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Abstract: Terrorists usually employ Improvised Explosive Devices (IEDs) to cause maximum damage
with a single action, in asymmetric war scenarios. In the counter-terrorism fight, bomb disposal
specialists have to combat these instruments by safeguarding their lives, avoiding fortuitous IED
explosion, and preserving evidence of the device that could lead to the capture of the perpetrators.
Some very effective deactivation tools that combine these features are high-speed water-explosive
projection devices. To understand and quantify the impacts of the many factors that intervene in their
operation and effectiveness, extensive experimental tests should be conducted. However, Operations
Research techniques allow robust results to be obtained by minimizing experiments. This study
focuses on the use of Design of Experiments (DoE), with a factorial experiment plan divided into two
levels, to analyze the influence of the amount of explosive, the diameter of the device (that is, the
mass of water to be projected), the density of the water, the distance at which the IED is located, and
the resistance of the inner tube material. Results show that the mass of explosive, the diameter of
the device, the interaction of the mass of explosive and the density of the water, and the interaction
between the resistance of the inner tube and the diameter of the container have a strong influence on
the speed of projected water.

Keywords: Improvised Explosive Device (IED); counter-IED; deactivation; water projection; Design
of Experiments (DoE)

1. Introduction

The asymmetric war tactics used by terrorists lead them to prepare attacks of various
kinds, and one of their main actions since the beginning of terrorism is the use of Improvised
Explosive Devices (IEDs). Globally, since the end of 2001, there has been an increase in
all forms of terrorism. Bombings constituted the majority of terrorist attacks in 2017,
representing 47% of all attacks, these being the most common in countries affected by
conflicts (around 50% of attacks), compared to 34% of attacks in countries that did not
experience conflict [1].

An IED is defined by the United Nations as “a device placed or fabricated in an
improvised manner incorporating destructive, lethal, noxious, pyrotechnic, or incendiary
chemicals and designed to destroy, incapacitate, harass, or distract. It may incorporate
military stores but is normally devised from nonmilitary components” [2]. The word
“improvised” should not lead us to consider it as a system that is not very elaborate or
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is ineffective and lacking in technology [3]. Since the first Orsini bomb that contained
gunpowder as an explosive charge and a percussion activation system (used in 1858 by
the Italian Felice Orsini in an assassination attempt on the French Emperor Napoleon III),
IEDs have evolved technologically into the most recent UAV-IEDs used in Islamic terror-
ism [4]. Additionally noteworthy is the latent threat of attack with Chemical, Biological,
Radiological, or Nuclear (CBRN) agents to be disseminated with an explosive, such as in
a frustrated attack at Izmailovsky Park in Moscow in 1995, in which Chechen terrorists
attached a source of Cesium 137 to an explosive device, known as a dirty bomb [5]. In spite
of how advanced the electronic systems may be, and the various configurations that an IED
can adopt, which are as varied as the terrorist’s imagination, they all contain some basic
elements, such as an activation system, an initiation system, an explosive charge, and a
container (Figure 1).
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stalled by the bombmaker. Therefore, one of the main security measures that can guaran-
tee the protection of the technician is the distance from the IED at the time of action. There 
are several systems and procedures used to work remotely; one of them is the use of high-
speed water projection devices using explosives: the water penetrates the IED, causing the 
disruption of the activation and/or initiation system, while not completely destroying the 
components of the device. The main advantage of water is its great power to dissipate 
heat and its humidification capacity, compared to metallic plasma that is projected by 
other sorts of devices, such as those used against Unexploded Ordnances (UXOs), i.e., 
shaped loads or Explosively Formed Projectiles (EFPs) [6]. 

Among these water projection counter-IED devices, whose use dates back to the 
1980s [7], two different types are found according to the direction of the projected water: 
directional and omnidirectional devices. Directional devices project water in a predomi-
nant direction—some through the use of an explosive sheet placed in a certain position 
[8] or directed in the form of a high-speed jet, where the explosive that drives the fluid is 
centered and the water is projected radially (spray water). Each type has its advantages 
and disadvantages: the directed water devices project the water at higher speeds, but the 
affected surface is smaller, and the EOD technician must be more precise in the placement 
of the device and even know the internal disposition of the IED components. On the other 
hand, with omnidirectional devices, the technician does not have to be concerned about 
the device orientation; they are cheap, simple designs and can even be made by the EOD 
teams themselves with mineral water bottles or similar (these are known as Mineral Water 
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Once an IED, or a suspicious object, has been detected, only Explosive Ordnance
Disposal (EOD) technicians can act to neutralize or deactivate it. The deactivation of an
IED consists of causing physical–chemical changes in such a way that some of the systems
necessary for the explosion to take place are interrupted. Undoubtedly, the final objective
of the deactivation is to achieve the total disruption of the IED so that its components
are separated, and the explosion cannot take place in any way, but intervention on the
device carries the risk of accidentally causing an explosion or activating some “trap sys-
tem” installed by the bombmaker. Therefore, one of the main security measures that can
guarantee the protection of the technician is the distance from the IED at the time of action.
There are several systems and procedures used to work remotely; one of them is the use of
high-speed water projection devices using explosives: the water penetrates the IED, causing
the disruption of the activation and/or initiation system, while not completely destroying
the components of the device. The main advantage of water is its great power to dissipate
heat and its humidification capacity, compared to metallic plasma that is projected by other
sorts of devices, such as those used against Unexploded Ordnances (UXOs), i.e., shaped
loads or Explosively Formed Projectiles (EFPs) [6].

