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Abstract
Reduced-scale experiments offer a controlled and safe environment for studying the effects of blasts on structures. Tradi-
tionally, these experiments rely on the detonation of solid or gaseous explosive mixtures, with only limited understanding of
alternative explosive sources. This paper presents a detailed investigation of the blasts produced by exploding aluminumwires
for generating shock waves of controlled energy levels. We meticulously design our experiments to ensure a precise quantifi-
cation of the underlying uncertainties and conduct comprehensive parametric studies. We draw practical relationships of the
blast intensity with respect to the stand-off distance and the stored energy levels. The analysis demonstrates self-similarity of
blasts with respect to the conventional concept of the scaled distance, a desirable degree of sphericity of the generated shock
waves, and high repeatability. Finally, we quantify the equivalence of the reduced-scale blasts from exploding wires with
high explosives, including TNT. This experimental setup and the present study demonstrate the high degree of robustness and
effectiveness of exploding aluminum wires as a tool for controlled blast generation and reduced-scale structural testing.

Keywords Reduced-scale experiments · Exploding wire · Blast · Shock wave · TNT equivalence · Scaling law

1 Introduction

The investigation of the dynamic response of structures sub-
jected to blast loading is a major issue in protecting such
assets against explosions. Experimental testing plays a cru-
cial role in enhancing our understanding of how structures
respond to blast waves, and it can be broadly classified
into full-scale and reduced-scale testing (see [1–8], among
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others). However, full-scale testing is non-trivial due to
the inherent costs, difficulties in ensuring repeatability, and
safety risks [9]. In contrast, reduced-scale testing provides
increased control and repeatability, with reduced hazards and
costs; hence, it offers the possibility of performing paramet-
ric studies, rather than single tests [8, 10].

In reduced-scale experiments, two critical aspects must be
considered: (1) scaling laws and (2) the type of the explosive
source.

Scaling laws ensure the equivalence between blast loads
acting on the reduced-scale model and those acting on the
full-scale prototype. Depending on the phenomena under
investigation, different scaling laws for blast waves, blast
loads, and their effects on structures are available in the
literature (see [11–15], among others). Regardless of the cho-
sen scaling law, reduced-scale tests typically require smaller
amounts of energy than those required in full-scale, field test-
ing. The required explosive mass depends on the type of
explosive, its chemical composition, and the dimensions of
the tested environment and model, which are governed by
the chosen scaling laws.

Explosives can vary widely as far as it concerns their
chemical composition, e.g., trinitrotoluene (TNT), pentaery-
thritol tetranitrate (PETN), and Composition C4, and are
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classified as solid or fluid (cf. [5, 16–18]). In reduced-scale
settings, solid explosives, including TNT, are often disre-
garded due to (1) the difficulty in handling and preparing
very small explosive masses (as small as a few micrograms,
cf. [19]), (2) the need for an igniter to detonate the explo-
sive, and (3) the safety concerns associated with storage that
render difficult their use in a laboratory setting.

An alternative consists of gaseous explosives which can
be stored more safely, allow precise control of the chem-
ical components for explosions of varying intensities, and
are easier to handle in a reduced-scale environment. A com-
mon approach consists of detonating gas bubbles initiated
electrically—for a detailed review, we refer to [1, 5]. How-
ever, gaseous explosive mixtures may require relatively large
gas volumes, posing practical challenges when conduct-
ing reduced-scale experiments on centimeter-scale structures
while maintaining geometric similarity in terms of stand-off
distance and explosive radius.

Another experimental approach consists of resorting to
shock tubes for generating shocks in air for tests at medium-
or small-scale testing [3, 20]. However, the setup produces
shockwaves that differ from those generated by conventional
explosions (with longer characteristic times) and is limited
to the study of isolated structural elements as the loading acts
along a distinct direction rather than (hemi-)spherically.

Alternatively, the use of analogue explosives has been
gaining increased attention in reduced-scale testing. This
is the case of exploding wires, where a rapid discharge of
high electrical loads over a thin conductor produces repeat-
able blast-type shock waves of controlled intensity similar
to those produced by conventional explosives (cf. [21–27]).
The concept of exploding wire dates back to the late eigh-
teenth century, with the seminal work of Nairne [28] who
connected slender pieces of silver and copper to a Leyden
jar, causing the wire to explode upon discharge. Faraday
[22] later built on this research, using exploding wires to
deposit a thin gold film, and provided early insights into
the phenomenon. Recently, the study of the generation of
shock waves from exploding wires gathered further attention
(see [5, 24, 29–32]).

Several experimental studies have been focused on the
understanding of the effects of different parameters affecting
the blast generated from exploding wires. For instance, Ben-
nett [29] investigated the shape of shock waves generated by
explodingwires, usingmirrors and high-speed cameras, find-
ing cylinder-shaped shock waves fronts. Ram and Sadot [25]
investigated blast–structure interactions arising from explod-
ing wires. Liverts et al. [23] implemented the exploding wire
technique to study blast wave interaction in aqueous foams.
Sochet and Maillot [5] performed an extensive study on the
impact of the wire’s diameter, length, and capacitor charge
on the resulting shock wave pressure profiles and time his-
tory. In particular, they demonstrated a significant influence

of the wire diameter on the resulting blast overpressure. Liu
et al. [24] showed that the energy deposition within conduc-
tive wires strongly depends on the (dis)charging voltage and
thewire dimensions.More recently,Mellor et al. [31] studied
the temporal evolution of shockwaves, utilizing the schlieren
flow visualization technique, and identified a spatial transi-
tion from ellipsoidal to spherical shock wave fronts as they
are expanding outward. Han et al. [26] further investigated
the dynamic formation of plasma occurring in the explosion
of wires using copper/nickel alloy wires, showing that the
material properties impact the plasma formation.

Despite the aforementioned seminal works and stud-
ies, our understanding of the blast loads generated from
exploding wires remains limited compared to conventional
explosives like TNT. This is particularly true in terms of how
these blasts scale with key parameters such as stand-off dis-
tance and the energy discharged through the electrical circuit.
While detailed characterizations are available for TNT, data
on explodingwires remain fragmented and sparse, ultimately
hindering their application in studying blast effects on struc-
tures within controlled laboratory conditions.

