1.0 0.29

I (1/ms) G (10–11 μs−1 Pa−y) a b c

1.0E4 25 0.2 0.22 0.22

d x y – –

0.67 4.0 0.9 – –

Fig. 2  Finite-element model
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size of ≤ 5 mm may cause a larger pressure change. How-
ever, this change is expected to be insignificant, accord-
ing to the sensitivity analysis. Furthermore, a mesh size 
of 10  mm was determined to be the most appropriate 
because the objective of this study was to analyze the 
blast behavior by comparing the results obtained using 
the JWL and I&G EOSs. Fig.  2 shows an FE model for 
which a total of 5,475,840 elements were used, including 
97,280 SHELL elements for the shock tube and 5,378,560 
SOLID elements for the explosives/air/block/slab. The 
mesh consisted of 5,594,892 nodes in total.

The analysis procedure in this study is shown in Fig. 3. 
The FE model described above was generated as given in 
the initial condition. The main procedure in the analysis 
consists of three steps: (1) visual comparison of pres-
sure distribution generated during an early stage after 
ignition, and pressure distribution generated in the pro-
cess of pressure-wave propagation in the shock tube, (2) 
comparison of incident and reflected pressure obtained 
using the JWL and I&G EOSs, and verification of the FE 
model by comparing the analysis results with test results, 
(3) confirmation of the factors affecting the behaviors of 
pressure waves in the shock tube. And finally, the influ-
ence of the factors on blast behaviors in the shock tube 
was quantitatively examined through a comparison of 
impulse graphs.

4 � Results
4.1 � Explosion and Shockwave Propagation
Through the FEA, the process of pressure-wave propa-
gation in the shock tube was analyzed by observing the 
changes in the pressure distribution over time (Atoui 

et al., 2022; Kim et al., 2022). The results obtained using 
the I&G and JWL EOSs were compared, where a G value 
of 15 (10–11  μs−1  Pa−0.9) was assumed for the analysis 
using I&G EOS as a constant in the reaction rate equa-
tion given by Eq.  (4). Additionally, the explosive charge 
mass used in the comparative analysis was 3  kg. When 
the explosive was ignited, a high pressure was instantane-
ously generated and propagated into the surrounding air. 
The pressure distribution in the vicinity of the explosive 
at the beginning of the explosion is presented in Fig. 4a 
and f. As shown, the pressure was more widely distrib-
uted on the sides and below the explosives rather than 
on the top. This is because the ignition point was at the 
bottom of the explosives. At the same point in time, the 
JWL model exhibited an overall circular distribution of 
pressure, whereas the I&G model exhibited a distribution 
that was more biased toward the bottom of the charge.

The pressure wave that propagated in the air was 
reflected by the wall of the shock tube and the concrete 
block obstructing the inlet and was amplified, as shown 
in Fig.  4b and g. As shown, the two pressure distribu-
tions were compared with regard to the time when the 
waves reflected by the shock-tube wall began to overlap 
(A and A′). When the distribution shapes of the pres-
sure reflected by the walls on the left and right sides of 
the explosive were compared, the I&G model exhib-
ited a convex shape at the center (A), whereas the JWL 
model exhibited a more convex shape at the upper side 
(A′). Moreover, the pressure propagated directly from 
the explosive, and the pressure waves reflected by the 
wall overlapped on the con’c block. In the case of the I&G 
model, the higher pressure reflected by the block was 

Fig. 3  Flowchart of analytical procedure
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distributed over a wider range (B). Some of the pressure 
that propagated to the top of the explosive reached the 
shock-tube wall, generating another reflected wave (C 
and C′).

After overlapping and development with the reflected 
waves from surrounding wall sections, the reflected 
waves began to propagate in the axial direction of the 
shock tube, similar to a merged wave. It was a preceding 

