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Abstract: Urban blasts have become a significant concern in recent years. Whilst free-field blasts
are well understood, the introduction of an urban setting (or any complex geometry) gives rise to
multiple blast wave interactions and unique flow complexities, significantly increasing the difficulty
of loading predictions. This review identifies commonly agreed-upon concepts or behaviours that are
utilised to describe urban shock wave propagation, such as channelling and shielding, in conjunction
with exploring urban characterisation metrics that aim to predict the effects on global blast loading for
an urban blast. Likewise, discrepancies and contradictions are highlighted to promote key areas that
require further work and clarification. Multiple numerical modelling programmes are acknowledged
to showcase their ability to act as a means of validation and a preliminary testing tool. The findings
contained within this review aim to inform future research decisions and topics better.

Keywords: numerical modelling; urban blasts; shock wave propagation; peak overpressure; scaled
impulse

1. Introduction

The urban population density has consistently trended upward since records began
and is predicted to continue doing so. Roughly 55% of the world’s population was said to
reside within urban areas in 2018; this figure is estimated to reach 68% in 2050 [1]. Addi-
tionally, explosions in urban settings are undoubtedly becoming more common. Terrorist
attacks frequently target densely populated areas in order to generate media attention and
cause fear. Improvised explosive devices (IEDs) are often used to target particular buildings
or local areas with the specific intention of causing structural collapse and maximising the
loss of life [2], as was the case of the 1995 Oklahoma bombing [3]. Accidental industrial
explosions have the capacity to cause city-scale damage, as was seen in the aftermath of
the 2020 Beirut explosion [4,5]. The war in Ukraine has further highlighted the need to
understand blast events in urban environments, and this area also presents a significant
challenge to military forces who require rapid numerical tools to assess combat scenarios
in order to limit collateral damage and increase safety for friendly forces [6].

This dual increase in urbanisation and the magnitude and severity of explosions in
urban areas has shifted blast protection engineering more towards the remit of the general
structural engineer [7]. It is the aim of blast resilient design to provide protection strategies
that are “intelligent, thoughtful and holistic in approach, not blind and expensive hardening” [8].
Accordingly, a detailed and comprehensive understanding of the blast load a structure
or structural component may be subjected to is a crucial first step in facilitating a more
focused and effective approach to blast protection engineering.

The prediction of blast loading in cityscapes is highly complex. When a blast wave
propagates in a crowded setting, the magnitude and form of the resulting blast load differ
substantially from those of a free-air blast, largely due to the confining effect of nearby
structures [9]. Furthermore, the coalescence of multiple shock fronts that have reflected off
or diffracted around obstacles is a highly non-linear physical process [10], and it has been
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shown that an accurate representation of the blast waveform is critically important when
conducting quantitative risk assessments [11].

This literature review summarises the current state of the art regarding blast theory
and identifies potential discrepancies between research papers to highlight topics for further
investigation. Computational-based approaches are also reviewed to acknowledge their
advantages and limitations for supplementing experimental work, and the review ends by
exploring experimental methods and instrumentation to inform the methodology of future
experimental work better. Whilst significant recent advancements have been made in each
of these respective areas, it is hoped that this literature review will outline the common
challenges still faced by the research community and discuss emerging solutions to them.

2. Current Knowledge
2.1. Basic Theory

The detonation of an explosive mass causes a shock front to propagate outwards through
a substance. A shock wave can be considered as a near-instantaneous change in pres-
sure, density, and internal energy that travels through a medium faster than the medium’s
speed of sound—approximately 343 m/s in air at ambient conditions. The resultant pres-
sure increase above atmospheric pressure from the shock wave is defined as the peak
overpressure, denoted as ps, max for incident shock waves and py uqx for reflected shock
waves. The parameter ¢, corresponds to the time of arrival (the duration it takes a shock
wave to travel a given stand-off distance), and t; represents the positive phase duration
(i.e., the duration over which above ambient pressures are acting). The impulse values,
iso and i, are equal to the integral of their respective pressure curves with respect to
time, t;. The negative phase has a similar set of respective parameters, as described
by Rigby et al. [12], detailed in Figure 1 as an ideal far-field blast wave.

P o)

pr,max

pr,min

| | | - |
ta td t d
Figure 1. Pressure vs. time history curve that represents an ideal far-field blast wave, adapted from
Rigby et al. [13].