The objective of this paper is to provide a comprehen-
sive characterization of the blasts generated from exploding
aluminum wires using a newly developed reduced-scale
experimental setup for structures, referred to as miniBLAST
[8, 33]. The setup allows us to analyze the effect of vary-
ing energies stored in the capacitor before the electrical
discharge and the spatial and temporal evolution of the result-
ing blasts. Therefore, based on experimental measurements
of blast overpressure time histories, we compute the corre-
sponding blast impulse, which is crucial for analyzing the
effects of an explosion on structures under appropriate scal-
ing laws (cf. [15]). The high repeatability of our experiments
provides a robust characterization of the blast parameters,
including the arrival time of the shock wave, the positive
and negative overpressure peaks, the (positive and nega-
tive) load duration, as well as the impulse peaks. Based
on this analysis, we demonstrate that the blasts produced
from exploding wires follow the same scaling law observed
for conventional high explosives, e.g., TNT [11, 12]. Next,
we compare the blasts generated from exploding wires with
conventional solid explosives and draw equivalence factors
with TNT charges (cf. [34]). Finally, we illustrate how the
generated reduced-scale blasts can be up-scaled to simulate
large-scale explosionswith the ultimate objective of studying
the response and failure of structures subjected to explosions.

The paper is structured as follows. Section2 outlines
the experimental setup and the metrology used to charac-
terize the generated blasts. Particular emphasis is given to
the repeatability, sampling rate, and measurement errors.
Section3 presents the profile and the time history of the
measured incident overpressure and impulse, at varying of
the stand-off distance, D, and stored energy, Ec, in the
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capacitor. This is followed by a study of the shape of the
front of the generated shock waves. Next, Sect. 4 presents the
evolution of the blast parameters as function of the stand-off
distance and stored energy, by further discussing the scal-
ing of such parameters with respect to the conventionally
adopted scaled distance, andprovides best-fit analytical inter-
polations (regression). Finally, Sect. 5 discusses and presents
the TNT equivalence of the generated blasts and offers new
insights on the upscaling of reduced-scale explosions from
exploding wires.

2 Methods

The present experiments leverage the novel experimental
setup miniBLAST which ensures a controlled and isolated
environment in a laboratory setting (formore details, we refer
to [8]).miniBLASThas been developed to study the response
of structures subjected to blast loads at reduced scale. The
experimental setup ensures safety, repeatability, and precise
measurements. It is composed of a container cabin of dimen-
sions 4×2.3×2.2 m3 (length × width × height). The cabin
isolates the experiments from the rest of the laboratory, pro-
viding a controlled environment and protection for personnel
and equipment. Inside the cabin, an acoustic foam covering
ensures absorption of the generated shock waves, thus reduc-
ing the influence of eventual reflections in ourmeasurements,
see Fig. 1a.

The experiments are conducted on an optical table
(120 mm wide, 180 mm long, and 30.5 mm high) with six
pneumatic supports to ensure a stable and leveled base for
testing. This table is specially designed to withstand the blast
loads generated during the explosions [8] under negligible
deformation. A ventilation system is used to remove metal
dust particles produced during the detonation. The explod-
ing wire system comprises two circuits: (1) a charging circuit
composed of an electric source, a high-current switch, and
twelve capacitors (with nominal capacitance C = 408 µF),
and (2) a discharge circuit comprising six Ignitron switches
(Ignitron NL7703 mercury switches) and a coaxial cable

(10.7 m long) that connects the capacitor to the electrodes.
The energy, Ec, that can be storedwithin the capacitor ranges
between 5 J and 46 kJ (for more details, see [8]). The elec-
trodes are installed within the optical table and connected at
15mm above the plane with an aluminum wire representing
the analogue explosive source. In all considered scenarios,
the aluminum wire has a diameter of 0.6 mm and a length
of 3.6 mm and is weakly fixed to the electrodes by using a
commercial tape, see Fig. 1c.

For the measurement of the incident blast wave resulting
from the exploding aluminum wire, we use pencil probes,
which enable minimum disturbances of the incident air flow
and, therefore, minimize reflections and diffraction of the
impinging shock wave. We use 6233AA0050 pencil probes
with a full-scale output of ± 200 kPa. In most scenarios, we
position the pencil probes on the optical table at a stand-off
distance D from the aluminum wire and fix them adequately
with tape, see Fig. 1b. Additionally, we measure the over-
pressure along the normal direction of the optical table
(vertically) by suspending the pencil probe over the table
with a stand. The pressure sensors are connected to a data
acquisition system (TraNET FE 404) and to an oscilloscope
enabling to report the trigger signal at the moment of clos-
ing of the discharge circuit. Finally, to prevent the effect of
thermal transients [35] stemming from the exploding wire,
which may result in fictitious recording of the overpressure
signal (e.g., long-standing negative phase), we employ an
aluminum foil applied on top of the sensor. For more details,
we refer to [8].

It is worth noting that the pencil probes could also be
mounted within the optical table to further minimize distur-
bances in the recorded signals caused by interactions between
the primary shock wave and the probe body, e.g., reflections
and diffraction [36, 37]. Alternatively, pressure gauges could
be used tomeasure the reflected overpressure (cf. [10]). How-
ever, as demonstrated below, the high repeatability of the
recorded overpressure signals across varying distances and
discharged energies suggests that these disturbances are neg-
ligible.

Fig. 1 miniBLAST: a view from inside the container cabin, b installation of the pencil probes at distance D from the explosive source, and c detail
of the installation of the aluminum wire
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2.1 Analysis of the signal and post-processing

The overpressure signal is recorded at a sampling rate of
5 MS/s (mega-samples per second), which provides high
accuracy for capturing the overpressure peak (see [8]). The
sensor has two main sources of uncertainty: (1) accelera-
tion sensitivity of ± 0.20 kPa/g and (2) a linearity error of
± 1.16 kPa. Thus, the total error of the pencil probe is more
than satisfactory for an accurate investigation of the positive
and negative phases of the blast as it will be shown below.
Additionally, the sensor has a low rise time (< 1 µs) to reach
90% of its total range (200 kPa). The maximum recorded
level of overpressure increase is approximately 70 kPa—that
is, 35% of the full-scale output—within a time interval of
approximately 15 µs. Accordingly, the rise time error is neg-
ligible in all measurements.

Figure2 presents the trigger signal and the incident over-
pressure time history, shifted to the origin using the triggering
time, tC, asmeasured from theoscilloscope.Theoverpressure
signals are recorded from three identical tests at a stand-off
distance D = 0.3 m, for a stored energy Ec = 5 kJ. The
signature of the blast load agrees with that resulting from
the detonation of solid explosives. Moreover, the three mea-
surements overlap near-perfectly, which demonstrates the
excellent repeatability of the generated explosions and the
high performance of the measurement system.