Among these water projection counter-IED devices, whose use dates back to the
1980s [7], two different types are found according to the direction of the projected water:
directional and omnidirectional devices. Directional devices project water in a predominant
direction—some through the use of an explosive sheet placed in a certain position [8]
or directed in the form of a high-speed jet, where the explosive that drives the fluid is
centered and the water is projected radially (spray water). Each type has its advantages
and disadvantages: the directed water devices project the water at higher speeds, but the
affected surface is smaller, and the EOD technician must be more precise in the placement
of the device and even know the internal disposition of the IED components. On the other
hand, with omnidirectional devices, the technician does not have to be concerned about
the device orientation; they are cheap, simple designs and can even be made by the EOD
teams themselves with mineral water bottles or similar (these are known as Mineral Water
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Bottles (MWBs)) [9]. There are some patented models on the market [7,9] that are offered
to police forces and armies around the world. Even so, it is common for specialists to use
handcrafted devices made by themselves. The system is simple: the device contains water
or another fluid and an explosive charge that projects this liquid onto the IED. However,
the apparent simplicity of the device is contrasted by the complexity of the explosive
wave phenomenon, being necessary a study that provides more information in order to
optimize variables such as the mass of explosive to be used for a particular amount of fluid,
the effective distance between the device and the IED, the type of fluid, as well as other
variables that influence the speed of the fluid and, therefore, its disruptive power.

However, there is a dramatic lack of studies published in the open literature on
the design and analysis of the factors that intervene in the operation of water projection
counter-IED devices. The few studies available are limited to directional water-jet propul-
sion devices. Enache et al. [10] address the study of water-jet propulsion due to high
explosive detonation. They evaluate the velocity of water when experimentally measured,
as compared to the prediction given by the Gurney equation. However, as the authors
rightly state, the “Gurney equation can provide fair results regarding initial velocity of
metallic fragments for explosively driven metal casings” [10], but gives wrong predictions
for the projected water front. Radomski [11] addresses the simulation of the internal bal-
listics of a two-chambered recoilless projected water disruptor. Parate et al. [12] use a
single base propellant, also with a directional disruptor, for an experimental study oriented
towards qualification tests (impact, sealing, vibration, shock, etc.). On cylindrical devices,
Cherry [8] patented a fluid-filled bottle or plastic container that contains an adjustable sheet
explosive, to direct the fluid projectile towards the IED. However, to the best of the authors’
knowledge, no research work can be found in the literature on the design, optimization, or
study of the parameters of an omnidirectional counter-IED device.

Consequently, the present study aims to provide new research experimental data,
useful to researchers who study the optimization of omnidirectional counter-IED devices,
designers, or even the EOD units of police and military forces, constructing their own
devices in the most efficient way. To do so, the impact of the problem variables on the
device effectiveness (which can be assimilated with the speed of the projected liquid) is
analyzed, as well as the interaction between significant factors, through the Design of Ex-
periments (DoE) and statistical analysis. This paper begins by describing the mathematical
background of the used methodology and, later on, the factors selected for the tests are
justified (Section 2). After this, the tests carried out are detailed and the results obtained
are discussed (Section 3). Finally, the conclusions of this work are presented (Section 4).

2. Materials and Methods

The study of water projection devices against IEDs has been carried out through a
combined experimental–theoretical methodology. First, experiments planned by means of
DoE were performed with a number of prototypes. Then, a theoretical part based on the
statistical analysis of the results was carried out.

The omnidirectional high-speed fluid projection devices are configured as shown in
Figure 2. They consist of a cylindrical casing closed by both bases, containing the fluid
inside, and a smaller inner cylinder placed on its symmetry axis, where an explosive
material such as a detonating cord or plastic explosive is introduced. The volume between
the cylindrical case and the inner tube contains water or another fluid. The initiation of the
explosive is carried out through an electric detonator. Once the explosion occurs, the fluid
is projected in all directions (see Figure 2).
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Figure 2. Basic sketch of the omnidirectional water projection device.

The aim is for the water to reach the IED with the highest possible kinetic energy,
in order to penetrate the container and separate its components, as observed in previous
research [13,14]. Velocity is a measurable and representative variable of the kinetic energy
transported by the fluid. In the present work, velocity will be therefore considered a
representative indicator of the effectiveness of the counter-IED device. This is supported by
the literature, as Cherry [8] states that “depending on the configuration and the amount
of explosive and fluid used, water is projected at the target that has sufficient energy to
penetrate rigid enclosures from fairly long stand-off”. Thus, “since the pressure induced in
target materials is strongly connected to impact velocity, a special attention must be given
to its evaluation” [10].

It is crucial to identify and understand in depth the factors that can influence the
water velocity. However, the factors are so numerous that it is unfeasible to undertake a
complete experiment in a traditional factor-by-factor manner. An approach to capture some
possible influencing factors is through the Ishikawa or fishbone diagram [15], represented
in Figure 3. It should be taken into account that not all the factors are controllable and not
all are significant [16]. A prior analysis of the factors involved in the process allows one to
choose the most appropriate ones, taking into account both the practical experience of the
EOD units of police forces and the theoretical understanding of the problem.
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2.1. Methodology

The methodology selected to analyze the influence of the different factors focuses on
the Design of Experiments (DoE), also called the Statistical Design of Experiments. This
statistical technique is applied for the planning of an experimental study to determine the
relationship between the causes or factors that intervene in the problem and the measurable
effects in a real process, and it also reveals the interactions between factors, which are
often more important than some individual factors alone [17]. Given the industrial origin
of the DoE, its main advantage is the possibility of finding significant conclusions with a
small number of trials and, therefore, limited cost. Of course, the technique also has its
drawbacks: the analysis of the results can be complex in experiments with a large number
of factors; for better precision, a greater number of experiments is necessary, which entails
greater expense. Furthermore, the method can lead to erroneous conclusions if statistical
aspects such as the normality and homoscedasticity of data and independence of events
are not checked, as well as if factors external to the experimentation are not controlled [16].