Blast wave scaling is commonly used to compare geometrically similar explosive
masses. Two geometrically similar shock waves will be produced upon the detonation of
two geometrically similar explosive masses. The same scaled blast wave parameters will
result from the two separate blasts, provided the scaled distances and control variables are
identical [14]. The established scaling laws constitute cube-root scaling and were indepen-
dently proposed by Hopkinson [15] and Cranz [16], and hence the term “Hopkinson—Cranz”
scaling is often used.
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Scaled distance, Z, can be calculated via Equation (1). These scaling laws allow
direct comparisons between explosive events at any reasonable scale, provided the differ-
ences in the explosive compounds are accounted for (e.g., shape effects [17-20], secondary
combustion [21], heat of detonation and/or reaction rates [22-25], etc.). However, some
have previously suggested a practical limit to the minimum reasonable scale for gathering
experimental data [26]. Johnson et al. [27] analysed the effectiveness of Hopkinson-Cranz
scaling within tunnel environment-based blast tests. The difference between the peak
overpressures between full-scale and small-scale tests was 3%, reinforcing the validity of
the Hopkinson—Cranz scaling method.

e 7 isthe scaled distance (m/ kgl/ 3).
e  Ris the stand-off distance (m).
* W is the explosive mass (kg, typically as an equivalent mass of TNT).

Trinitrotoluene (TNT) equivalency is a widely agreed-upon concept within the field
of blast engineering [28], where TNT equivalence is defined as the mass of TNT required
to produce the same blast parameter(s) of a unit mass of the explosive in question, at
the same stand-off distance. This enables the comparison and prediction of blast wave
parameters caused by the detonation of fundamentally different explosive compounds.
Additionally, TNT is the explosive compound utilised in commonly used empirical for-
mulae and computational calculators such as ConWep [29], Blast-X [30], EMBlast [31], etc.
Therefore, TNT equivalency is required to analyse blast parameters using these approaches.
The TNT equivalence factor for a given explosive compound can be calculated as seen in

Equation (2).
TNTeg = Wrnt/WEC )

*  TNTgg is the TNT equivalence factor.

* Wyt is the mass of TNT that would create an “equivalent energy” blast compared to
a mass of an explosive compound (kg).

®  Wgc is the mass of the explosive compound under investigation (kg).

Generally, these approaches are accepted for use within simple geometric scenarios,
such as unimpeded air blasts, to predict blast wave parameters. However, in geometrically
complex situations, the accuracy of these empirical methods is seen to diminish; thus,
they are no longer deemed appropriate for accurate analyses. Smith and Rose [32] stated
that “simple tools are often inappropriate and the development of empirical rules for more complex
geometries may not be reliable”. Furthermore, Johnson et al. [27] stated that “the ability to
predict blast wave behaviour in confined environments would introduce a new avenue to inform
blast resistant design for industrial processes”.

2.2. Blasts Around Obstacles

Gautier et al. [33] analysed the interaction between a shock wave and a single obstacle
through small-scale experimental work. The shock wave is generated via the detonation
of a gaseous charge contained within a soap bubble (discussed further in Section 4.3.1).
Two types of obstacles were tested, a cylinder and a parallelepiped. Each configuration
was tested twice, once with the pressure sensors present and the other without. This was to
avoid visual disturbances from the presence of the pressure sensors. Two cameras and an
arrangement of mirrors permitted a front view and a plan view of the obstacles to be filmed.
The visual and overpressure data were then superimposed in post-processing. It is stated
that superimposing “was possible only thanks to the good repeatability of the tests”. The imaging
setup used in the aforementioned work is discussed further in Section 4.1.3.

The findings highlight the potential benefits of multiple cameras, pitched perpendic-
ularly to each other, to expose three-dimensional effects that cannot be detected using a
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single camera or overpressure data alone. Regarding shock wave interaction with a finite
object or an array of simple obstacles, it appears necessary to focus on imaging to ensure
three-dimensional effects are detected [34].

Gautier et al. [35] also analysed the interaction between a blast wave and a wall of
finite length. The thickness and height of the wall remained unchanged throughout at
18 mm and 82 mm, respectively. This ensured that the behavioural differences observed
could be largely due to the length of the wall. Pressure sensors were placed on the same and
opposite sides of the wall (relative to the charge centre) to allow for a free-field comparison.

Multiple wave behaviours were imaged clearly, allowing for a qualitative explanation
of why the overpressure data varied from free-field propagation. The so-called “bypass”
wave resulted from the incident wave that diffracted over the top side of the blast wall, and
the trajectory of this wave remained similar for all configurations as the wall height was
kept constant. The lateral waves consisted of two shocks that travelled along the length
of the wall and diffracted around the lateral faces. They appeared to be slightly offset in
the imaging; however, this resulted from a parallax from the imaging technique used (see
Section 4.1.3), and they are, in fact, symmetrical. The trajectory of the lateral waves varied
with each test as the wall length was altered.

For larger-length walls, the reduction in peak overpressure occurs in the immediate
central area downstream of the wall, extending out to a distance similar to the height of the
wall. This distance is seen to extend up to twice the height of the wall in other studies, [36].
Here, the wall sufficiently delayed the lateral waves so they do not interact with the bypass
wave or its reflection near the wall. Further downstream for the medium-length walls,
the maximum overpressure increased up to 40% compared to free-field propagation. This
was attributed to the coalescence of the lateral and bypass waves. This is an important
finding, as protecting a “close proximity” area to the wall may worsen loading at another
area further downstream of the blast. It is hypothesised that only an infinite wall (or one
of a conservatively substantial length) can guarantee overpressure mitigation. This also
indicates that the assumption of free-field propagation in the presence of even a single and
simple obstacle can be inaccurate.