It is worth noticing that from the trigger point, tC, some
minor spikes in the overpressure signal appear at variable
times tci , cf. Fig. 2. These disturbances are caused by the
electrical discharge shortly after the aluminum wire explo-
sion, which results in flashes and occasional electrical arcs.
However, in all recorded scenarios, these spikes consistently
occur at times less than half of the shock wave arrival time,
tA; thus, they do not affect the main overpressure measure-
ments.

For the sake of simplicity, we remove any eventual spikes
by post-processing all recorded overpressure measurements
by identifying the arrival time, tA, and zeroing the value of the

Fig. 2 Measurement of the incident overpressure, Ps, recorded by the
pencil probe with sampling rate equal to 5 MS/s, and time evolution of
the trigger (Ec = 5 kJ and D = 0.3 m) from three identical tests. The
triggering time, tC, indicates the closure of the switch in the discharge
circuit

Fig. 3 Time evolution of the incident overpressure, Ps, characterized
by the arrival time of the shock wave, tA, the peak overpressure, Pso,
the positive phase duration, to, the negative phase duration, to−, and the
peak underpressure, Pso−

pressure for smaller times, t < tA. The arrival time is auto-
matically identified as the last intersection point between the
recorded signal and the horizontal axis at Ps = 0 kPa, from
the trigger time, tC, until the point where the overpressure
reaches its peak, cf. Fig. 2. This results in signals of the type
of that schematically sketched in Fig. 3. With reference to
the same figure, we define the conventionally-adopted blast
parameters for the positive and the negative phase. For the
positive phase, the parameters are: (1) the arrival time, tA,
(2) the overpressure peak, Pso, (3) the positive time duration,
to, and (4) the positive impulse peak, iso. For the negative
phase, we define (1) the underpressure peak, Pso−, (2) the
negative impulse peak, iso−, and (3) the duration of the neg-
ative phase, to−. The peaks Pso and Pso− are identified as
the absolute maximum and minimum values of the pressure
signal, respectively. The positive time duration, to, is iden-
tified as the intersection between the pressure signal with
the horizontal axis Ps = 0 between the peaks Pso and Pso−.
Similarly, the negative phase duration, to−, is determined for
times t > tA + to. Finally, the impulse, is, and the corre-
sponding peaks, iso and iso−, are computed by integrating
the overpressure over the relevant time intervals, namely

is(t) =
∫ tA+t

tA
Ps(t) dt, iso =

∫ tA+to

tA
Ps(t) dt,

iso− = −
∫ tA+to+to−

tA+to
Ps(t) dt .

(1)

Note that, following the convention in [38], we define both
the negative impulse and underpressure as positive.

3 Results

Using the aforementioned setup, we conduct a total of
90 experiments to adequately capture the time history of
blasts generated by the exploding wire as a function of the
stand-off distance, D, and the capacitor’s nominal, stored
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energy, Ec, with the pencil probe positioned on the optical
table, cf. Fig. 1, facing on the exploding wire. Next, an addi-
tional set of 24 experiments are performed for studying the
shape of the front of the generated shock waves.

3.1 Evolution of the incident overpressure and
impulse

The stand-off distance varies between 0.2 and 0.7 m, while
the energy levels span between 0.5 and 10 kJ. In parallel,
to verify and ensure the repeatability of the experimental
results, each test is conducted three times, resulting in three
distinct measurements for each scenario.

Figure4 presents the time history of the incident pres-
sure for the range of stand-off distances, at varying of the
energy level. As expected, higher energy levels Ec result in
larger amplitudes of the incident overpressure during both

the positive and negative phases. Conversely, an increase in
the stand-off distance D leads to a reduction in amplitude.

The measurements show lack of parasitic reflections and
diffractions, which would affect the time evolution of the
measured pressure signal. In all considered scenarios, the
positive overpressure is much larger than the error intrinsic
to the pencil probe’smeasurements (approximately± 1 kPa).
However, for very low energies (Ec = 0.5 kJ) the underpres-
sure peak can sometimes approach the intrinsic error of the
sensor. Additionally, we observe a reduced negative phase
compared to that at higher energies. This issue is further ana-
lyzed in Sect. 4.

Following the definition of the impulse, (1), we compute
it from the recorded pressure signals using the trapezoidal
rule. The resulting time evolution of the incident impulse is
presented in Fig. 5. The higher the capacitor’s energy, Ec, and
the lower the stand-off distance D, the larger the impulse is. It

Fig. 4 Time evolution of the
incident overpressure Ps a for
different energy levels, Ec,
measured at stand-off distances:
b D = 0.2 m, c 0.3 m, d 0.4 m,
e 0.5 m, f 0.6 m, and g 0.7 m
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Fig. 5 Time evolution of the
incident impulse is a for
different energy levels, Ec,
measured at stand-off distances:
b D = 0.2 m, c 0.3 m, d 0.4 m,
e 0.5 m, f 0.6 m, and g 0.7 m

is worth mentioning that for low energies, the total impulse
– that is, the value of is at the end of the negative phase
– approaches zero. This is due to a non-negligible negative
phase, which could be important for the dynamic response of
slender structures due to their relatively short characteristic
time (cf. [39]).

3.2 Analysis of the shock wave shape and pressure
distribution

Following the results of Bennett [29] and Mellor et al. [31],
we analyze the sphericity of the shockwaves produced by the
exploding wire. In particular, we measure the time evolution
of the overpressure for different incident angles around the
exploding wire position, see Fig. 6. The pencil probes are
positioned at different angles −π ≤ θ ≤ π relative to the
direction normal to the axis of the exploding wire.

The energy level is kept constant, i.e., Ec = 5.0 kJ, and the
tests are performed at two distinct stand-off distances, i.e.,
0.3 and 0.5 m. Figures7 and 8 present the time history of the
overpressure with respect to θ , at D = 0.3 m and D = 0.5 m.
We observe that the positive phase of the blast is almost
identical, independently of θ . Some clearing effects (caused
by diffraction) start appearing during the negative phase for
angles approaching ±π/2, and some reflections are visible
at longer times, t > 2 ms. These reflections and diffraction
are likely due to the presence of the electrodes and the shorter
length of the optical table.