It is important not to increase the number of tests with the number of levels to be more
than necessary. In this study, two levels are handled for each factor, being coded as (−1) or
(+1), even if these are numerical or nominal, according to the previously expected negative
or positive influence on the result. Thus, in a full factorial design, the total number of tests
will be Ntests = 2k. The complete, multifactorial DoE has its origin in the theories of design
of experiments by G. Taguchi (1924–2012) and D. Shainin (1914–2000) and allows us, in a
simple way, to determine whether any factor can be discarded when observing that it does
not influence the response variable [18].

The results obtained are analyzed by calculating the effects and contrasts of the main
factors and their interactions, and, using the sum of their squares, the statistical analysis
is carried out. The effects of each factor or interaction will be equal to the average of the
responses of the high level (+1) minus the average of the responses of the low level (−1):

E f f ect = ∑ Y+

n+
− ∑ Y−

n−
(1)

where n is the number of data collected at each level and Y are the values of the responses
associated with each level. Once the influences of the factors and interactions have been
quantified, their reliability is verified with an analysis of variance (ANOVA) and a diagnosis
of the “residual error” to validate the statistical assumptions.

The final result of the experiment is reflected in a mathematical model with a regression
equation that predicts the response based on the variation of the factors and/or their most
influential interactions, within the values of the levels under study, thus being a valuable
aid for the interpretation of the experiment. The form of the equation in general terms will
be that of the Scheffler equation:

y = β0 + B1x1 + β2x2 + . . . + βkxk + ε (2)

with y being the dependent variable (the response), xi (i = 1, . . . , k) are the set of predictor
variables, βi (i = 1, . . . , k) are the regression coefficients, and ε is the residual error. The
regression coefficients β are obtained with least squares estimation, defined as half of the
effect of a particular factor or interaction [18].

2.2. Selection of the Response Variable, the Factors, and the Levels of Each Factor

The response variable must be measurable, representative of the influence of the
factors studied, and be related to the objective of the study. As previously indicated in
Section 1, the response variable is the water projection velocity—specifically, the speed
of the cylindrical water front formed by the explosion. Regarding the choice of factors,
it is intended to cover the large groups of controllable factors of the Ishikawa diagram
in Figure 3, so that the factors related to the design of the device, the projected fluid, the
explosive used, and the IED are considered.
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2.2.1. Factors Related to the Design of the Device

Among the factors involved in the design of the device, the following are selected:

• The diameter of the cylinder (in order to observe the influence of the mass of water
related to the amount of explosive), using two diameters, 105 mm and 85 mm;

• The material of the inner tube (two materials of different resistance are used to observe
their effects on the speed of the projected liquid)—on the one hand, an inner tube of
polyvinyl chloride (PVC) and another of polypropylene (PP).

This provides four different device designs, as represented in Figure 4. (The bottles
with the yellow cap are 86 mm in diameter, while those with the red cap are 105 mm.
Images (a) and (d) are devices with a PP inner tube, while (b) and (c) have a PVC tube.)

Appl. Sci. 2023, 13, x FOR PEER REVIEW 6 of 19 
 

3, so that the factors related to the design of the device, the projected fluid, the explosive 
used, and the IED are considered. 

2.2.1. Factors Related to the Design of the Device 
Among the factors involved in the design of the device, the following are selected: 

• The diameter of the cylinder (in order to observe the influence of the mass of water 
related to the amount of explosive), using two diameters, 105 mm and 85 mm; 

• The material of the inner tube (two materials of different resistance are used to ob-
serve their effects on the speed of the projected liquid)—on the one hand, an inner 
tube of polyvinyl chloride (PVC) and another of polypropylene (PP). 
This provides four different device designs, as represented in Figure 4. (The bottles 

with the yellow cap are 86 mm in diameter, while those with the red cap are 105 mm. 
Images (a) and (d) are devices with a PP inner tube, while (b) and (c) have a PVC tube.) 

  
(a) (b) 

  
(c) (d) 

Figure 4. Four different types of bottle devices used in the experiments: (a) Ø 86 mm and PP inner 
tube; (b) Ø 105 mm and PVC inner tube; (c) Ø 86 mm and PVC inner tube; (d) Ø 105 mm and PP 
inner tube. 

2.2.2. Factors Related to the Fluid 
Regarding the factors related to the fluid, it is very important to take compressibility 

into account. The fact that gas is compressible means that it is not a suitable fluid to be 
projected by the explosive, since this compression capacity means that the energy of the 
expansion wave, which is transmitted to the fluid, is converted into a density change, 
which reduces the projection velocity. Therefore, the fluid to be used must be a liquid 
(water or another suitable liquid) that, although not completely incompressible, can be 
considered an incompressible fluid, as shown by Petrenko et al. in their research on liquid 
projectiles in hydro-cannons [14]. 

In this study, water is always used. To observe the influence of the different charac-
teristics of the fluid, the variation in its density is studied, through the salinity of the water, 
with the addition of sodium chloride. The change in density can lead to significant differ-
ences in the speed of the water, as it is related to other properties of the liquid that can 
also affect the response variable [7]. In particular, the speed of sound in water (around 
1500 m/s) can be affected by density changes, thus affecting the speed of the shock wave 
traveling through it. Moreover, salinity will provide the water with so-called colligative 
properties, which depend on the amount of the solute, reflected in a decrease in its 

Figure 4. Four different types of bottle devices used in the experiments: (a) Ø 86 mm and PP inner
tube; (b) Ø 105 mm and PVC inner tube; (c) Ø 86 mm and PVC inner tube; (d) Ø 105 mm and PP
inner tube.