2.3. Channelling and Shielding

Smith et al. [37] conducted experimental and numerical modelling to study the effects
of areal density (defined as the percentage of the footprint area that consists of obstacles)
and street layout on blast wave parameters. A singular wall was used as the point of
interest for measuring pressure data, and the experimental work was shown to have good
test-to-test repeatability. The computational software Air3D [38] was used to carry out
the simulations, whereby a direct comparison was made to the experimental results for a
particular setup. A good correlation was observed between the experimental and simulated
results; thus, it was deemed suitable to continue the study via numerical methods only.

Two particular behaviours captured in this study were channelling and shielding.
A control scenario was initially undertaken where a blast was simulated without any objects
present. The distance variable relates to the distance along a 4 m wall perpendicular to the
shock propagation (not the stand-off distance); hence, the middle of the wall has the shortest
stand-off distance to the blast. The maximum peak overpressure was approximately 225 kPa
in the control scenario.

The initial test scenarios had the same areal density, the critical difference being that
the centre of the wall was shielded in one layout and was directly “down the street” in the
other. These layouts were specifically chosen in an attempt to maximise both shielding and
channelling behaviours, respectively. The layouts are illustrated in Figure 2. In the shielding-
type layout, the central peak overpressure was 195 kPa, a 13.3% reduction compared to
a no-obstacle scenario. In the channelling-type layout, a central peak overpressure of
305 kPa was recorded, a 35.5% increase compared to a no-obstacle scenario. Considering
this pressure data, it is clear that obstacles between a blast and its target can significantly
affect peak overpressure. Particular focus should be drawn to the conclusion that, in this



Appl. Sci. 2023,13, 5349

50f 32

instance, obstacles can have both positive and negative impacts on the peak overpressure,
depending on the point of interest’s location relative to the blast and surrounding obstacles.

I Target Wall I | Target Wall ]
i ] | T | l I:I: ' ] ] | | I ]
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Figure 2. Diagram showing plan views of the channelling (left) and shielding (right) type layouts used
within the Air3D simulations. Red circles highlight the charge location. Adapted from Smith et al. [37].

These findings may be beneficial in grid-type-layout cities, such as those commonly
found in the USA [39]. However, many other non-grid-layouts need consideration. Smith
et al. [37] also conducted simulations using random arrays of buildings with varying areal
densities, either featuring direct or non-direct paths from the explosion origin to the wall.
The sum of the impulse measurements from a given configuration were compared to an
equivalent “no obstacle” scenario, termed the shielded and unshielded value, respectively.
This process was repeated for several layouts, with the shielded impulse loading relative to
the unshielded loading for a given areal density summarised in Table 1.

Table 1. Reduced loading due to shielding on a target wall from blasts contained within random
arrays of varying building areal density. Note: 93.5% shows that the average impulse along the target
wall was 93.5% of the unshielded value—a 6.5% reduction, adapted from Smith et al. [37].

Impulse Reduction

Areal Density Direct Line No Direct Line
28.6% 93.5% 87.5%
22.0% 88.8% 88.2%
17.9% 85.1% 86.6%

Average 89.1% 87.4%

The results in Table 1 suggest that an increased areal density lessens the protective
shielding elements of the various building arrays when there is a direct line of sight
from the blast origin to the target wall. This is described as being “perhaps rather counter-
intuitive” as it was initially expected that an increased areal density would reduce the
loading experienced on the wall. It is stated that a “combination of shielding and chan-
nelling” produces these results [37]. It was posited that the increased areal density worsens
the effects of channelling more than the protective effects of shielding, so an increase in
loading is seen. An optimal areal density may exist where the shielding element is max-
imised and the channelling element minimised. Additionally, it could be argued that the
“no direct line” results do not appear to follow any relationship from the data presented.
The characterisation of an urban layout in the form of areal density may be too simple
and too great a reduction of the underlying physics to develop meaningful loading pre-
dictions from. The key factors governing this have yet to be identified, either numerically
or experimentally.

In a related study, Smith et al. [40] investigated the shielding effects of houses.
A terraced and detached layout was constructed with concrete beams and blocks. Re-
sults from both layouts suggested that “the presence of a building between the explosion and the
“target” building produced a shielding effect and the blast resultants were reduced compared to the sit-
uation where there was no intervening building”. This generally agrees with the findings from
Smith et al. [37] as discussed above. However, Smith et al. [40] showed that the most effec-
tive form of shielding occurred when the buildings were near each other, tall, and relatively
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large compared to the explosive mass used. Whilst this conclusion can be taken from
this study, it could be perceived as contradicting the findings from Smith et al. [37], where
increasing the areal density resulted in less effective shielding. However, this discrepancy
cannot be assured; the building height is not accounted for in Smith et al. [37], and the
building layouts differ between the studies. As a minimum, it could be logical to assume
that the areal density, specific layout, and building heights should all be considered in
predicting urban blast loading. An additional conclusion from Smith et al. [40] was that
the blast interaction with the first row of buildings was the most important factor regard-
ing the shielding effect of the blast compared to other rows of buildings. This was later
confirmed by the modelling work of Gan et al. [41], described in Section 3.3, who found
that channelling dominated closest to the charge and hypothesised that channelling is a
localised effect, whereas shielding is cumulative.