Figures 9 and 10 show the spatial distribution of the (a)
overpressure peak, Pso, (b) underpressure peak, Pso−, (c)
arrival time, tA, and (d) positive and (e) negative phase
duration, to and to−. Together, these parameters provide a
comprehensive approximation of the shockwave front shape.
At very short distances from the wire, the shock wave front
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Fig. 6 The setup for the study of the shape of the front of the generated
shock waves. The pencil probes are positioned at different angles θ

with respect to the normal of the exploding wire, at two stand-off dis-
tances, D

is expected to take a cylindrical form (cf. [29]). However, as
the distance increases, the front should evolve into a spherical
shape (cf. [31]). Indeed, in Figs. 9 and 10 we observe a nearly
spherical (circular) front at D = 0.5 m and an ellipsoidal
front at D = 0.3 m, with some pronounced boundary effects
at θ ∼ π/2. Note that the spatial distribution of the overpres-
sure peak and arrival time is approximately spherical in both
cases. The underpressure peak exhibits an ellipsoidal front
with visible boundary effects at θ = ±π/2. Similarly, the
positive and negative phase durations display overall circu-
lar shock fronts, although some discrepancies arise at angles
near±π/2. These discrepancies are more pronounced at the
larger distance, D = 0.5 m, and may indicate the presence
of reflection and diffraction waves. Although these effects
do not impact the primary shock wave (i.e., Pso and tA), they

likely originate from interactions of the primary shock wave
with the electrodes and the optical table’s edges, which may
distort the front’s sphericity during the positive and negative
phases, i.e., to, Pso−, and to−.

The sphericity of the primary shock wave front is fur-
ther confirmed by measurements obtained from a pencil
probe suspended above the optical table, see Fig. 1b. In this
case, for a stand-off distance D = 0.3 m, we found that
the over- and underpressure peaks—Pso = 28.1 kPa and
Pso− = 10 kPa—are found to be nearly identical to the val-
ues measured at θ = 0, at the same distance.

4 Blast parameters

Following the definitions provided in Sect. 2.1, we compute
the blast parameters characterizing the positive and nega-
tive phases for the case of a normal shock wave, i.e., for
θ = 0, see Fig. 6. Figure11 displays how the overpres-
sure peaks, impulses, arrival time, and positive and negative
phase duration depend on the stand-off distance, D, for dif-
ferent energy levels, Ec. We include error bars associated
with the pressure measurements, Pso and Pso−, account-
ing for the linearity error of the pencil probe, which is
�P = ± 1.16 kPa, see Sect. 2.1. We neglect the error
associated with the acceleration sensitivity of the piezoelec-
tric crystal, which is approximately ± 0.20 kPa/g, because
the pencil probe remains fixed throughout all experiments.
Indeed, although some accelerations may occur, the corre-
sponding error remains negligible compared to the linearity
error (with a difference of one order of magnitude). The
error bars for the positive and negative impulses are calcu-
lated by propagating the pressure measurement errors, i.e.,

Fig. 7 Time evolution of the
incident overpressure, Ps, at
varying of the incident angle θ

and at a stand-off distance
D = 0.3 m: a positive and
b negative angles, cf. Fig. 6

Fig. 8 Time-history of the
incident overpressure, Ps, at
varying of the incident angle θ

and at a stand-off distance
D = 0.5 m: a positive and
b negative angles, cf. Fig. 6
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Fig. 9 Spatial distribution of the
blast parameters at stand-off
distance D = 0.3 m:
a overpressure peak Pso,
b underpressure peak Pso−,
c arrival time tA, d positive
phase duration to, and e negative
phase duration to−, cf. Fig. 6

�i = ± h
√
n

2 �P , where h = 0.2 µs is the time interval asso-
ciated with the sampling rate of 5 MS/s, n is the number
of samples corresponding to the positive and the negative
impulse, n = to/h and n = to−/h, respectively. The result-
ing error for iso and iso− is negligible for all scenarios, see
Fig. 11. No error bars are presented for the arrival time or the
duration of the positive and negative phases, as the rise time
error of the pencil probe is negligible within the measured
pressure range.

For completeness, Tables 1 and 2 present the mean value
and the standard deviation of the blast parameters, for each
scenario, in terms of the energy level, Ec, and the stand-off
distance, D.

As the energy increases, the overpressure peak, Pso, the
impulse iso and iso−, and time durations, to and to−, increase.
The arrival time presents the opposite trend: the shock wave
travels at higher velocity as the stored energy increases, and
thus, tA reduces. For the underpressure peak, we observe
that, overall, the higher the energy level is, the higher
Pso− becomes. However, for low energies, Ec = 0.5,
2.5 kJ, Pso− is only slightly affected.

Note that, despite our efforts to accurately capture the
negative phase—such as minimizing thermal transients and
secondary reflections—the measurements for the negative
phase are less reliable than those for the positive phase. This
is evident from the increasing spread of the error bars at large
distances, D > 0.4 m, for the underpressure peak, Pso−. In
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Fig. 10 Spatial distribution of
the blast parameters at stand-off
distance D = 0.5 m:
a overpressure peak Pso,
b underpressure peak Pso−,
c arrival time tA, d positive
phase duration to, and e negative
phase duration to−, cf. Fig. 6

addition, the negative phase duration, to−, shows two dis-
tinct trends depending on the energy level. For Ec > 0.5 kJ,
to− decreases with increasing stand-off distances, regard-
less of the energy level. In contrast, for Ec = 0.5 kJ,
to− tends to increase with the stand-off distance, with val-
ues that are five to six times smaller than those observed at
higher energies. This discrepancy may be attributed to two
factors. First, at Ec = 0.5 kJ, the intrinsic error of the pencil
probe is comparable to the pressure values during the neg-
ative phase. Second, the absence of a well-defined negative
phase at lower energy levels, as seen in Fig. 4, could result
from an insufficient generation of plasma from the explod-
ing wire to generate a blast-like negative phase. However, the

investigation of this phenomenon is beyond the focus of the
current work.

