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ABSTRACT

Measurement of impulse from explosive charges in contact and ultra-near-field regimes remains poorly characterised due to
the short duration of loading, high strain rates, and the difficulty of obtaining direct momentum-based measurements. Existing
approaches are predominantly pressure-derived or indirect, leading to uncertainty in the relationship between impulse, stand-off
distance and explosive properties in regimes where detonation products directly interact with the target. This paper presents direct
measurements of explosive impulse across contact and ultra-near-field conditions obtained using a ballistic pendulum system.
The measurements span a range of explosive types, charge masses and stand-off distances, enabling systematic examination of
impulse behaviour in regimes that are not well resolved in the open literature. The results demonstrate consistent and repeatable
impulse measurements across the tested range and reveal clear relationships between impulse, stand-off distance and net explosive
quantity. In particular, the data highlights the transition from contact-dominated loading to near-field behaviour and identifies
asymptotic trends in impulse as stand-off increases within the geometric limits of the measurement system. Differences in
behaviour between explosive types are also observed, indicating the influence of detonation characteristics on impulse delivery
in the ultra-near field. The findings provide a directly measured dataset for explosive impulse in contact and ultra-near-field
regimes and contribute to improved understanding of momentum transfer under these conditions. The implications for scaling,
experimental design and interpretation of near-field explosive effects are discussed.

1 | Introduction Originally used as a means of calculating the velocity of pro-

jectiles, the ballistic pendulum is also widely used as a means

The ballistic pendulum was first invented by Benjamin Robins
and was described in his groundbreaking work, New Principles
of Gunnery in 1742 [1]. The general principle is that a pendulum
follows the law of conservation of momentum, so the impact
of a projectile travelling at some unknown velocity will transfer
its energy into the pendulum, causing it to swing. The angle
that the pendulum swings is directly related to the increase of
momentum and from it, the velocity of the projectile can be
determined. By measuring the maximum angle of rotation, if the
length of the arm and mass of the bob is known, it is possible to
derive the impulse [2].

of measuring the relative power of explosives [3, 4] and for
measuring rocket thrust [5]. In more recent years small ballis-
tic pendula have been used for testing one-shot digital micro
thrusters that produce 10~ Ns of impulse and are used to position
nano satellites in orbit [6].

The SI unit for impulse is Ns, which is the force over time,
which is equal to the change in momentum and is sometimes
called the momentum impulse [7]. The simplest means of
directly measuring the impulse is to use a ballistic pendu-
lum.
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FIGURE 1 | Ballistic pendulum designs (not to scale) (a). Type 1—simple pendulum, (b) Type 1a, 1959 variant of Type 1 pendulum for measuring
contact charges and (c) Type 2—horizontal pendulum with two suspension points.

Confusingly, the integral of the time-pressure history from pres-
sure sensor data is frequently mis-described as the impulse. This
may be due to the common use of pressure gauges for recording
blast effects and the integration of the pressure-time histories
which are then called impulse for simplicity. A dimensional
analysis shows that this results in units of Pa.s or N.s/m? and is
more properly the pressure impulse [8].

When considering the blast effects of explosions, the peak
pressure gives little indication of the likely damage to structures,
however the impulse, which indicates the momentum imparted,
or the pressure-time history are both far more useful indicators;
an extremely short duration of high pressure event may be
completed before an object has time to react, whereas a lower
pressure over a much longer period can have the potential to
cause damage [9].

A literature review found several different designs for ballistic
pendula [10-14], but the most common is a simple pendulum
consisting of a simple ball, plate or bar suspended from a single
fulcrum. A second design has a longitudinal mass suspended at
two points along its length allowing a heavier mass to be used and
to provide a degree of control of the swing.

For convenience, the different basic designs are referred to in this
paper as Types 1, 2 and 3 and are shown in Figure 1.

Only one example of a system for measuring the impulse from
direct contact charges has been found in literature from a Russian
book on the physics of explosions published in 1959 [10]. The
design is a variant of the Type 1 as it has a single fulcrum and
is termed a Type 1a Pendulum in the paper. It featured a long bar
of steel with a sacrificial impact plate attached to the charge end,
suspended on what is possibly an adapted ballistic mortar frame.

Some Type 2 systems use Hopkinson Pressure Bars to record
the pressure from the charges in addition to measuring the
pendulum’s swing [11].

Veldman et al. describe a Type 2 horizontal pendulum that is
limited to non-contact charges in the near-field, ranging from
0.113 to 0.68 kg [14]. Critically, their method requires the use of a
slow-motion camera and two exploding foil initiator detonators;
one to initiate the test charge and a second to break a wooden
dowel used to prevent the pendulum from pre-swinging. The last

two requirements put their system beyond the reach of many
researchers.

While most applications of the ballistic pendulum involve direct
transfer of momentum into the system through the impact of
projectiles or thrust from rockets attached to the pendulum, most
explosive uses are restricted to non-contact measurements in
which the force is applied by the shock wave from the explosive
and the impact of combustion gases rather than the impact of a
more conventional projectile. Charges are typically placed in the
near field so that the pendulum is not damaged by the explosive
effects of the test charges. This allows, for example, blast effects on
structures to be investigated but does not allow the impulse from
more powerful contact charges, such as those used in explosive
demolition or explosive breaching to be measured.