2.4. Effects of Street Confinement

Fouchier et al. [42] explored blast wave propagation within modelled street environ-
ments. Specific layouts selected for testing include a straight street, a T-junction and a cross
junction. An explosive bridge wire detonator, type RP80, was used to create equivalent,
small-scale free air blasts. It was seen that an increase in overpressure persists out to greater
distances when the confinement of a street is present, compared to a free-air scenario;
similar findings were reported by Smith et al. [43]. However, the increase in overpressure
is not seen at shorter-scaled distances. Instead, it is seen to be similar to the overpressure
experienced in a free-field scenario. Figure 3 shows a sample of these results and is also
supplemented with additional reference curves from free-field hemispherical TNT surface
blast tests from Kinney and Graham [44] and France groupe d’etude des Modes Operatoires
(GEMO) [45].

This behaviour is described as a result of the reflected shock wave not yet merging
with the incident shock wave. Instead, a pressure sensor reads two peaks, where the
amplitude is similar to that of a free-field blast. Therefore, the scaled impulse was used to
quantify blast loading at smaller-scaled distances within wider street widths.

In addition to the street width and shape, the confining building height was also
considered. It was found that the height of the buildings also alters the blast characteristics.
In the case of a tall street, the blast parameters are enhanced as the blast’s energy is more
contained. A taller street will consistently experience larger pressures and scaled impulses
compared to a shorter street of the same width and shape.

Channelling effects through an array of buildings were also explored; the array sizing
was 4 x 4 and slightly rectangular (skewed in the longitudinal direction). It is stated
that “between the spaced buildings that decrease the blast characteristics and the confinement
that increases them, the blast characteristics are similar to a free-field propagation”. Whilst this
statement is made, closer inspection reveals that impulse data within the array is slightly
reduced compared to free-field data. This could be linked to the behaviour characteristics of
shielding and channelling “somewhat mitigating” each other in Smith et al. [37], but overall
resulting in a small reduction of impulse. However, it is seen that once the blast exits
the array, the pressure and impulse experience an 80% reduction compared to a free-
field scenario. This could suggest that global energy loss of the shock wave occurs as it
propagates through an array, but the confining effect of the array largely compensates for
this energy loss. It is only when a shock wave propagates beyond an array that the energy
loss is significantly shown in the reduction of the pressure and impulse.

Rose and Smith [46] numerically and experimentally investigated blasts within straight
streets. Model streets were constructed out of concrete blocks and beams that formed a set
of parallel walls. The walls acted as building facades where multiple pressure transducers
were installed. Initially, experimental and numerical results showed good agreement,
validating the use of Air3D for the remainder of the study.
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Figure 3. Plots showing pressure and impulse data measured for various street widths (10 cm and
25 cm), supplemented with free-field data from an RP80 and theoretical curves for a free-field scenario,
adapted from Fouchier et al. [42].

The numerical investigation found that the smaller street widths and taller building
heights increased the positive phase impulse for the same explosive mass. It was also found
that a scaled street width of 4.8 m/kg!/? can be considered the limit where reflections from
one side of the street do not affect the loading on buildings at the other side of the street.
Additionally, in observations that were later ratified by Fouchier et al. [42], it was seen
that larger building heights also increased the scaled impulse for the same explosive mass.
A building height of 3.2 m/kg!/3 or greater can be considered “infinitely tall”. Whilst this
is a reasonable assumption, there is still some discrepancy in the scaled impulse results
between an “infinite” and 3.2 m/kg!/3 building height at larger scaled distances along the
street, suggesting this limit might be slightly too low.

2.5. Degree of Confinement

Ripley et al. [47] also explored the effects of urban confinement on blast loading. They
defined the near-field as a “range where scaling rules do not apply” and state that this regime
extends further when urban confinement is present. This is termed the “extended near-
field regime” and typically extends to larger-scaled distances for wider streets. Regarding
pressure, in the case of a straight street, the “extended near-field regime” exists within the
scaled distance where primary reflections have not yet merged with the incident blast wave.
Maximum overpressures on structures within this space did not change in magnitude
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compared to a singular-walled scenario; only impulse enhancement was generally seen to
occur. This agrees with the blast wave behaviours discussed in Fouchier et al. [42].