2.2.2. Factors Related to the Fluid

Regarding the factors related to the fluid, it is very important to take compressibility
into account. The fact that gas is compressible means that it is not a suitable fluid to be
projected by the explosive, since this compression capacity means that the energy of the
expansion wave, which is transmitted to the fluid, is converted into a density change, which
reduces the projection velocity. Therefore, the fluid to be used must be a liquid (water or
another suitable liquid) that, although not completely incompressible, can be considered
an incompressible fluid, as shown by Petrenko et al. in their research on liquid projectiles
in hydro-cannons [14].

In this study, water is always used. To observe the influence of the different characteris-
tics of the fluid, the variation in its density is studied, through the salinity of the water, with
the addition of sodium chloride. The change in density can lead to significant differences
in the speed of the water, as it is related to other properties of the liquid that can also affect
the response variable [7]. In particular, the speed of sound in water (around 1500 m/s)
can be affected by density changes, thus affecting the speed of the shock wave traveling
through it. Moreover, salinity will provide the water with so-called colligative properties,
which depend on the amount of the solute, reflected in a decrease in its freezing point
and an increase in its boiling point [19]. On the other hand, high-speed water projection
tests with cannons show how a nebula of atomized water and steam is formed around the
hydro-jet [20]. The increase in salinity will also provide a slight increase in surface tension,
which can be related to the larger size of atomized water droplets. On the contrary, greater
atomization will generate the dissipation of the energy in smaller drops that will have a
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reduced capacity to break down an IED. Finally, the viscosity of the water is also affected
by salinity. As shown in [21], the higher the salinity, the higher the viscosity. Therefore, as
levels of the density factor, we can define a low level (−1) ≡ 1.00 g/cm3 and high level
(1) ≡ 1.16 g/cm3.

2.2.3. Factors Related to the Explosive

Undoubtedly, the explosive will have a direct influence on the speed of the projected
water. The greater the energy released, the greater the energy transferred to the mass
of water. The amount of explosive will be decisive, but there are several properties that
characterize it. The most important features of practical interest are listed in [22]. However,
due to the number of different properties of explosives, it has been determined that using
the same explosive in all the tests will simplify the experiment, varying only its quantity or
specific weight per linear meter. The explosive used in this study, for ease of handling and
its better adaptation to the device, is a detonating cord. This is made up of a flexible plastic
tubular jacket with a core of pentaerythritol tetranitrate (PETN) inside. PETN or penthrite
is a military organic explosive with a high detonation velocity. The levels of this factor are
established at a low level (−1) ≡ 20 g/m and high level (1) ≡ 40 g/m.

Since the type of explosive is the same in all tests (PETN), the same is true for the
detonation velocity (with a constant value of 7065 m/s) as well as the heat of explosion,
∆H0

d(PETN) = −6306 kJ/kg = −19.94 kJ/mol (for liquid H2O enthalpy of formation).
In all the tests, 20 cm of detonating cord is used. This is equivalent, depending on the
grammage of the cord, to 4 g of PETN (low level) and 8 g of PETN (high level). The
Berthelot method [23] can be considered for TNT equivalent calculation:

TNT Equivalent(%) =
840·∆n·

(
−∆H0

d
)

Mm2
EXP

where ∆n is the number of moles of product gas for each mol of explosive, ∆H0
d is the

heat of explosion in kJ/mol, and MmEXP is the molecular weight of explosive in g/mol.
For PETN, ∆n = 9 mol (for the reaction of the explosive, according to the Kistiakowsky–
Wilson method), ∆H0

d (PETN) = −6306 kJ/kg = −19.94 kJ/mol (for H2O liquid enthalpy
of formation), MmPETN = 316.1 g/mol. All this gives a TNT equivalent (%) = 151%. For
the mass of explosive indicated above, this is equivalent to 6.04 g of TNT (low level) and
12.08 g of TNT (high level).

2.2.4. Factors Related to the IED

The characteristics of IEDs are very varied, so much so that we could consider the IED
as a single subject of study. A variable that can be controlled by the deactivator and that
relates the IED to the water projection device is the separation distance between them, since
it will influence the speed of the water at the point of disruption. It is important to determine
the influence of this distance so that the EOD technician can take it into account so as not to
approach the IED too closely and still achieve its satisfactory deactivation. Two levels of
the distance factor have been established for this study: low level (−1) ≡ 55 cm and high
level (1) ≡ 40 cm.

2.3. Experimental Setup

With 5 factors (diameter of the device, resistance of the inner tube, density of the water,
specific mass of the explosive, and distance to the IED), and 2 levels per factor, a complete
multifactorial DoE requires a minimum of 25 = 32 tests. The design can be optimized by
reducing it to a fractional factorial design of 1/2, with resolution V [12], thus obtaining a
research plan of 16 tests, by which it is possible to obtain information about the influence
of each of the 5 main factors, and about all two-by-two interactions [13]. The interactions
of three or more factors are highly unlikely in any system and, usually, only 20% of the
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main effects and of the interactions of two factors are significant—that is, “a few vital” and
“many trivial” [17].

The fraction of half of the 25 experiments is equivalent to 25−1. This equates the
experiment to a full 4-factor multifactorial experiment (A’, B’, C’, and D’), as shown in
Table 1. Once the order of the tests has been randomized to minimize uncontrollable factors,
the experiments are planned as shown in Table 2. The materials and elements used for
experimentation are gathered in Table 3.

Table 1. Test matrix of the 1/2 fractional multifactorial experiment plan of 5 factors and 2 levels.

ID.