1.1 | Momentum Impulse and Overpressure
Impulse

When an explosive material detonates, it rapidly decomposes
generating significant proportions of gas which expands outwards
from the charge. In the case of an ideal spherical charge, the
gases expand radially from the centre, preceded by a shock wave,
formed by the compression of the air by the expanding gasses,
travelling through the air [15]. In free air, when charges at close
range detonate, the fireball extends up to and beyond the point
of measurement, while at greater ranges the shockwave detaches
from the fireball and continues for far greater distances. The
initial shock wave velocity is higher during the initial stage before
reaching a steady velocity close to the speed of sound [16]. At even
greater ranges, the shock wave may lose energy and slow down
below the speed of sound to form a sound wave that may still
contain enough energy to cause damage in the same way that the
blast from an explosion of a low-explosive such as black powder
can cause damage despite not forming a shock wave [17].

Impulse is the change in momentum of a system and the
impulse from explosive charges is a useful predictor of the
damage or effect of charges resulting from the combination of
the shockwave and overpressure and potentially fragment impact.
Unfortunately, different methods of calculating the impulse leads
to both inconsistency and confusion. A pendulum starts at rest
and therefore has zero momentum. It swings to its maximum
height at which its velocity is again zero (zero momentum) but
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FIGURE 2 | Typical Friedlander waveform time-history curve shows
multiple peaks from complex reflections (EX-392) which complicate any
measurement of impulse based on the pressure history which are based
on the area under the curve. This results in the impulse per unit of area
(kPa.s or N.s/m?) rather than classical impulse, which has a unit of N.s.

on its return to the starting position, it has maximum velocity and
maximum momentum. As we know that the initial momentum is
zero, the maximum momentum is therefore equal to the impulse.

The SI unit of Impulse is N.s. The unit for momentum is normally
kg.m/s, but is dimensionally equivalent to N.s. This is sometimes
referred to as the momentum impulse. Other terms used are the
incident impulse (I;) and reflected impulse (Z,) [18]. The incident
impulse is distinct from the reflected impulse, but both the
incident and reflected impulses are types of momentum impulse.

The most significant source of confusion about impulse is that
it is widely stated that impulse is the integral of a Friedlander
Pressure-Time history of an explosion, specifically at non-near-
field distances [19]. This would allow a pressure sensor to be used
to measure the impulse from an explosion without requiring any
other equipment, such as a ballistic pendulum. Unfortunately,
a unit analysis shows that this is not the case. The units from
a pressure-time history are Pa.s or N.s/m? which is the impulse
per unit area. While this is a useful thing to know for a specific
point in space, it gives no indication of the effect such a blast
would have on a body of more complex shape and assumes that
the blast is even across the body, which is often not the case. This
is sometimes referred to as the pressure impulse despite not strictly
being an impulse.

The overpressure impulse (I,,) is the integrated area under the
pressure-time curve of an explosion (Kingery C. N. and Bulmash
G, 1984), and is therefore a function of the pressure, duration
of the blast wave and the rate of decay of the pressure behind
the shock wave (Figure 2). This is broadly the same as the
pressure impulse described earlier, but the incident overpressure
is specifically the pressure above ambient caused by a blast wave
as it propagates through air before it interacts with any surface
whereas the pressure impulse is a more general and less specific
term. Importantly, in blast physics, this impulse does not directly
represent momentum change but rather the energy content

delivered by the blast wave over time. Given the relative simplicity
of determining this when measuring blasts using pressure gauges,
this is the form of impulse commonly used in blast physics [20].
When using such pressure sensors, care must be taken to ensure
that the correct orientation of the gauge is used to measure either
the incident pressure (pressure travelling across the surface of the
sensor) or the reflected pressure (in which the pressure is normal
to the surface of the sensor). The sampling frequency and pressure
range of the gauges must also be matched to the expected blast
overpressure.

For the avoidance of confusion, unless otherwise stated, impulse
is used to mean momentum impulse throughout this paper.

1.2 | Measuring Impulse From Contact and
Near-Field Charges

Contact charges, and those in the very near-field, apply pressures
an order of magnitude higher than those from non-charges in free
air due to the shockwave interaction giving rise to brisant-phase
propulsion. The target material in contact with a detonating
charge experiences the brisant effect of the charge; an effect that
is measured in the dent test which measures the size and depth of
the dent formed in a steel target and which can be used to estimate
the Chapman-Jouguet (CJ) pressures [21].

If a contact charge is considered, even the tiniest of charges will
inevitably destroy any pressure sensor rendering them useless
for this sort of measurement. As a result, little research appears
to have been conducted into measuring impulse from charges
in direct contact or extremely near field. This is partly because
most research interests lie in such fields as building and vehicle
protection, but also because it is technically harder to do, given
the violent nature of explosives and the propensity to damage
equipment [11, 22, 23].

Despite this, there are real-world applications in which contact
charges are used, for example, in commercial demolition and
military breaching, for which the present research is relevant. A
simple method of measuring the impulse from contact and near-
field charges would be very useful for these applications, and the
ballistic pendulum would be the obvious tool for this if they could
be made to survive the damage caused by the shock from repeated
detonations of contact charges.

Most designs lack a means of preventing catastrophic damage to
the equipment and are therefore not suitable for use with direct
contact explosive charges or even those with a stand-off, but are
in close proximity to the contact surface. This may best be defined
in terms of scaled distance, which is the distance divided by the
cube root of the explosive charge weight with a scaled distance
of approximately 0.2 sometimes used in literature as a practical
definition of near-field [14].

They also tend to have limited ranges of charge size dictated by
the structural strength of the system, the mass of the pendulum
bob, length of pendulum arm and the accuracy of measurement
of the rotation. In essence, a system robust enough to withstand
the massive forces of explosive contact charges will typically
be too massive to record movements from small charges. Small
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systems might have a range of 0.75-100 g of explosive [12]
while large systems may be used with charges of 1-10 kg of
explosive at distances of 500-1000 mm [13, 24]. The lack of a
convenient and practical system has meant that most real-world
applications have typically been designed empirically without
a clear understanding of the impulse required or produced by
such charges. Such charges include kicking charges for use
in commercial demolition and military breaching charges for
knocking down doors and blowing holes in walls. The prohibitive
cost of building realistic targets or the inability to experiment
on representative conditions have meant that most charges are
designed with a high degree of trial and error and experience
rather than any scientific analysis resulting in finite element
analysis being more commonly used in place of physical testing
[25].