Beyond the scope of the near-field regime within straight-street tests, significantly
greater overpressures were present compared to a free-field scenario. This occurs due to
the street-reflected and incident blast waves combining to form an ultimately stronger blast
wave, a phenomenon otherwise termed “blast wave coalescence”. The magnitude of this
increase was greater for a narrower street than a wider one, assuming the street is suitably
long for coalescence to occur. It was also seen to occur at a shorter distance for a narrower
street compared to a wider street; all scenarios assumed the same explosive mass was used.

Ripley et al. [47] also examined the afterburning effects of the detonation products.
“Afterburning occurs when fuel-rich explosive detonation products react with oxygen in the surround-
ing atmosphere. This energy release can further contribute to the air blast, resulting in a more severe
explosion hazard, particularly in confined scenarios” [48]. Indeed, increases in overpressure
and impulse were prevalent for all street widths tested. These effects were attributed to
increased fireball temperature and size, resulting in the acceleration of blast reflections.
Metallised TNT was seen to enhance these effects further.

A new parameter was proposed, termed the “degree of confinement”. It is described
as a quickly-attainable metric that can determine the potential extent of urban environment
effects on average scaled impulse for a given urban blast. Equation (3) details the basic
formula, which includes a closed-area “wall ratio” and a “corner ratio”. These ratios are
defined in Equations (4) and (5). As seen in Equation (3), these ratios are weighted equally,
although it is stated that further refinement of the general concept is required.

DC = (WR+CR)/2 ®G)

. WR is the wall ratio.
. CR is the corner ratio.

7
ZH(Zcutoff - Zi>AiZ;1
i

all
ZAi [min(zir Zcutoff)] -
i

WR = 4)

* HisaHeaviside function (returns 1 if positive or 0 if negative).
o Z.utoff is the limiting scaled distance (m/kg!/3).

e 7, is the scaled distance to the ith—reﬂecting surface (m/ kgl/ 3.
e Z,is the area of the i" -reflecting surface (m?).

c
ZCiZ;1H<Zcutoff —Zi)
CR= c,malx ©®)
Z Cmax [min(zi/ Zcutoff)]71

1

® ;s the corner factor and has pre-defined values depending on the corner type.

Ground diffraction corner, ¢ = 2;
Top of building diffraction corner, c = 1;
—  Ground re-entrant corner, ¢ = 4;
Top of building re-entrant corner, ¢ = 4.

The utility of the degree of confinement concept was tested by analysing a set of scaled
urban blasts. It was seen that the degree of confinement parameter generally produced
values as expected: the most confined scenario returned the highest degree of confinement.
Cylindrical and spherical charges of the same mass were used, and the average scaled
impulse measured across multiple sensors was plotted against the degree of confinement.



Appl. Sci. 2023,13, 5349

9 of 32

A reasonable logarithmic relationship was apparent between the variables; see Figure 4,
adapted from Ripley et al. [47].

The results in Figure 4 suggest that blasts within more confined urban settings will pro-
duce greater loading more often than not. Anthistle et al. [49] found a similar characteristic,
where the peak impulse was shown to increase along a “quarter symmetry wall” when ob-
stacles were present, compared to a no-obstacle scenario. Likewise, a similar behaviour was
observed by Sochet et al. [50], where overpressure increased with confinement, although
this confinement is not quantified, but visually shown instead. This could also agree with
what is seen in Smith et al. [37], where larger areal densities increased the average impulse
measured on a target wall, but this is only relevant for a small sample and range of areal
densities with a direct line from the blast to the target wall. Furthermore, the findings by
Ripley et al. [47] also contradict what is reported by Fouchier et al. [42], where the scaled
impulse decreases slightly within a confining array. A direct comparison cannot be made
as the input metrics are not the same, but it can be said with reasonable confidence that
there exists a gap in the knowledge, which requires further investigation.
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Figure 4. Plot of the degree of confinement vs. average scaled impulse for multiple urban street tests,
adapted from Ripley et al. [47].

The degree of confinement metric has since been explored further using a largely nu-
merical basis [51]. It was acknowledged that the first iteration of the degree of confinement
was limited in that “it becomes very difficult to compute for more complex, real-world urban envi-
ronments”. Likewise, in its previous form, the method did not “lend itself to incorporation into
automated software”. For these reasons, a refined approach was determined. The geometry is
first discretised into a 3D mesh, with a mesh resolution size of 0.1 m/kg!/3. A confinement
region extends outwards from the charge position until it reaches a structure or a Z ;s of
6 m/kg!/3. This region can “wrap” around structures to points outside the line of sight
relevant to the charge. The weighted “open” and “closed” areas, A, are then calculated
based on the cut-cell areas between the structural elements and the mesh. The inverse
distance of each cut cell to the charge is also accounted for, D~!. The revised calculation for
the degree of confinement is shown in Equation (6).
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closedcells

(AD™);
DC=—" (6)

allcells

Yy (AD™Y);

i

e Aisthe cut cell area.
* Dis the inverse distance of each cut cell from the charge.