4.1 Self-similarity

For high explosives such as TNT and C4, it is common [38]
to scale the blast parameters according to the Hopkinson–
Cranz [11, 12] self-similarity law. This law states that blasts
from different explosions at the same atmospheric pressure
are self-similar if the associated scaled distance Z is the same,
where
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Fig. 11 Blast parameters versus
the stand-off distance, D, for
different energy levels, Ec:
a–c positive and d–f negative
phases’ characteristics. Inset
c highlights the arrival time, tA,
with different markers to
differentiate it from the positive
phase duration, to

Z ≡ D
3
√
E

, (2)

D is the stand-off distance, also conventionally referred to
as shock wave radius, and E is the (internal) energy of the
explosive mass.

Here, we aim at demonstrating that the same self-
similarity is also valid for blasts generated by exploding
wires. In doing so, we consider that the internal energy of the
“equivalent” explosivemass coincides with the energy stored
in the capacitor, thus assuming that the whole stored energy
is discharged and transferred to the blast, E ≡ Ec. Note that
this is, in general, not necessarily true, as a small part of
the stored energy may be consumed or be trapped within the
discharge circuit. Moreover, part of the discharged energy
is lost during the phase transition process of the aluminum
wire and in the formation of plasma [8]. However, consider-
ing E ≡ Ec allows for a straightforward characterization of
the blast parameters with respect to the scaled distance.

Figure12 presents the blast parameters as function of the
scaled distance, Z . The impulse peaks and time durations
have been converted to their respective scaled values: scaled
impulse peaks, isow and isow−, and scaled times, tAw, tow, and

tow−. The scaling is achieved by dividing each parameter by
3
√
E , e.g., isow = iso/

3
√
E .

Despiteminor discrepancies at lower energy levels, specif-
ically at Ec = 0.5 kJ, it is clear that nearly all blast
parameters scale very well with the scaled distance, Z , con-
firming the validity of the Hopkinson–Cranz self-similarity
law for blasts generated by exploding aluminum wires too.
The only parameter that shows a weaker correlation with Z
is the negative phase duration, tow−. This may be due to the
inherently lower accuracy in measuring the negative phase,
as compared to the positive phase, as well as the difficulty
in precisely determining the end of the negative phase at low
energy levels. As it follows, we pursue the analysis of the
blast parameters avoiding calculations based on the negative
phase duration. To further investigate its dependency with
respect to the scaled distance, one possible path to investi-
gate in the future is to consider higher energy levels, i.e.,
Ec > 10 kJ.

We believe that the above experimental results are sig-
nificant not only because they confirm the self-similarity in
exploding wire blasts, but also because they enable effec-
tive comparisons with other conventional, well-documented
explosives such as TNT. This comparison is explored further
in Sect. 5.
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Table 1 Blast parameters (mean
value ± standard deviation) for
different energy levels, Ec, and
stand-off distances, D:
overpressure and underpressure
peaks, positive and negative
impulse

Ec (kJ) D (m) Pso (kPa) Pso− (kPa) iso (kPa·ms) iso− (kPa·ms)

0.5 0.2 17.2 ± 0.21 5.55 ± 0.58 0.64 ± 0.009 0.31 ± 0.044

0.3 10.7 ± 0.21 4.21 ± 0.45 0.46 ± 0.017 0.26 ± 0.047

0.4 7.80 ± 0.04 3.54 ± 0.34 0.38 ± 0.013 0.19 ± 0.045

0.5 5.05 ± 0.13 2.34 ± 0.20 0.25 ± 0.011 0.14 ± 0.016

0.6 4.26 ± 0.12 1.98 ± 0.27 0.22 ± 0.013 0.10 ± 0.032

0.7 3.75 ± 0.06 1.80 ± 0.14 0.21 ± 0.007 0.09 ± 0.017

2.5 0.2 39.5 ± 0.01 6.07 ± 0.21 2.17 ± 0.023 1.75 ± 0.02

0.3 22.3 ± 0.17 3.91 ± 0.25 1.50 ± 0.087 1.08 ± 0.035

0.4 15.5 ± 0.40 2.80 ± 0.37 1.17 ± 0.091 0.59 ± 0.044

0.5 11.6 ± 0.22 2.46 ± 0.22 0.89 ± 0.018 0.69 ± 0.029

0.6 9.48 ± 0.21 1.98 ± 0.11 0.79 ± 0.017 0.41 ± 0.038

0.7 7.41 ± 0.04 1.87 ± 0.13 0.68 ± 0.010 0.39 ± 0.022

5.0 0.2 50.3 ± 0.83 8.28 ± 0.12 3.22 ± 0.093 2.78 ± 0.047

0.3 28.5 ± 0.98 6.02 ± 0.23 2.16 ± 0.051 1.92 ± 0.031

0.4 20.1 ± 0.08 4.61 ± 0.33 1.67 ± 0.035 1.31 ± 0.035

0.5 14.4 ± 0.17 3.82 ± 0.11 1.25 ± 0.013 1.18 ± 0.021

0.6 11.5 ± 0.09 3.11 ± 0.20 1.08 ± 0.015 0.81 ± 0.035

0.7 9.49 ± 0.17 3.08 ± 0.19 0.99 ± 0.027 0.70 ± 0.002

7.5 0.2 55.3 ± 0.95 9.91 ± 0.09 3.74 ± 0.035 3.30 ± 0.034

0.3 34.5 ± 0.22 6.79 ± 0.13 2.61 ± 0.016 2.45 ± 0.060

0.4 22.5 ± 0.28 5.46 ± 0.15 1.99 ± 0.021 1.73 ± 0.025

0.5 16.5 ± 0.33 4.47 ± 0.12 1.55 ± 0.049 1.46 ± 0.026

0.6 12.8 ± 0.13 3.82 ± 0.09 1.34 ± 0.046 1.09 ± 0.019

0.7 10.8 ± 0.02 3.20 ± 0.10 1.17 ± 0.008 0.83 ± 0.018

10 0.2 66.7 ± 0.59 11.7 ± 0.54 4.21 ± 0.028 3.92 ± 0.078

0.3 37.2 ± 0.66 7.81 ± 0.03 2.92 ± 0.083 2.85 ± 0.090

0.4 24.2 ± 0.50 6.15 ± 0.07 2.24 ± 0.036 2.05 ± 0.029

0.5 18.5 ± 0.13 4.77 ± 0.13 1.78 ± 0.030 1.64 ± 0.031

0.6 14.2 ± 0.31 3.93 ± 0.17 1.52 ± 0.032 1.22 ± 0.011

0.7 11.5 ± 0.08 3.91 ± 0.15 1.35 ± 0.012 1.1 ± 0.022

4.2 Best-fit interpolations

We present analytical interpolations of the blast parameters
characterizing both the positive and the negative phase. The
best-fit interpolations are obtained through symbolic regres-
sion, leveraging the gplearn library [40]. By identifying
x ≡ log Z , the expression for the pressure peaks, Pso and
Pso− (in kPa), reads