Charges at greater stand-off distances do not produce the
extremely high-brisance shocks of contact charges and the
impulse is therefore imparted by the incident shockwave and
impact from the explosive gases and at even greater distances, the
shockwave alone. At these ranges, the surface area and shape of
the pendulum become increasingly influential in the measured
response.

1.3 | Scope

The purpose of this paper is to describe the design, imple-
mentation, and experimental evaluation of a ballistic pendulum
for measuring explosive impulse in contact and ultra-near-field
configurations. The focus is on establishing the measurement
capability, repeatability, and practical applicability of the tech-
nique. Interpretation of impulse coupling mechanisms, stand-off-
dependent behaviour or underlying physical regimes lies outside
the scope of this paper and are addressed separately.

2 | Materials and Methods

2.1 | Design of Pendulum/Modular Ballistic
Pendulum (MBP) Design

2.1.1 | Modular Ballistic Pendulum

The MBP described in this paper has a rugged steel frame and
a series of interchangeable horizontally supported bobs, ranging
from 86 to 750 kg, sacrificial and semi-sacrificial impact plates,
suspension chains to give a pendulum arm length of approxi-
mately 1.3 m and a simple but accurate method of recording the
swing requiring only a standard 4k video camera. This allows the
system to be used with bare contact charges as well as charges
suspended in the near-field with a minimum amount of recording
equipment, typically by a single person.

Tests were conducted with bare charges of various types of
explosive, both in contact and with a stand-off. Charges ranged
from 1.25 g up to almost 700 g resulting in swings as small as 0.5°
and as great as 45°, although it was subsequently recognised that
for some of the assumptions to hold true, the maximum angle
is 14°. The errors when measuring very small swings are clearly
proportionally greater than when measuring swings in the 5°-15°

range. It was observed that very large swings led to twisting of
the suspension frame resulting in artificially high impulses being
recorded.

The MBP consists of a rigid steel frame approximately
2m X 3m X 1m and a series of pendulum bobs suspended
on chains (Figure 3).

The standard construction of the bob is a length of I-beam at
least 1 m in length with 30 mm steel plates welded to each
end, one acting as the impact face for the charges and the other
as a counterbalance. Additional, semi-sacrificial steel plates are
bolted to the welded plates to provide additional stiffness and
mass.

The chains were attached to two lugs welded to the top flange
of the I-beam and two parallel pairs of lugs on the frame that
position the bob horizontally and allow longitudinal swings while
limiting lateral yaw movements. The chains were rated to at least
three times the mass of the heaviest bob. The lifting lugs are 30”
(762 mm) apart which were used as a design parameter for the
location of the pivots.

The pivot would ideally, be a knife-edge, however the require-
ment to be able to swap the bobs quickly and easily led to the
selection of off-the-shelf lifting chains with pre-fixed shackles.
These were fitted to rings fitted to the frame and to the lugs on the
bobs. It was found that the orientation of the rings on the frame
was critical to ensure that the most frictionless orientation was
selected.

For contact charges, rectangular steel plates
250 mm X 400 mm X 30 mm are bolted onto the bob’s fixed
impact face in place of the steel disc. When being used to measure
free-air stand-off charges, the rectangular impact face plates are
replaced by a circular steel disc 500 mm in diameter and 40 mm
thick which is bolted to the bob’s fixed impact face.

Small charges are measured using the light and medium bobs
when a single additional plate is used giving a total thickness of
60 mm, including the impact face welded to the bob. For larger
charges, the heavy mass is used two plates are used giving a total
thickness of 90 mm to ensure that the impact face is not deformed.
The bolted-on plates are considered semi-sacrificial.

The heavy mass was constructed using a BLU-109 bomb case
with a steel plate welded to the base, allowing additional, semi-
sacrificial plates to be bolted on. The original suspension lugs are
used and their spacing, 30” (762 mm) apart, was the reason the
standard spacing between suspension lugs for all the masses was
fixed at this distance.

Charges fired in the same position on the plates eventually
began to erode the surface. This effect could be slowed down by
minor adjustments to the charge location (left or right) of a few
millimetres. The charges were not large enough to bend or deform
the plates which were strongly supported by the main, welded
base plates. After approximately 100 firings, the plate was simply
reversed to present a flat surface and ultimately, was replaced with
a new plate after the surface became rough and pitted. As the
plate was not bent, it continued to present a flat surface for the
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FIGURE 3 | (a)Illustration of MBP frame and mass. (b) The smaller pendulum masses are fabricated from I-beam sections and the explosive charges
may be fixed directly to the impact face. (c) I-section 86 kg mass in use. (d) The 763 kg mass is a repurposed BLU-109 bomb case can measure up to 2000 Ns.

charges to be fixed to, ensuring good contact, which is considered
important so as not to skew results. The data did not, however,
show any variation in results as the plates became progressively
pitted.

For high-brisance explosives such as military plastic explosives,
additional sacrificial plates 100 mm X 100 mm X 10 mm are
fixed to the larger plates using adhesive tape [26]. The number
of smaller plates depends on the type and size of contact charges
with either two or three plates used. Their mass was added to the
pendulum mass for calculations.