To incorporate a range of charge masses for the relationship between the degree of
confinement and blast loading, a metric termed the urban blast load (UBL) was used.
The UBL is a function of the charge mass and the total walled area loaded from the blast,
which falls inside Z.;o¢. The UBL is defined in Equation (7), where I, is defined in
Equation (8). ILiota is described as the sum of the max impulse values for any given cell
at a structural boundary, divided by the total area of the structural boundary. The UBL
displays an improved correlation (see Figure 5) between blast loading and the degree of
confinement compared to that found in [47]. Although a relationship is not quantified,
visually, it is evident that a nonlinear fit is appropriate.

UBL = ItotalAwall (7)
WiNT

* Ay is the total wall area loaded by the blast (within Z ).

*  Wrnr is the TNT equivalent charge mass.

®  liotal is the average maximum specific impulse across all cells at a structural boundary
(Equation (8)).

Imax Awall
WrNT

®)

Itotal =

e Aisthe cut cell area.
* Dis the inverse distance of each cut cell from the charge.
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Figure 5. Revised Degree of Confinement vs. Urban Blast Load, adapted from Donahue et al. [51].
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2.6. Fagade Failure

Smith et al. [52] conducted a study where the effects of fagade failure were explored.
An experimental model was constructed of a long, straight street at a 1:50 scale. Varying
percentages of facade gaps were created, termed as the porosity, ranging between 24-77%.
It was shown that impulse (measured down-street) decreased in an approximately linear
fashion as the porosity increased. This would seem logical, as gaps in the fagade would
reduce the confining effect of the street. The study was extended using numerical methods
(Air3D) to examine the impact of fagade failure inside the building. It was found that
if a blast could penetrate a building, the resultant loading could cause damage to both
the occupants and the building fabric. Ultimately, it was concluded that facade failure is
undesirable, so building fabrics should be sufficiently designed to be as robust as reasonably
possible. It was argued that it is better to have a larger quantity of buildings damaged
externally than fewer buildings damaged internally where more civilians tend to reside.

Dib et al. [53] explored the shielding capabilities of buildings with varying porosity
levels in regard to overpressure measured on a virtual fagade situated downstream of the
blast. Relatively high-yield blasts (300 tonnes of TNT) were numerically modelled at three
different stand-off distances from the porous building: 50 m, 150 m and 450 m. The distance
between the porous building and the fagade was increased in increments of 5 m between
simulations. Four different porosity levels were defined as zero, low, medium and high,
with fagade porosities of 0%, 38%, 54% and 100%, respectively. The results show that, gen-
erally, shielding effects are enhanced with shorter stand-off distances between the explosive
and the “protective” building; this is in agreement with the findings from Smith et al. [40].

The zero- and low-porosity buildings provided some form of shielding for all com-
binations of the stand-off and the gap between the protective building and the facade.
Likewise, the medium-porosity building reduced the average overpressure on the facade
when the gap was less than 40 m, rarely performing better than the lower porosity levels.
However, it should also be acknowledged that the 100% porous building had little effect
on the overpressure measured on the virtual fagade for the 150 m and 450 m stand-off
distances compared to a free-field scenario. Additionally, minor overpressure enhancement
for the 50 m stand-off distance was shown to occur when the gap between the building and
the virtual facade was 40 m or less. The findings here suggest that care should be taken
when predicting blast loads on secondary surfaces behind porous protective elements,
as mitigation effects are not always prevalent.

2.7. Surface Roughness

Dewey et al. [54] compared the behaviour of shocks reflected from both real and
ideal surfaces. The ground was used as a real surface, and to simulate an ideal surface,
the shock was reflected off the shock from an identical explosive mass placed above the
initial explosive and simultaneously detonated. It was stated that there is no energy loss
from the interaction of the two shock waves, allowing this interaction plane to act as an
“ideal non-energy-absorbing surface”. A key finding from this study was the change in peak
overpressure measurements from the Mach stem over rough ground compared to the ideal
surface. Simplified, the Mach-stem shock caused by a 1 kg explosive over rough ground
would equate to that from a 0.74 kg explosive over an idealised reflecting surface. Whilst
the roughness of the ground was not explicitly defined, it can be stated that any non-ideal
reflecting surface will result in energy losses that may be significant, and therefore should
be accounted for in numerical simulations. The relationship between the values of surface
roughness and energy loss would prove useful for numerical models and improve their
accuracy. Others have accounted for these energy losses by adopting a “local flow resistivity”
approach by altering model coefficients for varying local roughness [55].

2.8. Large Magnitude Urban Blast

On 4 August 2020, one of the largest non-nuclear explosions in history occurred in
the Port of Beirut, Lebanon. Approximately 2750 tons of ammonium nitrate, which had
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been held in storage since 2014 [56], detonated shortly after 18:07 local time following a
fire in the warehouse where it was being stored. The explosion injured over 7000 people
and resulted in more than 200 casualties and over $15 billion in infrastructure damage [57].
Broken glass and debris were observed at distances up to 3 km away, encompassing an
area with more than 750,000 inhabitants [58].