20 21 22 23 24

Test Matrix
1 2 4 8 16

Factors Factors

A B C D E A B C D ABCD = E

0 0 0 0 0 0 −1 −1 −1 −1 1

1 1 0 0 0 0 1 −1 −1 −1 −1

2 0 1 0 0 0 −1 1 −1 −1 −1

3 1 1 0 0 0 1 1 −1 −1 1

4 0 0 1 0 0 −1 −1 1 −1 −1

5 1 0 1 0 0 1 −1 1 −1 1

6 0 1 1 0 0 −1 1 1 −1 1

7 1 1 1 0 0 1 1 1 −1 −1

8 0 0 0 1 0 −1 −1 −1 1 −1

9 1 0 0 1 0 1 −1 −1 1 1

10 0 1 0 1 0 −1 1 −1 1 1

11 1 1 0 1 0 1 1 −1 1 −1

12 0 0 1 1 0 −1 −1 1 1 1

13 1 0 1 1 0 1 −1 1 1 −1

14 0 1 1 1 0 −1 1 1 1 −1

15 1 1 1 1 0 1 1 1 1 1

The tests have been carried out at the facilities of the Instituto Nacional de Técnica
Aeroespacial (INTA) of the Ministry of Defense of Spain, with the Department of Weapons
and Ballistics (Modeling and Simulation) of the aforementioned institute. For the water
speed measurement, a high-speed camera (model TRI-VIT 1227) recording at 6000 fps and
the software TEMA by AOStechnologies [24] were used to visualize images and measure
the speed. The system with the high-speed camera was protected behind an armored
box, as shown in Figure 5. TEMA uses high-speed images to measure the speed of the
disk-shaped water front after detonation. To do this, it tracks points at each end of the
water disk (on the left and right) in order to obtain two speed measurements for each trial.
However, in the tests, the contrast of the water against the background of the images only
allowed the measurement of one of the sides. Tracking the water front using the TEMA
software provides a set of numerous discrete values of the average velocity of the water
disk boundary displacement at very small time intervals (every 10−4 s), providing thus a
graph of velocity variation with respect to time or distance. To obtain the speed value for
the two levels of the distance factor (40 and 55 cm), linear interpolation between discrete
values was adopted.



Appl. Sci. 2023, 13, 1167 9 of 18

Table 2. Design of the plan of experiments carried out.

Order Num. Diameter
(mm)

Mass of
Explosive

(g/m)

Density of
Water
(kg/L)

Inner Tube
Resistance
(Material)

Distance
(cm)

1 86 40 1.16 PVC 55

2 86 20 1.00 PP 40

3 86 20 1.16 PVC 40

4 105 40 1.00 PVC 55

5 105 40 1.16 PVC 40

6 105 20 1.2 PP 40

7 105 20 1.00 PVC 40

8 105 20 1.00 PP 55

9 86 20 1.00 PVC 55

10 86 40 1.00 PP 55

11 105 40 1.16 PP 55

12 86 40 1.00 PVC 40

13 105 20 1.16 PVC 55

14 86 40 1.16 PP 40

15 86 20 1.16 PP 55

16 105 40 1.00 PP 40

Table 3. Description of the materials used.

Material Specification

Polyethylene terephthalate (PET) plastic container. 160 mm high × 105 mm in diameter, and screw cap.

PET plastic container. 160 mm high × 86 mm in diameter, and screw cap.

PP inner tube. 21 mm high × 12 mm outer diameter.

PP inner tube. 21 mm high × 15 mm outer diameter.

Hot silicone for sealing and assembly of the inner tube. EVA resin, melting point 164 ◦F.

PVC cylinder to center the inner PP tube. 15 mm × 15 mm diameter.

PVC cylinder to center the inner PP tube. 15 mm × 19 mm diameter.

Detonating cord with PETN. 40 and 20 g/m.

Instant insensitive electric detonators. 7 mm diameter × 68 mm height, with lead trinitroresorcinate and tetracene.

Distilled water. Density: δ ∼= 1.00 g·cm−3 at 20 ◦C.

A saturated solution of sodium chloride in water. Density: δ ∼= 1.16 g·cm−3 at 20 ◦C.

The measurement of the average speed was also carried out by means of a system
formed by a frame with two parallel bands of 40 mm, which acted as two break switches
(Figure 6). The breakage of each of the bands by the water front emits a signal recorded by
a GN6470 data acquisition system (8 channels with a sampling rate of 250 kHz and another
8 channels sampling every 100 ns). However, during the tests, different problems arose
with this system, due to errors in the signal or the interruption of the STOP band before
the START band was sectioned, due to projections of the lid or the detonator ahead of the
water front. Therefore, it was decided to use only the TEMA software to measure the speed
of the water.



Appl. Sci. 2023, 13, 1167 10 of 18

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 19 
 

13 105 20 1.16 PVC 55 
14 86 40 1.16 PP 40 
15 86 20 1.16 PP 55 
16 105 40 1.00 PP 40 

Table 3. Description of the materials used. 

Material Specification 
Polyethylene terephthalate (PET) plastic container. 160 mm high × 105 mm in diameter, and screw cap. 
PET plastic container. 160 mm high × 86 mm in diameter, and screw cap. 
PP inner tube. 21 mm high × 12 mm outer diameter. 
PP inner tube. 21 mm high × 15 mm outer diameter. 
Hot silicone for sealing and assembly of the inner tube. EVA resin, melting point 164 °F. 
PVC cylinder to center the inner PP tube. 15 mm × 15 mm diameter. 
PVC cylinder to center the inner PP tube. 15 mm × 19 mm diameter. 
Detonating cord with PETN. 40 and 20 g/m. 

Instant insensitive electric detonators. 
7 mm diameter ൈ 68 mm height, with lead trinitroresor-
cinate and tetracene. 