Pso(x) = exp

(
0.856 − x

0.776

)
, (3a)

Pso−(x) = exp
(
0.348 − 0.858x

)
, (3b)

for the scaled impulses, isow and isow− in (kPa·ms/kJ1/3),

isow(x) = exp
( − 1.545 − x

)
, (4a)

isow−(x) = exp
(
tan (−0.162 − cos x)

)
, (4b)

and for the scaled times, tAw, and tow (in ms/kJ1/3),

tAw(x) = 103 exp
( − 6.183 + x + 0.277 cos x

)
, (5a)

tow(x) = 1

10
exp

(
0.411 cos (0.78x)

)
. (5b)

Figure13 juxtaposes the (raw) blast parameters and the
corresponding best-fit interpolations at varying of the scaled
distance, Z . Note that the aforementioned expressions are
only valid for the particular range of tested scaled distances,
i.e., 0.093 ≤ Z ≤ 0.882 m/kJ1/3, and for the considered
electrical circuit, whose details can be found in [8].
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Table 2 Blast parameters (mean value± standard deviation) for differ-
ent energy levels, Ec, and stand-off distances, D: arrival time, positive
and negative phase durations

Ec (kJ) D (m) tA (ms) to (ms) to− (ms)

0.5 0.2 0.518 ± 0.005 0.093 ± 0.003 0.097 ± 0.006

0.3 0.785 ± 0.002 0.100 ± 0.004 0.125 ± 0.017

0.4 1.057 ± 0.001 0.107 ± 0.007 0.128 ± 0.013

0.5 1.313 ± 0.037 0.105 ± 0.002 0.122 ± 0.005

0.6 1.599 ± 0.034 0.113 ± 0.008 0.120 ± 0.008

0.7 1.912 ± 0.003 0.116 ± 0.002 0.132 ± 0.005

2.5 0.2 0.421 ± 0.001 0.141 ± 0.007 0.924 ± 0.052

0.3 0.662 ± 0.007 0.162 ± 0.006 0.603 ± 0.068

0.4 0.929 ± 0.008 0.178 ± 0.008 0.436 ± 0.014

0.5 1.193 ± 0.008 0.185 ± 0.003 0.599 ± 0.021

0.6 1.473 ± 0.007 0.196 ± 0.006 0.445 ± 0.045

0.7 1.768 ± 0.003 0.214 ± 0.001 0.442 ± 0.054

5.0 0.2 0.372 ± 0.007 0.159 ± 0.007 0.691 ± 0.032

0.3 0.614 ± 0.003 0.189 ± 0.009 0.663 ± 0.088

0.4 0.876 ± 0.001 0.204 ± 0.002 0.541 ± 0.045

0.5 1.143 ± 0.003 0.203 ± 0.000 0.601 ± 0.023

0.6 1.418 ± 0.005 0.226 ± 0.005 0.503 ± 0.010

0.7 1.706 ± 0.007 0.253 ± 0.017 0.467 ± 0.004

7.5 0.2 0.346 ± 0.003 0.178 ± 0.010 0.669 ± 0.011

0.3 0.586 ± 0.006 0.197 ± 0.012 0.750 ± 0.037

0.4 0.846 ± 0.002 0.223 ± 0.009 0.602 ± 0.007

0.5 1.110 ± 0.002 0.222 ± 0.005 0.632 ± 0.006

0.6 1.390 ± 0.004 0.266 ± 0.011 0.536 ± 0.014

0.7 1.662 ± 0.003 0.273 ± 0.007 0.467 ± 0.001

10 0.2 0.331 ± 0.003 0.193 ± 0.01 0.687 ± 0.015

0.3 0.572 ± 0.004 0.219 ± 0.008 0.728 ± 0.008

0.4 0.829 ± 0.005 0.231 ± 0.012 0.621 ± 0.012

0.5 1.100 ± 0.003 0.235 ± 0.007 0.650 ± 0.009

0.6 1.376 ± 0.003 0.266 ± 0.015 0.574 ± 0.025

0.7 1.638 ± 0.002 0.296 ± 0.006 0.541 ± 0.001

5 Shock wave radius, TNT equivalence, and
upscaling

Several representations of a “universal” relationship relat-
ing the energy (or mass) of explosives with the resulting
blast parameters exist. Two of the most common approaches
are (1) the shock wave radius versus arrival time concept
(D–tA, [41]) and (2) the TNT equivalence factor [34].

The D–tA relationship allows for the comparison of shock
wave profiles generated by different explosives and facili-
tates the computation of the shock wave velocity and of the
energy. Following [41], we compute the D–tA profiles of
shock waves driven by exploding wires and compare them
with those produced by a range of conventional high explo-
sives, including PETN, TNT, and C4. This comparison is

shown in Fig. 14. Note that we show the mean value of
the arrival time (over three identical experiments), for each
energy level.

The D–tA profiles from the exploding wires, like those of
most conventional explosives, lie on the region of supersonic
shock waves, indicating that the exploding wire technique
enables to obtain shock waves with Mach number Ms > 1,
in particular, 1.07 ≤ Ms ≤ 1.8. The shock profiles produced
by exploding wires are comparable to those generated by the
detonation of 1g of PETN, despite a different dependency
of the shock velocity on the shock wave radius (slope of the
curve).

For completeness, it is worth noting that, following the
work of Hargather et al. [41], the D–tA curves can also
be expressed in terms of dimensionless radius and time.
Although such a comparison could offer an alternative
method for calculating the blast energy, this is beyond the
scope of the current study and is reserved for future work.

5.1 TNT equivalence

As discussed earlier, different explosives lead to different
blast parameters and different dependencies with respect to
the scaled distance, Z . Under these circumstances, the TNT
equivalence is the most widely adopted approach. The goal
is to identify the blast parameters arising from the explosive
source at hand in terms of TNT, which is historically used as
the reference material due to its well-established explosive
properties, consistent behavior, and the development of the
widely accepted empirical formulae byKingery andBulmash
[46].