Rigby et al. [4] estimated the yield of the explosion using video footage uploaded to
social media shortly after the event. In total, 38 individual data points were identified,
and a mixture of fireball, audio and visual data was collected. By searching through the
videos on a frame-by-frame basis, the time of detonation and the time of arrival could be
determined. By identifying a video’s recording location, the distance to the blast origin
could be approximately determined (+10 m) through Google Earth.

The authors derived a simplified polylogarithmic function based on the Kingery and
Bulmash [59] semi-empirical relationships for the time of arrival as a function of scaled
distance. A “best fit” yield range was determined to be 0.50-1.12 kt of TNT, as shown in
Figure 6. It should be noted that the best estimate was 0.50 kt TNT; the upper limit of 1.12 kt
of TNT was given to account for the significant uncertainties in the raw data. Stennett
et al. [60] adopted a similar approach to Rigby et al. [4], albeit with a smaller number of
datapoints, and estimated the yield to be ~400-960 tonnes TNT equivalent. This suggests
that, for large-magnitude explosions, time and distance data are sufficient to obtain a
reasonable and rapid estimate of the yield—even when the dataset is relatively coarse.

7
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Figure 6. Best fit yield of the Beirut explosion with an upper yield, adapted from Rigby et al. [4].

Other approaches, e.g., dimensional analysis of the detonation product fireball [61-63],
the Locking [64] power index method [65], analysis of seismological, hydroacoustic, infra-
sonic and radar remote sensing data [66], observed damage to structures [67-69], crater
size [70], and debris/mushroom cloud height [71], generally agree that the yield of the
Beirut explosion was in the range of 200-1400 tonnes TNT equivalent.

The events in Beirut are not unprecedented; there have been many recent large scale
industrial explosions (>>10 tonnes TNT equivalent) in built-up areas [56], including Tian-
jin, China (2015; 173 deaths), and Buncefield, UK (2005; 43 injuries). Accordingly, the
structural response to long-duration blast loading is an ongoing topic of interest, partic-
ularly for structures sensitive to such loads, e.g., bare steel sections [72,73], partially-clad
steel frames [74], cylindrical shell structures [75,76], ISO containers [77], and bridges [78].
Accurately simulating long-duration blasts and their interaction with structural compo-
nents several times smaller than the blast wavelength is highly challenging and requires
considerable computational expense [79,80].
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2.9. Alternative Protective Methods

Warnstedt and Gebbeken [81] explore alternative solutions regarding blast protec-
tion that are not easily identifiable as protective methods. They focussed their research
on studying the pressure-reducing effects of Bamboo, Barberry, Thuja and Yew trees.
The experimental set-up consisted of a 5 kg TNT equivalent explosive at a 5 m stand-off
distance from the various plants. This mass was chosen as it was within the range of
an explosive mass that could be carried inconspicuously by an individual. Overpressure
time histories were measured by pressure sensors (type 113B28, PCB Piezotronics) with a
sampling rate of 1 MHz. A tri-axis arena was set up to allow for the simultaneous testing
of multiple plant types.

The results showed that peak overpressures were in good agreement; however, the
impulse values did not correspond to the expected values. This was attributed to the
shape of the pressure sensor housing. It was determined that the pressure sensor used
meant that the impulse migration effects of plants could not be assessed further. Significant
pressure reductions were seen in the areas behind the Thuja and Yew trees at 39% and
45%, respectively. It was noted that little biomass was removed from these plants due to
the blasts, indicating that continued protection is possible from repeated blast events. In
contrast, the Bamboo and Barberry plants achieved an initial pressure reduction of 30%
each, but a large proportion of the biomass was removed, thus reducing the protective
properties from repeated blasts. It was concluded that all plants tested offered some form
of protection compared to an open-air scenario, but needle-type plants proved to be the
better form of natural defence.

It has been shown that single obstacles [82] and an array of multi-scale (pre-fractal)
obstacles [83] can lead to considerable blast wave attenuation through shock disruption
and vortex shedding. Up to 14% and 26% reductions in loading were seen for the single
and multiple obstacles, respectively. For a more comprehensive review of blast—obstacle
interaction, the reader is directed to Isaac et al. [84].

3. Numerical Methods
3.1. General Computational Fluid Dynamics Studies

CFD (computational fluid dynamics) numerical models gained particular traction
for blast applications in the early 2000s [85,86]. Obtaining reliable and precise outputs
from CFD simulations typically comes at a high computational cost [87]; however, CFD is
becoming an increasingly attractive and cost-effective research tool [88-91].