2.1.2 | Calculating Impulse Using a Horizontal
Pendulum

Impulse is defined as the change in momentum of a system.
A ballistic pendulum can be used to calculate the impulse
using the angle of rotation and the known constants of the
pendulum. The impulse is the entire impulse from a charge into
the system and takes no account of the area of the pendulum
[27].

As the horizontal pendulum is turned through 90° from the verti-
cal pendulum used by Battelle, the equation used for calculating
the impulse is changed to:

J =m+/2gr(1 — cosH) (€8]

where: J = impulse (Ns), m is mass of pendulum (kg), g = gravity
(m/s?), r = distance of centroid of the pendulum to the rotational
axis (m), and 6 = angle of rotation (degrees).

There are a few derivations of equations for calculating impulse
for a ballistic pendulum in literature [12, 28-30]. Battelle has one
of the more complete derivations but is for a vertical pendulum
(the mass is projected vertically). All the derivations are based
on conservation of momentum and derive the horizontal or
vertical component of the momentum depending on which
plane the impulse is acting. The following derivation is adapted
from Battelle but resolves to a slightly simpler final form for a
horizontal rather than vertical pendulum.

Impulse from the charge will cause the pendulum centre of
mass (COM) to have an initial velocity (v) causing the pendulum
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FIGURE 4 | (a)Mode 1swing and (b) Mode 2 swing.

to have an initial angular velocity (w). Gravity acts against the
motion of the pendulum and the final angle of rotation can be
used to determine the work done. Figure 1c shows the geometries
used for the derivation.

For the rotation of a rigid body around a fixed point, the energy-
work equation is:

1 2 1 2
51 Dlinitialy T W‘gﬁ(g)ﬁtial) = 51 D tinary + MEAtina) @
(work)

where, I is moment of inertia (kg m?), w is angular velocity, m
is mass of pendulum (kg), g is gravity and h is height raised (m).
Under the initial conditions, & is zero. Under the final conditions,
when the pendulum has stopped, w is zero. So, the energy-work
equation becomes:

1.,
§I D initiary = M8Ntinay 3

Since, w = v/r and h = r(1 — cos 64,1 )Where, v = velocity (m/s)
and 0 is the final angle of the pendulum, the equation becomes:

2

1 v
DAl = mgr(1 — cos O 4
2" 72 (initian) gr( (final)) 4)
Since, I = mr?
1 2
5 MU (initial) = mgr(1 — cos Etinary) ()
That is, KE = PE
1 2
5 v =gr(l—cosé) ©

solving for v:

v =1/2gr(1 —cosb) 7

Conservation of momentum dictates that the initial angular
momentum divided by the length of the arm will be equal to the
momentum of the pendulum centre of gravity from the impulse
of the charge:

J= Iw/r(pendulum) = Iv/r(zpendu]um) = mv(final) - mv(initial) (8)

where, J is impulse (Ns) and is the change in momentum,
MY tinal)— MVinitial ). Since MVinitial) is equal to zero the Impulse (])

(b)

from the charge so:
J = mginay 9

Therefore,

J =m+/2gr(1 — cosH) (10)

21.3 | Pendulum Length

The length of the pendulum arm is measured from the pivot at
the top to the COM. With a simple pendulum, it is common to
treat the effect of the mass of the suspension chains or cables
as insignificant [31] but with the lighter mass, this assumption
cannot be made. The MBP design uses bobs with significant
mass which require suitably robust suspension chains that add
significantly to the overall mass. The total mass of the bob must
include the mass of the chains, and this can result in the COM
moving towards the pivot in the Y-axis. With the lighter bob, the
mass of the chains is a significant proportion of the total mass
(bob: 55 kg, chains: 31 kg).

Simply measuring the distance from the pivot to the centre of
the bob is inaccurate. An alternative method of determining the
pendulum length, based on the period of swing was found to be a
simple method that allows the effective length to be determined
for each firing. As shown in Figure 4, there are two main possible
modes of swinging, either with the chain and fixings all acting as
a single unit (Mode 1) or where the secondary fixing point forms a
pivot (Mode 2), which has the effect of shortening the pendulum
length. Mode 2 tends to occur when the light pendulum mass is
used with heavy charge weights.

The equation of motion for a simple pendulum is a second-order
linear differential equation which is not trivial to solve, however,
the small angle approximation may be applied [31, 32]. This states
that when the angle is small and measured in radians, the sine of
the angle is approximately equal to the angle itself. This may be
expressed as:

sinf ~ 6 (11)
This holds true for angles less than approximately 0.24 radians

(14°) for which the error remains below 1% [33]. Applying this
simplifies the equation which may then be rearranged to solve
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(a) (b)

FIGURE 5 | Image resolution is important for the accurate capturing of data from video. (a) Full frame (3840 x 2160 pixels) video image. (b) The

(c)

same image zoomed in on bob. Distance between black and yellow squares is 1 m. (c) Image zoomed in further showing the vertical line displaying a

1-pixel resolution.

for the period T.

L
T= 271\/; (12)

where T is the period of oscillation, L is the pendulum arm
length and g is acceleration due to gravity. Note that this is
a simplified equation that is valid for small swings (below
approximately 14° [34]. Rearranged to solve for L this equation
becomes:

_T’8
T 42

13)

This allows the COM to be calculated by determining the period of
the pendulum, which can be done easily from video recordings of
the motion. This is important because the horizontal bob design
with a fixing point/pivot on the top edge of the bob means that a
simple datum marker on the bob is not necessarily on the axis of
the pendulum. If the angle of rotation is greater than 14° the small
angle approximation cannot be used, and so smaller calibration
charges may be used to determine the pendulum length which
can then be used for calculations for larger charges that give
greater swings.