Distilled water.  Density: 𝛿 ≅ 1.00 g·cm−3 at 20 °C. 
A saturated solution of sodium chloride in water. Density: 𝛿 ≅ 1.16 g·cm−3 at 20 °C. 

The tests have been carried out at the facilities of the Instituto Nacional de Técnica 
Aeroespacial (INTA) of the Ministry of Defense of Spain, with the Department of Weap-
ons and Ballistics (Modeling and Simulation) of the aforementioned institute. For the wa-
ter speed measurement, a high-speed camera (model TRI-VIT 1227) recording at 6000 fps 
and the software TEMA by AOStechnologies [24] were used to visualize images and meas-
ure the speed. The system with the high-speed camera was protected behind an armored 
box, as shown in Figure 5. TEMA uses high-speed images to measure the speed of the 
disk-shaped water front after detonation. To do this, it tracks points at each end of the 
water disk (on the left and right) in order to obtain two speed measurements for each trial. 
However, in the tests, the contrast of the water against the background of the images only 
allowed the measurement of one of the sides. Tracking the water front using the TEMA 
software provides a set of numerous discrete values of the average velocity of the water 
disk boundary displacement at very small time intervals (every 10−4 s), providing thus a 
graph of velocity variation with respect to time or distance. To obtain the speed value for 
the two levels of the distance factor (40 and 55 cm), linear interpolation between discrete 
values was adopted. 

 

Figure 5. Assembly of the measurement system with the high-speed camera, protected behind an
armored box.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 19 
 

Figure 5. Assembly of the measurement system with the high-speed camera, protected behind an 
armored box. 

The measurement of the average speed was also carried out by means of a system 
formed by a frame with two parallel bands of 40 mm, which acted as two break switches 
(Figure 6). The breakage of each of the bands by the water front emits a signal recorded 
by a GN6470 data acquisition system (8 channels with a sampling rate of 250 kHz and 
another 8 channels sampling every 100 ns). However, during the tests, different problems 
arose with this system, due to errors in the signal or the interruption of the STOP band 
before the START band was sectioned, due to projections of the lid or the detonator ahead 
of the water front. Therefore, it was decided to use only the TEMA software to measure 
the speed of the water. 

  
Figure 6. Counter-IED loads (with and without detonator), placed next to speed measurement 
frame. 

3. Results and Discussion 
3.1. Experimental Tests 

On the high-speed images, the same phenomena can be seen for all 16 tests (for the 
sake of conciseness, only images from test number 1 are shown in Figure 7): it is observed 
how the explosion of the detonator and the portion of the detonating cord attached to it, 
both being outside the cylinder by approximately 2 cm, generate intense light. Later, part 
of the gas resulting from the detonation is seen exiting the mouth of the inner tube that 
houses the explosive. This forms a dark cloud that remains above the device (Figure 7c). 
The high pressure of the gases generated by the explosion propels the water and increases 
its temperature. In this process, the water is partially vaporized and accelerated at high 
speed. The high-speed images (Figures 7 and 8) show that the mobilized water creates a 
white lens or disk shape that expands. Although the product gases propel the water in an 
omnidirectional way, the predominant projection direction is radial to the axis of the cyl-
inder, and part is also projected upwards in the direction parallel to the axis (detailed in 
Figure 8). This is due to the reflection produced at the base of the device when being in 
contact with a solid surface. 

  

Figure 6. Counter-IED loads (with and without detonator), placed next to speed measurement frame.

3. Results and Discussion
3.1. Experimental Tests

On the high-speed images, the same phenomena can be seen for all 16 tests (for the
sake of conciseness, only images from test number 1 are shown in Figure 7): it is observed
how the explosion of the detonator and the portion of the detonating cord attached to it,
both being outside the cylinder by approximately 2 cm, generate intense light. Later, part
of the gas resulting from the detonation is seen exiting the mouth of the inner tube that
houses the explosive. This forms a dark cloud that remains above the device (Figure 7c).
The high pressure of the gases generated by the explosion propels the water and increases
its temperature. In this process, the water is partially vaporized and accelerated at high
speed. The high-speed images (Figures 7 and 8) show that the mobilized water creates a
white lens or disk shape that expands. Although the product gases propel the water in
an omnidirectional way, the predominant projection direction is radial to the axis of the
cylinder, and part is also projected upwards in the direction parallel to the axis (detailed in
Figure 8). This is due to the reflection produced at the base of the device when being in
contact with a solid surface.
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Figure 8. Image of test 1. A radial disk of water and water projected vertically upwards.

3.2. Discussion

TEMA tracks the water front position with time and provides the evolution of the
velocity with respect to time, which can be straightforwardly processed together with the
images to obtain the evolution of the velocity with respect to the distance traveled by the
front of water. For the set of 16 tests, the velocity curves versus distance are represented
in Figure 9. In the velocity curves, we observe, first of all, descending velocity with
distance, as would be expected as the water front increases in size. It is difficult to draw
conclusions from the tangle of curves, until they are depicted in colors grouped according
to the cylinder diameter and mass of explosive, following Table 2: blue for 86 mm and
40 g/m, respectively; black for 86 mm and 20 g/m; red for 105 mm and 40 g/m; and grey
for 105 mm and 20 g/m. In such a way, we can qualitatively observe that the curves are
somewhat grouped according to these two parameters. However, in order to quantitatively
assess the importance of these factors, a statistical analysis must be performed.
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Taking into account that the factor related to the position of the IED, as explained in
Section 2.2.4, is the distance from the cylinder to the IED, it is necessary to obtain the value
of the water velocity for a distance of 40 cm or 55 cm, depending on Table 2. These values
are interpolated in the curves from Figure 9. Results are presented in Table 4.