Fig. 4  Pressure contours in the shock tube a–e for the I&G model and f–j for the JWL model: a, f early stage after ignition; b, g stage in which waves 
reflected by the tube wall overlap; c, h stage in which the following wave front is formed; d, i stage where the preceding and following wave fronts 
overlap; e, j stage in which they propagate as a single pressure wave front
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wave in the sense that it was the first pressure wave that 
propagated to the outlet of the shock tube (PW and PW’). 
As a case of using the I&G model, two pressure wave 
fronts with a certain interval are shown as in Fig. 4c. The 
“preceding wave front (PW)” was generated by the shock-
tube wall as the starting point. The wave reflected by the 
concrete block gradually developed and took the form of 
another wave front following the preceding wave front, 
which was called the “following wave front (FW)”. The 
pressure at the preceding wave front was 1.3  MPa, and 
the pressure at the following wave front was 3.8 MPa; i.e., 
the pressure at the following wave front was nearly three 
times higher. In contrast, the difference in the pressures 
between the preceding and following waves, i.e., 1.4 and 
2.3 MPa, respectively, was relatively small in the analysis 
using the JWL model.

As shown in Fig.  4d, the following wave front propa-
gated at a slightly higher velocity, and it began to overlap 

with the preceding wave front at approximately 4.0  ms. 
After this point, the pressure difference between the 
preceding and following waves decreased. As shown in 
Fig. 4e, they propagated as one wave from approximately 
6.0 ms. Both the time at which the preceding and follow-
ing waves began to overlap and the time at which they 
propagated as one wave were slightly earlier in the I&G 
case.

4.2 � Comparison of Pressure–Time Curves
Fig.  5 presents a comparison of the pressure–time 
curves obtained using the FEA with the test results. The 
reflected pressure calculated at the center of the slab in 
front of the outlet of the shock tube was compared with 
the test data. In addition, the test data measured by the 
incident pressure sensor (free 1, see Fig. 1) installed in the 
shock tube were compared with the analysis results, for 
example, when 3 kg of ANFO was used. In the explosion 

Fig. 5  Incident and reflected pressure–time curves
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test referenced in this study, seven tests were conducted 
for each of the explosive charge masses of 1, 2, and 3 kg 
(KICT, 2022; Park et al., 2023). Fig. 5 shows an example 
of the test results. The entire pressure–time history is 
presented for one case in comparison with the analytical 
results, and the maximum values of the reflected or inci-
dent pressure are shown for the other cases. In the case 
of the incident pressure, two different peaks occurred. 
Thus, the experimental maxima were shown separately. 
Furthermore, the arrival times of the pressure waves 
obtained via the simulation differed from those measured 
in the experiment by up to 1–2 ms. Fig. 5 shows the graph 
after adjustment to the same arrival time for comparison. 
Tables 2 and 3 present the total measured reflected and 
incident pressures (free 1, see Fig. 1) for the detonation 
of 1–3  kg of ANFO, along with the simulation results. 
In addition, the impulse results are compared. Because 
the impulse is equal to the area under the pressure–time 
curve, it can be used to indirectly compare the distribu-
tions of the curves.

For example, the results obtained using the I&G model 
for a 3-kg ANFO explosion indicated that the peak pres-
sure was 4.79 MPa for the experimental mean (the mean 
excluding the maximum and minimum) and 5.33  MPa 

in the simulation. Thus, the analysis result was approxi-
mately 11% larger than the experimental result. This dif-
ference could be due to the size of the mesh used in the 
FE model or the assumed material constants. However, 
another major contributing factor is the assumption of 
the concrete slab as an elastic body that does not crack 
and fail.

When the results obtained using the JWL model for 
the same explosive charge mass were compared, the 
peak pressure was relatively low (at 3.83  MPa), and the 
entire curve was lower than the experimental results and 
the I&G case. This difference in the overall distribution 
patterns of the curves also appeared in the results for 
other explosive charge mass, as shown in Fig. 5a and b. 
Furthermore, Fig. 5c presents a comparison of the meas-
ured incident pressure in the shock tube with the FE 
results for an explosive charge mass of 3 kg. A compar-
ison of the experimental and FE results for 1- and 2-kg 
explosive charge masses is presented in Table 3. Similar 
to the reflected-pressure comparison, the time–history 
curve obtained using the JWL model was lower than 
that obtained using the I&G model overall. For reference, 
the first peak (peak 1) in the incident pressure graph 
appeared when the pressure wave front first arrived at 

Table 2  Peak reflected pressure and impulse on the concrete slab

ANFO (kg) Peak reflected pressure, P (MPa) Impulse, I (kPa⋅s)

Exp FEA JWL/I&G Exp FEA JWL/I&G

Pi P JWL I&G Ii I JWL I&G

1 1.75 1.53
(1.0)