The period-derived equivalent length implicitly captures the
physical pendulum’s inertia distribution via L.q = I/(mrcom);
impulse is then obtained via angular impulse about the pivot
using the effective moment arm to the loading point.

2.2 | Data Capture and Processing

The first ballistic pendulum in 1742 used a loosely gripped length
of ribbon to measure the travel of the pendulum [1]. Since then,
numerous methods of capturing data from ballistic pendula have
been used successfully [1, 2, 11, 12, 28]. The standard method
for capturing data from a ballistic pendulum is to measure the
angle of rotation of the pendulum arm [35]. As technology has
advanced, various methods have been utilised, including built-
in protractors, rotary transition transducers, laser displacement
gauges and Hopkinson Bars [11, 22, 28].

A method that would allow simple, rapid and accurate data
capture by a single operator also conducting the explosive tests
was desired, so all these methods were discounted. The method
uses video footage to capture the rotation and computer software
to analyse and measure the movement [12]. This does not need
special hardware to capture and process electrical signals and
is less prone to damage or failure. Video data capture was
therefore selected for this design. A video analysis program
called Tracker, developed as part of Open-Source Physics was
used to measure the angle of rotation and the lateral movement
[36].

Standard digital cameras recording video at Ultra HD resolution
(3840 x 2160 pixels) recorded at a frame rate of 29.97 fps to
capture results. Two models of camera were used; a Sony RX-
10 with a 24-200 mm F2.8 lens was used in early tests and was
subsequently upgraded to a Lumix GH5 with a 12-60 mm F3.5-5.6
lens which has significantly better poor-light capabilities [37]. The
better optics of the Lumix meant that when zoomed in to detail on
videos, the image was far clearer despite both cameras claiming
to be 4k cameras. There is no requirement for faster frame rates
as the swing is slow enough to easily capture the apogee at
normal frame rates. Figure 5a shows the raw resolution obtained
from video footage. Filming at UHD or 4K resolution allowed
the tripod-mounted camera to be positioned approximately 1 m
above the ground and 10 m away. This was far enough from the
MBP to use the camera with a neutral focal length to reduce
parallax effects on the image. The image resolution is great
enough to allow the image to be zoomed in on to allow easy
measurement of the movement of the bob using the Tracker
software.

The fireball from a typical test with 5 g of explosive, producing
14.5 Ns of impulse lasts only one frame (33 ms) of standard-speed
video recording while the pendulum takes about 16 frames, just
over half a second, to reach the apogee. This affords ample time
to measure the motion of the pendulum.

The tracker software used for video analysis allows images to
be zoomed in and out to allow calibration of images as well as
automatic tracking and data capture from videos (Figure 6). The
ultimate limitation on the amount of zoom that can be used is the
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TABLE 1 | Sources of error.

Source of error

Description

Pre-swing—bob
Mechanical losses and friction
Twisting of frame
Unbalanced bob
Pre-swing—charge
User-variation

Non-axial loading

O N O U A W N =

Camera parallax

Bob not static at moment of firing
Pivot and connections between chain and shackles
MBP frame twisting when heavy bob is used with large charges
Bob constructed without counterbalance
Explosive charge swinging
Consistency of reading video data
Contact charges not symmetrically positioned

Camera not aligned on the axis of the chain being measured

point at which features being measured are approximately 1 pixel
wide (see Figure 5c.)

2.3 | Errors

The main errors identified are listed in Table 1 below:

The top four sources of error are discussed here, while a
more complete assessment of uncertainty sources and error
propagation is provided in Supporting Information B.

Residual pendulum motion at the moment of firing violates

the assumption of zero initial momentum and can introduce a
positive or negative bias depending on swing phase as shown in

Table 2. This effect was mitigated by ensuring the pendulum was
stationary prior to firing; tests exhibiting observable pre-swing
were excluded from analysis.

Mechanical losses and friction were minimised through careful
configuration of the pivot and are considered negligible relative
to the measured impulse.

At high impulses with the heaviest bob, frame torsion was
observed, defining an upper operational limit for the current
configuration; data exceeding this limit were excluded.

Early tests with an unbalanced bob showed sensitivity to pitch
under higher impulses; subsequent tests used counterbalanced
bobs, eliminating this effect.
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TABLE 2 | Pre-swing sensitivity.

Bob NEQ Angle Impulse Deviation Momentum Error
(kg) Explosive 8 ©) (N.s) ©) (N.s) (= %)
86 Detcord 1.25 0.8 3.8 0.1 0.5 13.2
86 Detcord 20 8.9 42.5 0.1 0.5 1.2
237 PE4 20 23 30.7 0.1 13 4.2
237 PE4 60 6.5 86.7 0.1 13 15
758 Poladyn 100 1.8 78.2 0.1 43 55
758 Poladyn 500 11 477.1 0.1 4.3 0.9

(@

(b)

FIGURE 7 | Charge configuration and fixing was changed as appropriate for each series: (a) contact charges attached to sacrificial impact and (b)

spherical charges suspended on a thread.

2.4 | Explosives Tested

Three different types of explosives, plastic explosive (PE4), dyna-
mite (Poladyn) and emulsion (Emulex 2+) were weighed and
hand-rolled into approximate spheres and formed into hemi-
spherical contact charges by pressing them onto sacrificial steel
plates mounted on the pendulum impact face (Figure 7a). The
inherent adhesion of the explosives was sufficient to maintain
placement during preparation.

Sacrificial plates were manufactured from mild steel and mea-
sured 100 mm X 100 mm X 10 mm. Depending on explosive
type, one or more plates were used and attached directly to the
pendulum bob.