The TNT equivalence factor κ is then defined as the ratio
between the energy released by the denotation of a mass
m of TNT and the energy associated with the considered
explosive, i.e.,

κ = ETNT

E
, (6)

such that the TNT mass, m, and the actual explosive
yield the same blast effects, where ETNT = m eTNT,
eTNT = 4.680 MJ/kg3 is the specific internal energy of TNT,
and E is the energy corresponding to the actual explosive.

Several approaches exist to compute the equivalence fac-
tor κ (for more details, we refer to [48]). Here, we focus
on the most widely adopted and, namely, the equivalence
factors based on (1) the positive overpressure peak Pso,
(2) the positive impulse peak iso, and (3) the arrival time tA
(cf. [34, 42, 48, 49]).

According to [34, 48], we define the three equivalence
factors, respectively, as

κp =
(

Z

ZTNT

)3

for Pso = PTNT
so , (7)
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Fig. 12 Self-similarity of the
blast parameters versus the
scaled distance Z : a–c positive
and d–f negative phase’s
parameters

κi =
(

Z

ZTNT

)3

for iso = iTNTso , (8)

κt =
(

Z

ZTNT

)3

for tA = tTNTA , (9)

where the scaled distance Z is computed according to (2) and
similarly for ZTNT, using the energy ETNT.

Following (7–9), we compute the equivalence factors. For
TNT, we leverage the best-fit interpolations of the data col-
lected by Kingery and Bulmash [46], and for the exploding
wires, we consider the raw data points in Fig. 12.

Figure15 displays the three TNT equivalence factors,
where the markers represent the mean value obtained from
three repeated tests and the bars show the 95% confi-
dence interval. The three methods – based on Pso, iso, and
tA – yield comparable equivalence factors, with correspond-
ing mean values equal to κp = 0.10, κi = 0.088, and
κt = 0.05. In particular, the overpressure- and impulse-based
equivalence factors agree well for Z ≥ 0.12 m/kJ1/3. The
arrival time-based TNT is the smallest for most tested scaled
distances and yields similar values with the factors based on
the overpressure and the impulse only at large distances, i.e.,
Z ≥ 0.6 m/kJ1/3 despite the relatively high spread of κt . For

completeness, we derive best-fit interpolations for each TNT
equivalence factor:

κp(Z) = 1

10

(
1.26 − 0.52

10Z

)
, (10a)

κi = 0.088, (10b)

κt (Z) = 0.12Z + 0.015. (10c)

These expressions are only valid for the particular range of
tested scaled distances, i.e., 0.093 ≤ Z ≤ 0.882 m/kJ1/3,
and for the considered electrical circuit.

The equivalence factor based on the impulse, κi , is the
only factor that remains generally independent of the scaled
distance, Z . In contrast, the factor based on the overpres-
sure, κp, and, in particular, that based on the arrival time,
κt , exhibit a marked dependence on Z . This observation indi-
cates that the commonly adopted assumption of a single,
constant equivalence factor is not appropriate, in general.
Similar discrepancies of the equivalence factors, as well as
their dependency on Z , have been observed in studies of
conventional high explosives (see [49], among others).

It should also be noted that the values of the equivalence
factors may be influenced by the assumed energy associ-
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Fig. 13 Best-fit interpolations
and raw data for
a, d overpressure, Pso and Pso−,
b, e scaled impulse, isow and
isow−, and c, f scaled arrival
time and positive phase
duration, tAw and tow

Fig. 14 Shock wave radius, D, versus arrival time, tA, for a range of
different explosives and those obtained in this work from exploding
wires. The figure is re-adapted from [41], where the data related to
AgN3 are digitized from [42], PETN from [43], C4 from [44] and [45],
and TNT from empirical formulas [46, 47]

ated with the exploding wires. However, even if the effective
blast energy, E , is lower than the nominal energy stored in

the capacitor, i.e., E < Ec, this would primarily result in a
shift toward slightly higher values of κ . Hence, the difference
between κp, κi , and κt , as well as their dependence on scaled
distance, would likely remain unchanged.

5.1.1 TNT equivalent mass

After having determined the equivalence factors, we estimate
the equivalent TNT mass, me

TNT, whose detonation would
produce the same value of the overpressure peak, positive
impulse, and arrival at a specified scaled distance, Z , accord-
ing to

me
TNT = κ

Ec

eTNT
. (11)

Figure16 presents the equivalent TNT mass at varying of
the scaled distance, Z , for a reference energy level of 10 kJ.
For completeness, we also show the relationship between the
(energetic) scaled distance, Z , and the TNT mass-based
scaled distance, ZTNT = D/me

TNT. As expected, the three
methods yield different TNT equivalent masses comprised
between 50 and 250 µg.
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Fig. 15 The TNT equivalence factors based on a the overpressure peak,
κp , b the scaled positive impulse, κi , and c the arrival time, κt , versus the
scaled distance, Z . The markers represent the factors obtained using the
mean of the raw data, while the error bars display the 95% confidence
interval

5.1.2 Comparison of the incident overpressure time
histories

Relying on the determined TNT explosive mass, me
TNT, we

compare the overpressure time histories recorded during the
experiments with those expected from a hemispherical TNT
blast. For this comparison, we rely on best-fit interpolations
of the data collected by Kingery and Bulmash [46] for the
positive phase and negative phase duration. In the absence of
specific data and interpolations for the incident underpressure
peak, Pso−, we estimate it by assuming a proportional rela-
tionship with the incident overpressure peak, Pso, analogous
to the proportionality between the reflected underpressure
and overpressure peaks, which varies with scaled distance
Z (cf. [46]). Accordingly, from the knowledge of the TNT
mass and the stand-off distance, we compute the correspond-
ing blast parameters.

To model the time evolution of the overpressure, we apply
the modified Friedlander equation [39, 50] for the positive
phase and Granström’s cubic equation for the negative phase
[39, 51]. Figures17, 18, 19, and 20 show the comparison of
the resulting overpressure time histories for the overpressure-
based and the arrival time-based TNT equivalent mass. In
all cases, the comparison confirms the TNT equivalence
between the overpressure peak and arrival time, respectively.

From Figs. 17 and 18, we observe a time lag in the shock
wave arrival when comparing overpressure-based equiva-
lence between exploding wires and ideal TNT blasts. This
difference diminishes at larger stand-off distances. Despite
the time lag, the overpressure evolution shows good agree-
ment in both the positive and negative phases for energy
levels between 5.0 and 10 kJ. In particular, the underpressure
peak and negative phase duration closely match. Instead, at
lower energy levels (0.5 ≤ Ec ≤ 2.5 kJ), some differences
appear in the negative phase, especially for 0.5 kJ, where the
exploding wire’s underpressure exhibits a rapid discontinu-
ity. This may be due to insufficient level of discharged energy
to generate well-defined blast waves.