Table 4. Results of water velocity in each test.

Test N. 1 2 3 4 5 6 7 8

V (m/s) 396.2 273.8 316.2 304.4 318.3 217.5 143.0 182.5

Test N. 9 10 11 12 13 14 15 16

V (m/s) 226.2 441.6 315.4 364.1 156.5 432.6 237.4 354.8

For data analysis, Minitab17 is used [25]. In order to observe the influence of the
factors and interactions (model terms) and the probability of randomness in their influence
on the response, an ANOVA test is carried out. It should be borne in mind that, if all the
terms of the model are included (all factors and interactions), the degree of freedom D f of
the residual error is 0 (the model is saturated) and no data are obtained in relation to the
F-value or p-value [25]:

D f (residual error) = D f(Model)
−∑ D f ( f actors and interactions) = 15− 15 = 0 (3)

If the D f of the residual error is 0, then the Mean Squared Error (MSE), which, by
definition, is MSE = SS(residual error)/D f (residual error), cannot be calculated. In turn, it is
impossible to calculate the F-value of each of the terms given that

Fterm =
Term mean square

Mean square of residual error
=

MS
MSE

(4)

Then, to obtain statistical values, a stepwise analysis is applied, starting with an empty
model in which the most significant factor or interaction of factors obtained in a previous
analysis is incorporated. In this way, we obtain the result shown in Table 5. From the analy-
sis, it is obtained that the “Explosive Specific Mass” factor is the most significant because
it has the highest F-value (F-value = 139.97), followed by “Diameter” (F-value = 39.85),
and by the interaction of “Explosive Specific Mass” and “Density” (F-value = 6.02), the
interaction of “Diameter” and “Inner Tube” (F-value = 4.46), “Density” (F-value = 0.44),
and, finally, by the “Inner Tube” (F-value = 0.23). Furthermore, the factor “Distance” is
discarded because the purpose is to identify a useful subset of terms [25]. The fact that
the distance between 40 and 55 cm is not significant is a positive conclusion of the study,
because this indicates that the operator does not need to be concerned when placing the
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device in front of the IED, at least within this range of distances. In future work, this range
of distances will be increased to identify the limits of this behavior.

Table 5. ANOVA results using the step-by-step method: degrees of freedom (Df), adjusted sums of
squares (Adj. SS) are measures of variation for different components of the model; adjusted mean
squares (Adj. MS) measures how much variation a term explains, considering the degrees of freedom.

Df Adj. SS Adj. MS F-Value p-Value

n Model 6 155,366 25,894 31.83 0.000

n Linear 4 146,836 36,709 45.12 0.000

n Diameter 1 32,416 32,416 39.85 0.000

n Explosive Specific Mass 1 113,876 113,876 139.97 0.000

n Density 1 356 356 0.44 0.525

n Resistance Inner Tube 1 188 188 0.23 0.642

n Two-Way Interaction 2 8530 4265 5.24 0.031

n Diameter/Resistance Inner Tube 1 3629 3629 4.46 0.064

n Explosive Specific Mass/Density 1 4901 4901 6.02 0.036

n Error 9 7322 814

As a result of the previous factor selection, values of the adjusted R-squared and
R-squared predictor of 92.50% and 85.78%, respectively, are obtained. In the Pareto diagram
in Figure 10, the importance of each factor or interaction is observed, and the normal graph
of standardized effects (Figure 11) indicates whether the factor or interaction positively or
negatively affects the response: a fitted distribution line for effect values close to zero di-
vides the graphic into two parts, so that the factors or interactions farthest away will be the
most significant, with those that positively influence it on the right margin, and those that
negatively influence it on the left margin.
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Figure 11. Normal graph of standardized effects for a significance level α = 0.05.

The outcomes of the hypothesis test show that the factors “Explosive Specific Mass”
and “Diameter”, and the interaction between “Explosive Specific Mass” and “Density”,
have a p-value < 0.05, so the null hypothesis is rejected and therefore it is accepted that there
is a relationship between them and the response variable (water velocity). In other words,
there is reliability in accepting its significance. The interaction between “Diameter” and
“Resistance Inner Tube”, with a p-value = 0.064 (which is close to the level of significance of
0.05) and with an F-value of 4.46, should not be ruled out, and it will be taken into account
in future research.

Figures 12 and 13 show the plots of the main effects and the most significant inter-
actions. Figure 12 (left) represents the main effects plot for “Diameter” and “Mass of
Explosive” effects. The better or worse fit of the factor line to the midline of the response
is interpreted as a lesser or greater effect, respectively. The greater the slope, the greater
the effect on the response variable. To analyze how the adjusted response of the two main
factors is related, contour graphs are used (Figure 14), offering a two-dimensional view
of the contour lines for the same response. The figure reveals how, at high levels of both
variables, the velocity is high, and it is also possible to observe that with a small diameter
or with little explosive, velocities of the order of 300–350 m/s can be achieved.
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Figure 14. Contour plot of the effect of “Explosive Specific Mass” and “Diameter” factors over the
response variable.