A limited number of detonating cord tests were conducted during
method development; these are mentioned for completeness but
are not central to the validation results presented.

Contact charges were affixed directly to the impact face. For
stand-off and non-contact configurations, charges were formed
into spheres and suspended on a fine thread from the frame above

the pendulum, with stand-off adjusted using a magnet. Unless
otherwise stated, stand-off was measured from the centre of the
charge to the impact face. One test series reproduced prior work
by Veldman, in which stand-off was measured from the nearest
point of the charge to the impact face.

All charges were initiated using standard commercial No.
8 electric detonators [38]; unlike the arrangement used by
Veldman et al. [14], the present configuration does not require
synchronised dual initiation or exploding foil initiators.

2.5 | Repeatability and Uncertainty

Repeatability of the ballistic pendulum measurements was
assessed through multiple nominally identical shots conducted
under the same experimental conditions. Representative repeated
firings showed low shot-to-shot variation relative to the changes
observed between different charge sizes and configurations. For
example, two repeated PE4 firings at 50 g NEQ and 200 mm
stand-off produced impulses of 20.5 and 21.5 N.s, respectively,
corresponding to a coefficient of variation of approximately 3.2%.
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This demonstrates that the pendulum response is sufficiently
repeatable to resolve meaningful differences in impulse within
the experimental programme. Additional repeatability data are
provided in Supporting Information A.

3 | TestPlan
3.1 | Variables

The objective of the experiments was to test the MBP with
different configurations and to validate the design. The main
variables were as follows:

* Contact/Non-contact charges
* Pendulum bob mass

* Type of explosive—plastic explosive, detonating cord, dyna-
mite, packaged emulsion

* Stand-off distance for non-contact charges.

3.2 | Summary of Test Series

The experiments were broken down into five series, each
designed to test the MBP in particular ways based on the variables
described above. The experiments presented in this paper can
be broadly split into two categories: contact charges and non-
contact charges. The first series explores the effect of changing the
pendulum bobs was done using contact charges as this reduces
any potential factors arising from the surface area of the impact
face and gas wraparound effects.

Series 2 and 3 compared different explosives, with contact and
non-contact charges to rank them by impulsiveness.

Series 4 examined the effect of stand-off distance using two
explosives, PE4 and Emulex 2+.

Series 5 repeated the experiments done by Veldman [14] in
which C4 charges of various NEQs were fired 127 mm from
the pendulum. The full test series are summarised in Table 3
below:

4 | Results and Discussion

Note that a full set of results is given in Supporting Information
A. A detailed interpretation of how explosive properties influence
loading duration and variability is beyond the scope of this paper
and is addressed separately.

4.1 | Series 1: Effect of Changing the Pendulum
Mass

Series 1 examined whether measured impulse depends on
pendulum bob mass.

The three pendulum bobs, light, medium and heavy, weighed
128.8, 328.4 and 758.4 kg, respectively. Poladyn was used, with
charge masses ranging from 10 to 673 g, selected to suit each bob
with partial overlap between datasets.

The results for each pendulum bob are shown in Figure 8.
All linear regressions were constrained to pass through the
origin, consistent with zero impulse at zero NEQ. Allowing an
unconstrained intercept did not materially change the fitted
gradients or the conclusions drawn.

Impulse increased linearly with NEQ for all three pendulum bobs.

Linear regression of impulse against NEQ yielded gradients of
0.845, 0.842 and 0.927 N.s g~! for the light, medium and heavy
bobs, respectively. The light and medium bobs gave near-identical
gradients, while the heavy bob produced a slightly higher
gradient. Figure 8d shows all three datasets plotted together,
demonstrating consistent, colinear behaviour across pendulum
masses

In an ideal measurement system, the impulse-NEQ gradient
would be independent of pendulum mass. The present results
indicate broadly consistent behaviour Across pendulum masses,
although a small systematic mass- or charge-range-dependent
effect cannot be excluded. The most likely contributors are
proportionally lower mechanical losses at higher impulses, dif-
ferences in charge size/diameter affecting Poladyn performance,
or improved coupling at larger charge masses. The data therefore
support use of the MBP across masses, while indicating that

TABLE 3 | Summary of test series investigating how consistently the Pendulum records the impulse from similar charges when different pendulum

masses are used.

Ser. Range Test Explosive No. firings
1 Contact Effect of changing pendulum mass Poladyn 18
2 Contact Investigating the effect of changing PE4, Poladyn, Emulex 2+ 19
the explosive
3 Non-contact Investigating the effect of changing PE4, Poladyn, Emulex 2+ 16
the explosive
4 Non-contact Characterising the effect of PE4, Emulex 2+ 40
changing the stand-off
5 Non-contact Fixed SO, varying NEQ (repeat of C4 5
Veldman tests)
10 Propellants, Explosives, Pyrotechnics, 2026
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FIGURE 8 | (a-c)The data sets for each of the pendulum bobs with Poladyn and (d) combined data.
pendulum mass and charge range should not be treated as 200 Contact Charges: Changing Bobs
entirely interchangeable without calibration Light Dlh;f v v v v v v
600 Heavy Mass
The marginally higher gradients observed for the heaviest bob
may reflect mechanical losses that are approximately constant 00 b i
rather than proportional to bob mass; however, this effect cannot _
be isolated within the present dataset. All results presented in this 54 200 -
paper are therefore based on the period-derived pendulum length. 2
3
2300 -
E
4.2 | Series 2: Changing Explosives With Contact 200 | .
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100 | -
Figure 9 compares the impulse-NEQ relationships for PE4, Pola-
s 0 '] '] '] '] '] '] ']
dyn and Emulex 2+ under contact conditions. PE4 produced the 0 T00 200 300 200 =00 500 =00

highest impulse per unit NEQ under contact conditions, followed NEQ (g)

by Poladyn and Emulex 2+. Poladyn produced approximately

57% and Emulex 2+ approximately 42% of the impulse generated FIGURE 9 | The NEQ-impulse characteristics for PE4, Poladyn and
by PE4. Compared with PE4 and Poladyn, Emulex 2+ exhibits ~ Emulex 2+
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FIGURE 10 | (a)PE4, Poladyn and Emulex 2+ at 200 mm SO and (b-d) comparison of contact and non-contact charges.

greater scatter about the fitted trend, reflected in a lower r?
value.