1.63
(1.06)

1.67
(1.09)

0.97 3.72 3.69
(1.0)

2.01
(0.54)

3.95
(1.07)

0.51

1.39 3.72

1.48 2.94

1.47 2.97

1.54 3.89

1.49 4.17

1.48 4.80

2 2.79 3.07
(1.0)

2.37
(0.77)

3.13
(1.02)

0.76 5.24 5.50
(1.0)

3.87
(0.70)

6.81
(1.23)

0.57

2.81 5.24

3.74 6.15

3.04 5.90

3.93 5.87

2.82 4.43

2.76 5.24

3 4.91 4.79
(1.0)

3.83
(0.80)

5.33
(1.11)

0.72 7.50 7.70
(1.0)

6.69
(0.87)

10.60
(1.38)

0.63

4.10 7.50

4.90 8.29

4.40 7.99

5.65 7.23

4.46 3.67

4.61 9.07
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the location, and the second peak (peak 2) occurred when 
the pressure wave reflected by the slab returned.

It is necessary to reduce the mesh size, calibrate the 
constants used in the analysis, and consider the nonlin-
ear behavior of the structure, including crack and fail-
ure behaviors, to produce a pressure–time curve that is 
closer to the test results. However, as indicated by the 
comparison of the incident and reflected pressures, over-
all aspects, such as peak pressures and change in the 
values on the curves over time, were similar to the test 
results even when the explosive charge mass applied in 
the simulation changed. In particular, the pressure–time 
curve obtained using the JWL model was lower than that 
obtained using the I&G model for all the charge masses. 
According to these comparisons, the FE model used in 
this study (Fig.  2) was appropriate for the comparative 
analysis of the simulation results obtained using the JWL 
and I&G EOSs.

From the shock-tube tests and FE simulation, the 
reflected pressure curves similar to the shape of the curve 
represented by the Friedlander’s equation (Angelides 
et  al., 2023; Farrimond et  al., 2022) was obtained as 
shown in Fig.  5. Friedlander’s equation is an empiri-
cal equation used to calculate the overpressure applied 

to a structure by a free-field explosion. There was a gap 
between the concrete slab specimen and the outlet of 
the shock tube, which made it possible to obtain a pres-
sure curve that can be obtained in a free-field explosion 
rather than a confined explosion. It is very meaningful to 
present the reflected pressure–time relationship for the 
concrete slab in the form of Friedlander’s equation. This 
is because the purpose of using shock-tube equipment is 
to simulate a free-field environment (Stewart, 2018). For 
a representative example, the comparison of the reflected 
pressure for 3 kg of ANFO is as follows. The experimental 
and Friedlander curve are compared as shown in Fig. 6a. 
The Friedlander curve was plotted using Eq.  (5), where 
peak reflected pressure Pr,max was determined using the 
experimental mean value, and positive duration td was 
10 ms. Decay coefficient b is 4.3, which was determined 
under the condition that the area of the interval corre-
sponding to the positive duration of the curve is equal to 
each other.

(5)Pr(t) = Pr,max

(

1−
t

td

)

e−bt/td

Table 3  Peak incident pressure and impulse in the shock tube (at the free 1 position)

ANFO (kg) Peak incident pressure (MPa) peak1 (P1), peak2 (P2) Impulse, I (kPa⋅s)

Exp FEA JWL/I&G Exp FEA JWL/I&G

P1,i, P2,i P1, P2 JWL I & G Ii I JWL I&G

1 0.39, 0.23 0.36
(1.0),
0.19
(1.0)

0.32
(0.89),
0.14
(0.74)

0.38
(1.05),
0.18
(0.95)

0.84,
0.78

2.69 2.42
(1.0)

2.05
(0.85)

3.04
(1.26)

0.67

0.32, 0.13 1.92

0.34, 0.15 1.86

0.32, 0.17 2.24

0.39, 0.22 2.58

0.40, 0.22 2.68

0.39, 0.24 2.75

2 0.62, 0.42 0.62
(1.0),
0.40
(1.0)

0.45
(0.73),
0.25
(0.63)

0.72
(1.16),
0.44
(1.10)

0.63,
0.57

3.95 3.74
(1.0)