It is clear that the greater the amount of explosive, the greater the energy and, also,
with a smaller diameter of the device, the mass of water to be displaced will be less, which
will translate into the superior speed of the water. However, the deactivator does not
always wish to achieve the highest speed of the water front: this will depend on the target
to be hit. In other words, the velocity needed will depend on the size, mass of the IED, and
its construction characteristics, such as the impact resistance of its case (a backpack, a pot,
a plastic bag, etc.). In fact, in previous works, such as the patent by Alford [7], a device
has been proposed that can hold up to three different amounts of explosive, depending
on the effects that the deactivator wishes to achieve. However, in the previous work, the
relationship between these two variables and the velocity reached by the water was not
known: the novelty of the present research also lies in providing a relationship between the
mass of explosive to be used and the diameter of the container to obtain a certain velocity,
in the form of a regression equation valid for the range of study. It will be interesting to
expand this range in future studies in order to determine in which proportions of “Mass
of Explosive”–“Diameter” the effectiveness is lost, either because this ratio is very high
or very low, thus providing an additional tool for the operator to calibrate the optimal
device, based on the IED to be deactivated. Moreover, another topic of study would be the
minimum velocity of the water front necessary to penetrate different materials.
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In Figure 12 (right), the interaction plot of “Mass of Explosive” and “Density” is
depicted. A high level of “Mass of Explosive” improves the response with a low level of
water density, finding the optimum combination at the cut-off point of the lines. If we take
into account that a high density of water will make it more incompressible, this contrasts
the results obtained with the numerical simulation method by Petrenko [13], where it was
concluded that “calculations for an incompressible fluid yield higher values of pressure
and velocity”. The results of DoE also contrast the recommendation given in [7], where it
is mentioned that it is advisable to use water with additives that lower the freezing point.
However, according to the experiments, we found that the latter is not recommended to
obtain a higher water speed, as long as the additive increases the density.

The interaction between the “Diameter” and “Resistance of the Inner Tube”, plotted in
Figure 13, indicates that a combination of a low level of one factor improves the response
with a high level of the other. This can be related to the good operation of an explosive,
maintaining the confinement of the gases [22], either by the presence of the water wall
(related to the diameter) or by the resistance of the inner tube. However, excessive resistance
due to the combined effect of a large diameter with high inner tube resistance can cause
a loss of gases through the upper part of the device and, thus, a lower velocity of the
projected water front.

Finally, the analysis of the residuals allows us to demonstrate the goodness of the
model, since the residuals follow a normal distribution (Figure 15, left). In addition, they
present a constant variance with the variation of the response variable, without following a
defined pattern and without outliers (Figure 15, right), where standardized residual errors
are considered outliers with a value greater than 2 or less than −2.
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Regression Equation

The final purpose of this study is to obtain a mathematical model in the form of a
regression equation, establishing a relationship between the predictors and the response,
with values of the model terms comprised between the established levels. The regression
equation obtained for the response variable (water projection velocity) as a function of the
most significant factors and interactions is the following:

v = 294.5 + 84.36·B + 45.01·A− 17.50 BC− 15.06·AD + 4.72·C + 3.43·D (5)

where v is the speed in m·s−1; A, B, C, and D are the values of the defined levels for
“Diameter”, “Explosive Specific Mass”, “Density”, and the “Resistance of the Inner Tube”,
respectively. Equation (5) can be simplified, due to the low significance of factors C and D,
giving the following equation:

v = 294.5 + 84.36·B + 45.01·A− 17.50·BC− 15.06·AD (6)
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This equation provides results with a good level of precision, despite the limited
number of experiments performed. The sample size could be larger and, of course, in-
creasing the number of trials would reduce the variability and increase the precision of the
correlation shown, by reducing the error from non-controllable factors (such as wind and
other atmospheric conditions, the influence of the human factor, etc.). However, this would
contradict DoE’s main idea of reducing the experiments. In addition, the lack of fit test
carried out on the model confirmed that p-value > α and, therefore, there is no evidence
of a lack of fit. The normal probability plot of standardized residuals, shown in Figure 15
(left), confirms this evidence by showing that the residuals follow a normal probability
distribution N (0, 1). Even so, a response surface design with center (quadratic) points is
planned as future work, for the most influential factors determined by this study, to allow
the possible curvature in the response surface to be modeled. This will allow us, in the
future, to better understand or map the region of the response surface of the experiments
shown in the present work, and to determine the levels of the variables that optimize the
response.

4. Conclusions

This study focuses on investigating the influence of certain factors on the effectiveness
of devices against IEDs by the omnidirectional projection of water through explosives—
specifically, how these factors influence the velocity of the projected water front. There
is a significant lack of information in the literature on these devices, which, however, are
widely used by EOD units around the world and, in many cases, even manufactured by
the technicians themselves.

The factors that have been analyzed are the diameter of the device, the amount of
explosive, the density of the water, the resistance of the inner tube containing the explosive,
and the influence of the distance at which this device is located from the IED. For this, an
experimental campaign is undertaken with planning based on DoE, and the results are
analyzed through statistical analysis using ANOVA.

From the considered factors, the study shows that the most relevant are the specific
mass of the explosive and the diameter of the device. It is concluded that the greater the
quantity of explosive and the smaller the diameter, the greater the speed of the water
front, for the range of values that have been tested. A relationship between the mass of
explosive and the amount of water to be displaced according to the desired water velocity
is also offered for the deactivator, considering, for future work, to expand this range and
obtain a response surface. Especially remarkable is the interaction that is observed between
factors such as the specific mass of the explosive and the density of the water, which exert a
positive influence when these factors are combined with opposite levels, concluding that it
is not advisable to increase the density of the water with salts if a higher velocity is desired.
In addition, although less significant, but not negligible, the study shows the influence of
the interaction between the diameter and the resistance of the inner tube, also positively
influencing the velocity response, with a combination of opposite levels of these two effects.
This interaction may be closely related to the effect that the degree of confinement of the
detonation gases has on the detonation performance, and it will be investigated in an ad
hoc study. Finally, the distance between the device and the IED has not been found to have
a great influence, at the studied range. From this, it is concluded that the effectiveness of
the device is not affected by slightly varying the relative position between them. All these
data offer important considerations to take into account when designing or manufacturing
this type of device, in order to obtain greater performance in its objective, which is none
other than safely deactivating a bomb.
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