The observed ranking broadly follows expected detonation per-
formance trends, with the higher-VoD explosive (PE4) producing
the greatest impulse under contact conditions. This is consis-
tent with the stronger brisant loading associated with higher
detonation velocity explosives. However, impulse transfer is not
governed by detonation velocity alone, and factors including
explosive density, heat of explosion, gas expansion behaviour
and charge geometry are also likely to influence the measured
response.

The present results, therefore, likely reflect the combined influ-
ence of brisant shock loading, gas expansion behaviour, explosive
density, heat of explosion, reaction zone characteristics, charge
geometry and loading duration. The greater scatter observed
in Emulex 2+ may reflect increased sensitivity to variations
in coupling associated with lower-VoD, longer-duration loading
behaviour.

4.3 | Series 3: Changing Explosives With
Non-Contact Charges

Having established that the MBP design can be used for
contact charges, it was then used with non-contact charges
suspended away from the impact face. No sacrificial plates
were required as the airgap between the charge and the pen-
dulum removed the brisant effect that is the main cause of
damage.

The next series repeated the investigation of Series 2 with charges
suspended 200 mm from the pendulum rather than in contact.
The same three explosives, PE4, Poladyn, Emulex 2+ were used
and explosive quantities varied from 50 up to 400 g.

The results are given in Figure 10. As the NEQ increased, the
impulse increased in a linear manner, but what was notable is
that unlike contact charges, the results for Poladyn and Emulex
2+ at a stand-off were almost colinear. Poladyn produced 37.2%
less impulse and Emulex 2+ 36.9% less than PE4.

12
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PE4: Changing Standoff (86 kg Mass)
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Emulex 2+: Changing Standoff (86 kg Mass)
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FIGURE 11 | (a)PE4 datashow good linearity at all distances, and (b) data for Emulex 2+ shows similar linearity.

For non-contact charges at 200 mm stand-off, Poladyn and
Emulex 2+ exhibited near-colinear impulse-NEQ behaviour,
despite differing manufacturer-reported properties (Figure 10).
What is notable from the specifications is that both Poladyn
and Emulex 2+ have very similar heats of explosion. When
compared with PE4, they are both approximately 21% lower than
PE4, whereas the experimental stand-off impulse gradients were
approximately 37% lower than PE4, indicating that just as it is in
the VOD of an explosive [39], the heat of explosion could be an
important factor in the impulse produced, but it is not a simple
linear relationship.

A notable feature of the 200 mm stand-off data is that Poladyn
and Emulex 2+ exhibit almost identical impulse-NEQ gradients
despite producing substantially different gradients under contact
conditions. This suggests that the strong dependence on brisant
loading observed in rigid contact configurations evolves at stand-
off distances where momentum transfer increasingly reflects the
combined effects of blast-wave propagation and gas expansion.
The results, therefore, indicate that explosive ranking based on
contact impulse does not directly translate to stand-off configu-
rations, and that the relative behaviour of explosives may change
significantly as stand-off increases.

The increased scatter observed for Emulex 2+ may reflect dif-
ferences in the temporal characteristics of loading associated
with lower detonation velocity explosives. If the effective loading
duration is longer, small variations in coupling may lead to
increased variability in measured impulse. The same effect may
also contribute to the lower contact impulse measured for Emulex
2+ relative to the more brisant explosives tested, particularly
in rigid contact configurations where short-duration brisant
loading may dominate momentum transfer. However, the overall
impulse-NEQ relationship remains linear, and the assumption of
impulsive loading is considered valid within the resolution of the
present measurements.

In addition, differences in bulk density change the physical
size of a given NEQ charge; for centre-referenced stand-off
measurements this alters the surface-to-target distance between
explosives at the same NEQ, which may contribute to apparent
differences and scatter at stand-off. Poladyn has a higher bulk
density (1.6 g/cm?) than Emulex 2+ (~1.2 g/cm?), such that for
a given NEQ the Emulex charges have a larger physical radius;
for centre-referenced stand-off measurements this increases the
effective surface-to-target distance and may contribute to differ-
ences and increased scatter observed at stand-off. While density

influences charge size and detonation pressure, the time-history
of product expansion is governed by the detonation process and
product EOS; detailed treatment is beyond the scope of this paper.

4.4 | Series 4: Investigating the Effect of Varying
Stand-Off of Non-Contact Charges

PE4 was tested using the light bob and Emulex 2+ tested with
the medium pendulum bob with a 500 mm diameter steel disc
fitted. Sets of firings with various NEQs were conducted at 150,
200, 250, 400 and 800 mm stand-off, measured from the centre of
the charge. The NEQ was varied from 25 to 400 g. The results are
given in Figure 11.

For Emulex 2+, an unconstrained linear fit indicates a consistent
non-zero intercept (equivalently, an apparent NEQ offset) across
series; the origin-constrained fit remains linear but yields a
lower r*. The origin offset may reflect systematic differences
in coupling and/or measurement sensitivity at low impulses;
detailed interpretation is beyond the scope of this paper.