2.55
(0.68)

4.59
(1.23)

0.56

0.63, 0.37 3.91

0.84, 0.41 3.92

0.62, 0.36 4.10

0.62, 0.41 3.67

0.65, 0.44 2.85

0.62, 0.46 3.05

3 0.89, 0.52 0.86
(1.0),
0.46
(1.0)

0.62
(0.72),
0.28
(0.61)

1.35
(1.57),
0.62
(1.35)

0.46,
0.45

4.07 4.03
(1.0)

2.83
(0.70)

5.95
(1.48)

0.48

0.73, 0.31 3.51

0.97, 0.50 4.41

0.90, 0.55 4.33

0.82, 0.44 3.81

0.91, 0.46 3.27

0.89, 0.51 4.30
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The Friedlander curve shown in Fig. 6 a can be obtained 
using the widely known CONWEP (conventional weap-
ons effects) program (Hyde, 1988) or LOAD_BLAST_
ENHANCED keyword in LS-DYNA. For example, 
under surface burst conditions, when 2339 kg of ANFO 
( = TNT 1778 kg, equivalent factor 0.76 (Dewey, 2020)) 
explodes at a distance of 15  m, the reflected pressure–
time history generated on the concrete slab specimen is 
the same as the Friedlander curve in Fig. 6a. According to 
this, power generated by the explosion of 3 kg of ANFO 
in the shock tube is the same as that of the explosion 
of 2339  kg of ANFO under free-field conditions. Fur-
thermore, the reflected pressure–time history from FE 
analysis and Friedlander curve are compared as shown 
in Fig. 6b. It can be seen that most of the initial section 
in the curve obtained using JWL EOS is lower than the 
results obtained using the Friedlander equation and I&G 
EOS. Since the area of ​​the curve represents impulse, it 
was found that impulse may be underestimated if JWL 
EOS is used. More detailed analysis results related to 
impulse are described in Sect. 4.3 of this study.

4.3 � Analysis of Influencing Factors
As indicated by the comparison of the pressure–time 
curves, differences in the simulated blast behavior could 
be caused by the EOS used. Here, the differences are 
examined in more detail. The impulses on the shock-tube 
wall located laterally to the explosive, at the center of the 
block obstructing the shock-tube inlet, at the center of 
the shock tube at a distance of 30 cm above the explosive, 
and at the center of the slab at the shock-tube outlet were 
compared. The impulse was determined by integrating 
the pressure–time curve.

Fig.  7a presents a comparison of the impulses on the 
shock-tube wall at the side of the explosive and the block 
below the explosive. These two locations were where the 
pressure wave generated by the detonation entered and 
the first reflected wave was generated. As reviewed in 
Sect.  4.1, the magnitude, distribution, and propagation 
of the blast pressure depended on the EOS used. Here, 
differences in blast behaviors depending on the EOS 
are examined in terms of the impulse. Fig. 7a presents a 
comparison of the impulses on the shock-tube wall. As 
shown, the impulse was initially larger when the JWL 
EOS was used, but over time, it became larger when the 
I&G EOS was used. However, the difference between 
the two results was smaller than the difference in the 
impulse on the block. The impulse on the block initially 
did not exhibit differences, but it eventually increased 
significantly when the I&G EOS was used. Fig. 7b com-
pares the impulses at the center of the shock tube in the 
upward direction of the explosive. This was the location 
where the pressure wave reflected by the shock-tube 
wall and block passed through a series of development 
steps, although there were time differences. Fig. 7c pre-
sents a comparison of the impulses at the center of the 
slab. Fig. 7a–c shows that the blast behavior around the 
explosive at the beginning of the detonation continued 
to influence the subsequent waves until they interfered 
and overlapped and finally reached the slab. Moreover, 
as shown in Fig. 7d, the early detonation behavior lead-
ing to an increase in the impulse at the slab was identical 
among all the explosive charge masses.