Figures 19 and 20 reveal overall lower overpressure peaks
for ideal TNT blasts when using the arrival time-based
TNT equivalence. However, at larger stand-off distances
(0.5 ≤ D ≤ 0.7 m), the overpressure evolution from
TNT and exploding wire blasts is nearly identical across
energy levels, with the exception of the Ec = 0.5 kJ case.
This agreement, in contrast with the differences in overpres-
sure and underpressure peaks at shorter distances, suggests
that the propagation velocity of blast waves from exploding
wires diverges spatially from that of conventional explosives
(i.e., TNT), cf. Fig. 14. For Ec = 0.5 kJ, the comparison
remains inconclusive.

5.2 Blast upscaling

It is interesting to explore how the (reduced-scale) blasts
generated by exploding aluminumwires can be scaled to rep-
resent a full-scale prototype explosion. To achieve this, we
leverage the scaling laws developed by Masi et al. [15] for
the rigid-body response of structures subjected to blast loads
(cf. [52, 53]). The scaling laws consider both geometric
and mass scaling by means of the geometric scale factor,

Fig. 16 TNT equivalent mass,
me

TNT, and TNT mass-based
scaled distance, ZTNT (m/kg1/3),
considering a reference energy
level Ec = 10 kJ, obtained using
the TNT equivalent factors
based on the overpressure peak
(κp), the impulse peak (κi ), and
the arrival time (κt ) across
varying scaled distances, Z
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Fig. 17 Comparison of the time evolution of the incident overpres-
sure recorded during the experiments with Ec equal to a 10, b 7.5, and
c 5.0 kJ and that predicted using the overpressure-based TNT equiva-
lence factor, κp

Fig. 18 Comparison of the time evolution of the incident overpressure
recorded during the experiments with Ec equal to a 2.5 and b 0.5 kJ and
that predicted using the overpressure-based TNT equivalence factor, κp

λ = D/L , and the density scale factor, γ = ρ̃/ρ, where L
and ρ are the characteristic length and density of the full-
scale structure, i.e., the prototype, while D and ρ̃ denote
the corresponding reduced-scale structure’s quantities, i.e.,
the model. The scaling is obtained by requiring the self-
similarity of the impulse under the assumption of impulsive
blast loads. This yields the scaling factor for the TNT mass,

Fig. 19 Comparison of the time evolution of the incident overpressure
recorded during the experiments with Ec equal to a 10, b 7.5, and
c 5.0 kJ and that predicted using the arrival time-based TNT equivalence
factor, κt

Fig. 20 Comparison of the time evolution of the incident overpressure
recorded during the experiments with Ec equal to a 2.5 and b 0.5 kJ and
that predicted using the arrival time-based TNT equivalence factor, κt

λm = me
TNT/Me

TNT, that is obtained by solving the following
nonlinear equation:

find λm such that
ĩow

(
λ/λ

1/3
m ZTNT

)

iow(ZTNT)
− γ

λ3/2

λ
1/3
m

= 0, (12)

where ZTNT is the TNT mass-based scaled distance in the
prototype, and ĩow and iow are, respectively, the model and
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Fig. 21 Upscaled TNT equivalent mass Me
TNT from the model with

mass me
TNT, for different values of the geometric scaling, λ. The TNT

equivalence is based on the positive scaled impulse peak

the prototype scaled impulse peaks, computed from the best-
fit interpolations of TNT blasts. Originally, the scaling laws
consider the reflected impulse; however, herewe consider the
incident impulse for the sake of simplicity. Also, notice that
when λZ = 1, the above equation results in the conventional
Hopkinson–Cranz similarity law (for more details, we refer
to [15]).

Here, we assume a unit mass scaling and several geomet-
ric scaling factors, i.e., 1/70 ≤ λ ≤ 1/40. Figure21 presents
the upscaling relationship between the TNT equivalent mass
in the prototype, Me

TNT, and the actual mass in the model,
me

TNT, for both TNT equivalence factors (kp and kt ). These
results represent the proof of concept for the current study,
demonstrating how reduced-scale experiments using explod-
ing wires could be employed to investigate blast effects on
structures.

6 Conclusions

Reduced-scale experiments offer compelling advantages
over full-scale and field experiments, when appropriate
scaling laws are available [11, 15]. Existing research has pri-
marily focused on blast experiments using solid or gaseous
mixtures of explosive [5, 18]. However, these explosive
sources pose practical challenges due to environmental haz-
ard and difficulties in managing small explosive charges
while ensuring geometric similarity with full-scale proto-
types. In response to these limitations, exploding wires have
gained attention for their ability to generate controlled, blast-
like shock waves [19, 31, 32].

Building on this technology, we conducted an extensive
analysis of the blasts generated by exploding aluminum
wires using a novel experimental setup designed for studying
blast effects on structures in a controlled and safe labora-
tory environment [8]. Through parametric tests and repeated
experiments under identical conditions, we demonstrated a
high level of robustness and repeatability in the resulting
blasts. This analysis provided a comprehensive examination
of how blast intensity varies with both the stand-off distance

and the energy stored in the capacitor. Next, we identified
key blast parameters, including the over- and underpressure
peaks, the positive and negative impulses, as well as the
arrival time, and the positive and negative phase duration.
Those parameters were found to follow the self-similarity
law proposed by Hopkinson [11] that is commonly applied
to high explosives.

Finally, we studied the equivalence of blasts from alu-
minum wires to those from conventional explosives, such as
TNT. We calculated the TNT equivalence factors and estab-
lished a direct correspondence between the stored energy
and the equivalent mass of TNT. These factors were found
to be strongly dependent on the particular approach used to
evaluate them, namely relying on the overpressure peak or
the scaled positive impulse, as well as the stand-off distance.
This finding indicates that single, constant equivalence fac-
tors may be inappropriate.

The novel experimental setup and the detailed charac-
terization of the blasts from exploding wires open new
perspectives in the study of reduced-scale explosions and of
the fast, structural dynamics due to blast loads, with reduced
costs, increased safety, and repeatability of tests. As a result,
this work lays foundations for broader investigations in engi-
neering structures.
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