Replotting the same data with NEQ against stand-off distance
reveals a strongly non-linear attenuation behaviour, characterised
by a rapid initial reduction in impulse out to approximately
400 mm followed by more gradual decay at larger stand-offs
(Figure 12). The stand-off dependence is well represented by a
power-law relationship of the form I = a.SO?, consistent with the
non-linear attenuation expected in ultra-near-field blast loading.
The fitted exponents were broadly similar across the charge
masses tested, indicating comparable attenuation behaviour over
the stand-off range examined.

Compared with PE4 at equivalent NEQs, Emulex 2+ exhibited
consistently steeper attenuation exponents, indicating a more
rapid reduction in measured impulse with increasing stand-off
distance. This is consistent with the broader observation that the
relative behaviour of the explosives changes between contact and
stand-off configurations, suggesting differing contributions from
brisant loading and gas expansion processes.

The differing attenuation behaviour produces an apparent
crossover region in which Emulex 2+ generates greater measured
impulse than PE4 at very small stand-off distances, while PE4
produces greater impulse at larger stand-offs. This further illus-
trates that explosive ranking is strongly dependent on loading
geometry and stand-off configuration. However, because the
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PE4: Impulse vs Standoff (86 kg Mass)
T T T T T T

bea
| 259
50 509
100g

a0k -

Impulse (N-s)

20k -

" " " " " " "
100 200 300 400 500 600 700 800
Stand-Off (mm)

(@

PE4 vs Emulex 2+: 100 g, Impulse vs Standoff (86 kg Mass)
0 T——T— T T T T .7
Emln 2+ 1009

50 -

Impulse (N's)
w
S
T
1

20 -

1 1 1 1 1 1 1
100 200 300 400 500 600 700 800
Stand-Off (mm)

(©
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FIGURE 12 | (a)The same data from Figure 11a (PE4) replotted with NEQ v Impulse show an asymptotic regression, (b) Emulex 2+ data shows a
similar regression and (c) PE4 and Emulex 2+ data for 100 g charges are plotted against each other to show the difference in relative performance of the

two explosives.

fitted exponents are derived from a limited number of stand-off
positions, both the exponent values and the precise crossover
location should be interpreted cautiously and treated primarily
as descriptive rather than mechanistic parameters.

4.5 | Series 5: Comparison With Veldman et al

Tests replicating the stand-off definition used by Veldman et al.
were conducted to confirm compatibility of measurement con-
ventions (Figure 13). Veldman et al. used a circular steel strike
face of 0.574 m diameter, corresponding to an exposed area
of approximately 0.259 m?. The MBP impact disc used in the
present comparison was 0.500 m diameter, corresponding to
approximately 0.196 m?. Veldman’s exposed strike area was
therefore approximately 32% larger than that used here. This
represents a potential geometric difference between the systems,
although the contribution of the outer annulus is expected to be
reduced because blast loading decreases with radial distance from
the charge axis.

This difference in impact-face diameter represents an upper
bound on geometric effects; because loading decays with radial
distance, the effective contribution of the outer annulus is
expected to be smaller.

The comparison with Veldman et al. shows good overall
agreement despite substantial differences in pendulum geometry,
pendulum mass, target face dimensions, and experimental

Veldman et al (2025) vs Alford et al: Contact Charges

600
. Veldmgnetal (2025‘ ' ' ' ' '
Alford et al
500 = =
400 = -
@
2
& 300 -
=
2,
B
200 = =
100 = -
0 L L L L L L L
0 100 200 300 400 500 600 700
NEQ (9)

FIGURE 13 | Veldman’s tests were repeated using the MBP and
compared. (Alford et al. (this paper)).

configuration. The gradient obtained in the present work
(0.732 N.s g™!) is moderately lower than that reported by Veldman
et al. (0.801 N.s g™!), but remains within the same overall range
and follows the same linear impulse-NEQ behaviour. This is
consistent with the broader observation that pendulum mass
and apparatus configuration may introduce modest systematic
differences in measured gradients, while still supporting the
general validity and reproducibility of the ballistic pendulum
approach across different experimental systems.
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5 | Conclusions

This research has demonstrated that the ballistic pendulum, in
its modular form, remains a practical and effective method for
measuring momentum impulse from both contact and near-field
explosive charges. The MBP developed in this study proved capa-
ble of surviving repeated detonations, accommodating a wide
range of explosive types and net explosive quantities, and deliv-
ering consistent and reproducible results. Taken together, the
statistical comparison of gradients supports the use of multiple
pendulum bobs with broadly consistent behaviour across masses,
although small systematic differences between configurations
cannot be fully excluded.

The principal findings can be summarised as follows:

Validation of the MBP design—Consistency across pendulum
masses confirms that mechanical losses and geometric
effects are well controlled, enabling confidence in the
conservation-of-momentum approach.

Contact vs. non-contact behaviour—Contact and non-contact
charges produce measurably distinct impulse responses.
The MBP reliably resolves differences in impulse behaviour
across charge type and stand-off.

Stand-off dependence—The impulse-distance relationship
exhibits an asymptotic trend over the stand-off range tested,
illustrating the response characteristics of the MBP.

Comparison with published data—Results align with existing
studies while avoiding the complexity and fragility of high-
speed sensors or multi-detonator systems.

The MBP therefore provides a robust, low-cost and versatile
tool for experimental blast research, particularly where pressure
gauges cannot survive contact or near-field conditions. Beyond
validating empirical design practices, it offers a scalable platform
for quantifying impulse in demolition, breaching and protective
structure applications.

Future work will investigate the physical mechanisms governing
stand-off-dependent impulse coupling and regime transition.
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