The aforementioned blast behavior is caused by vari-
ous factors, such as the development process of the pres-
sure wave in the condition of confined explosion and the 

Fig. 6  Comparison of reflected pressure–time curve based on the empirical equation: a with curve from the experimental result and b with curves 
from the numerical analysis results
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release rate of initial explosive internal energy. First, the 
development of the pressure wave are examined. The 
pressure wave reflected by a shock-tube wall overlapped 
with other waves (reflected from the wall at different 
positions) at the center of the shock tube and propa-
gated directly toward the outlet. However, at the block 
position, the incident pressure coming directly from the 
explosive and the pressure reflected by the wall interfere 
and overlap. The resultant pressure wave is reflected by 
the wall again and finally propagates toward the out-
let of the shock tube. In the case of pressure develop-
ment due to blocks, the pressure lasts longer. Thus, the 
impulse, which is defined as the product of pressure and 
time, is larger than that in the case of pressure develop-
ment due to shock-tube walls. Second, the energy release 

Fig. 7  Impulse calculated using each EOS

Fig. 8  Internal energy of the explosive
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characteristics of explosives are examined. The JWL EOS 
is based on an explosion model that assumes an instanta-
neous detonation without considering the reaction rate of 
the explosive. In contrast, when the I&G EOS was used, 
immediately after ignition, the amount of energy released 
was relatively small, as shown in Fig. 8. Subsequently, the 
energy decreased with a constant slope according to the 
reaction rate of the explosive. Consequently, after the 
pressure increased, it gradually decreased, as reported by 
Elbasuney et al. (2020), and this led to an increase in the 
impulse.

As described above, the causes of the difference 
between the wall impulse and the block impulse can be 
briefly summarized as follows: (1) the impulse of the 
wave reflected by the block is larger than that of the 
wave reflected by the shock-tube wall owing to the dif-
ference in the development process of the pressure wave. 
(2) Next, the reason why the difference between the wall 
impulse and the block impulse is larger when the I&G 
EOS is used can be summarized as follows. As the energy 
release proceeds at a lower rate in the I&G case, the pres-
sure decreases more slowly. In addition to the effect of the 
development of the pressure wave, the effect of this lower 
energy-release rate appears to be reflected in the increase 
in the block impulse. Thus, the difference in impulse is 
explained by two factors: the development process of the 
pressure wave in the condition of confined explosion and 
the release rate of explosive internal energy.

4.4 � Parametric Study: Energy Release Rate and Wave 
Development Process in Confined Explosion

Differences in blast behavior between JWL and I&G EOS 
analyses may be caused by various factors. However, in 
this study, the main influencing factors were identified as 

the release rate of initial explosive internal energy and the 
development process of the pressure wave in the condi-
tion of confined explosion. First, the energy release rate 
can be considered when the I&G EOS is used, and it is 
governed by the reaction rate equation. The second term 
in Eq. (4) is related to the development of pressure due to 
the explosion (Johansson, 2011). This term was analyzed 
by changing the rate constant G from 10 to 25 (unit: 
10–11 μs−1  Pa−y). In the second term of the reaction rate 
equation, the constants c and d are related to the burn 
surface topology, and y is the power dependent on the 
pressure, which is a constant that affects the relationship 
between the diameter of the explosive and the detonation 
velocity (Kittel et  al., 2016). Next, the influence of con-
crete blocks on the development process of the pressure 
wave in the condition of confined explosion was exam-
ined. The cases with and without blocks were analyzed, 
and the impulses on the slab were compared.

As shown in Fig. 9a, with the exception of the case of 
G = 10, the impulse generally decreased as the G value 
increased, and it approached the analysis result obtained 
using the JWL EOS. The energy evolution of the explo-
sives at G values of 20 and 25 in Fig.  9b indicates that 
the energy decreased significantly at once, similar to the 
JWL case. Once the shockwave reaches an obstacle, the 
pressure increases instantaneously and then gradually 
decreases. If the energy decreases faster (more energy is 
consumed at once), the peak pressure can increase by a 
larger amount. However, the decrease rate of the pres-
sure after the peak becomes very high. Thus, the impulse, 
which is defined as the product of pressure and time, was 
calculated to be relatively small. Meanwhile, when the 
G value was 10, the calculated impulse was the smallest 
from the beginning. The peak pressure was half of the 

Fig. 9  Comparison of the blast behaviors with different rate constants (G). a Impulse. b Energy release characteristics of explosive
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peak pressure in the case of G = 15, and the overall pres-
sure level was also lower, resulting in a small impulse. 
Although the energy reduction was small, the calculated 
impulse was small because the overall pressure level was 
low. Thus, G = 10 was an exceptional case.

Next, as shown in Fig. 10, the case where the inlet of the 
shock tube was obstructed by a concrete block (“Closed”) 
and the case where it was unobstructed (“Open”) were 
compared. Because the pressure curves ​​obtained using 
G = 15 were closest to the experimental results, the G 
value of 15 was used for both the main analysis and the 
parameter study shown in Fig.  10, where G = 15 was a 
representative value as well as a fixed constant. To date, 
the constant G is determined via comparison with exper-
imental and analytical results. As mentioned in the dis-
cussion section, further study is needed to determine a 
proper G value for general applications.

In the Open case, the impulse was significantly reduced 
because the effect of the pressure wave reflected by the 
concrete block was not reflected in the impulse. Further-
more, the difference between the analysis results for the 
I&G and JWL EOSs was larger when the inlet was closed. 
Thus, the development process of the pressure wave due 
to the concrete block was one of the main factors influ-
encing the impulse, and the effect was larger when the 
I&G model was used.

5 � Discussion
According to Furtney et  al.’s study (2012) of the rock 
blasting process, “ANFO explosives are characterized by 
a relatively slow release of energy, and they also exhibit 
higher equilibrium pressures compared to the cases of 
more rapid energy release such as emulsion explosives.” 
This is one of several studies that explain how the energy 
release characteristics of explosives affect the blast 
behavior (Cunningham et  al., 2006; Kittel et  al., 2016; 

Scott et  al., 2023; Stimac et  al., 2021). Since the JWL 
EOS does not take into account the energy release rate of 
explosives with non-ideal explosion characteristics, EOS 
based on reactive flow model, such as I&G EOS, should 
be applied to FE simulations.

Furthermore, it was confirmed that the influence of the 
rate constant G is crucial for analyzing non-ideal blast 
behaviors. Currently, there are few studies on ANFO 
explosives, and the value of the constant G is determined 
via comparison with experimental and analytical results 
(Jayasinghe et  al., 2017; Johansson, 2011; Stimac et  al., 
2021). Many experimental studies are needed, because 
diverse parameters may be involved, depending on the 
composition and initial conditions of the ANFO.

6 � Conclusion
The behavior of the pressure wave generated in a shock 
tube by the explosion of an ammonium nitrate fuel oil 
(ANFO), which exhibits non-ideal explosion character-
istics, was numerically analyzed through an FE analysis 
using the Arbitrary Lagrangian–Eulerian (ALE) numeri-
cal simulation technique of LS-DYNA. The following 
results were obtained:

1.	 The behavior of the pressure wave in the shock tube 
was affected by two main factors: the release rate of 
initial explosive internal energy and the development 
process of the pressure wave in the condition of con-
fined explosion.

2.	 Explosives with a relatively low energy release rate, 
such as ANFO, are characterized by a gradual reduc-
tion in explosive pressure (low decrease rate of the 
pressure after peak). To properly simulate the blast 
behavior (for example, propagation of pressure wave, 
pressure–time and impulse curve, etc.) in a shock 
tube when explosives with non-ideal explosion char-
acteristics are used, a model that considers the reac-
tion rates of explosives, such as the I&G EOS based 
on a reactive flow model, was suggested to be applied.

3.	 The analysis results related to the development pro-
cess of the pressure wave in the condition of confined 
explosion were as follows. A concrete block installed 
at the inlet of the shock tube acted as a confinement 
condition that amplified the pressure generated by 
the explosion. The impulse produced during the gen-
eration and development of the reflected waves due 
to the block exceeded that produced by the shock-
tube wall. This behavior was more pronounced when 
the I&G EOS was used, which was attributed to the 
increase in impulse due to the low energy release 
rate.

Fig. 10  Effects of concrete blocks on the slab impulse
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For explosives with non-ideal explosion characteristics 
such as ANFO, the material properties of the explosive 
container affect the blast behavior (Kittel et  al., 2016). 
According to the results of the parametric analysis, the 
structures close to the explosives, such as the shock-tube 
wall and concrete blocks, also affected the blast behavior. 
Various boundary conditions may exist according to the 
geometry of the shock tube and other surrounding struc-
tures. Therefore, many experimental and comparative 
studies need to be conducted in further studies.
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