Numerical simulations have previously been used to study blast propagation in sim-
ple urban areas with some success [92,93]. Luccioni et al. [94] and Ambrosini et al. [95]
determined the equivalent mass and location of the explosive device used in the 1994
Buenos Aires terror attack by correlating the observed damage with the loading distribu-
tions from a range of numerical analyses in a congested urban environment. In a similar
study, Christensen and Hjort [96] used numerical analysis and simple structural response
models to back-calculate the yield of the 2011 Oslo bombings. Marks et al. [97] conducted
a probabilistic assessment of blast loading to determine fatality risks due to the pressure
and impulse from a vehicle-borne improvised explosive device detonated at a T-junction
in an urban streetscape, an extension of the work to determine fatality risks due to the
detonation of an improvised explosive device inside a typical ground floor lobby of a large
commercial or government building [98].

Valsamos et al. [99] analysed the impact of the 2020 Beirut explosion using CFD.
A combination of geospatial data (a type of data used for other urban blast studies [100])
and CAST3M software was used to produce a finite element model of the cityscape for use
within the numerical analysis. Such a replication was described as being able to “incorporate
with great accuracy all the important geometric details of the buildings in an urban environment”.
It should be noted that the phrase “great accuracy” is relative to the model’s size. Upon
closer inspection, the model is coarse (compared to models employing 10 s-100 s kg high
explosive), with an average mesh size of 5 m. Additionally, small or mobile structures were
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omitted from the model as they were considered insignificant. Structural details are also
limited as a consequence of the mesh sizing used. Understandably, these limitations were
adopted to reduce the computational cost of the analysis, but their significance to the final
solution remains unknown. It is explained that decreasing the size of the finite volumes
“does not really change the solution”, but this change is not quantified.

The research claims that CFD-based simulations are necessary to reflect, more truly,
the behaviour of shock waves in geometrically complex settings—agreeing with earlier
claims in the field [101]. Effects such as channelling, shielding and interference from
multiple wavefronts can be simulated in this computationally expensive method, leading
to greater accuracy in the results. This combination of tools can facilitate the calculation
of long-duration blast effects with reasonable accuracy regarding the consequences of a
large-scale blast event, provided the origin and yield are known.

3.2. Eagle-Blast

Cullis et al. [102] utilised EAGLE-Blast to simulate geometrically complex blast scenar-
ios. EAGLE-Blast is a blast-specific simulation software that acts as a module, which can be
inserted into a larger software package named EAGLE. The addition of the EAGLE-Blast
module allows for the inclusion of rigid elements contained in the flow field and is espe-
cially “tailored for blast simulations”. The paper contains multiple studies showcasing the
modules’ ability to perform simple blast simulations. It states that the results “offer confi-
dence that EAGLE-Blast can capture shock propagation and interaction reasonably well”. However,
due to the approximation nature of the software regarding the ignition and detonation
of an explosive, only the relatively far-field behaviour blast effects can be captured with
reasonable accuracy.

The EAGLE-Blast module’s suitability in conducting geometrically complex blast
simulations is demonstrated through a comparison and validity study. Experimental
modelling results from 1:50 scaled blasts were utilised as a basis for the comparison [103].
The simulated overpressures were recorded at the same locations that housed pressure
sensors in the experimental model for a direct comparison. The paper does not present all
the data, but the results from four pressure sensors for a given charge location are shown
in Figure 7. A good correlation is present between the experimental and numerical data.
Minor discrepancies were pointed out, but their cause is not certain. They are described
as a potential consequence of the measurement fidelity or afterburning effects not being
simulated within EAGLE-Blast at the time of writing.
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Figure 7. Pressure vs. time plots comparing experimental and simulated data for a set charge location

at four different pressure sensors, adapted from Cullis et al. [102]. Note: The paper does not state
which pressure sensor is associated with each plot.
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3.3. BlastFoam

Gan et al. [41] utilised BlastFoam, an open-source computational software, to investi-
gate blast wave interaction with randomly positioned objects inside a crowded environment.
The positioning of obstacles was not truly random in all tests; a predetermined bias (to-
wards or away) was selected to allow for some form of controlled input—though the
positioning of obstacles was still random within the bounds of the bias. Compared to the
no-bias scenario, the object bias towards the blast increased the blast loading towards the
centre of the domain while reducing the blast loading towards the outside of the model.
The opposite can be said when the bias is away from the centre, see Figure 8. These results
could be linked to the shielding and channelling behaviours discussed in Section 2.3, where
the two are seen to somewhat counteract one another. BlastFoam compares well against
other CFD-based software used within the field and has been previously validated in
numerous cases [104,105].
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Figure 8. BlastFoam simulated peak-specific impulse data for different predetermined object location
biases at multiple numbers of test runs, adapted from Gan et al. [41]

3.4. BeamBlast

Halswijk [6] describes the development of a new module to be used in blast simulations
named BeamBlast. The module aims to find a middle ground between semi-empirical
methods and CFD analyses to balance simulation speed and accuracy. It is specifically for
use in “Military Operations in Urban Terrain” (MOUT) scenarios, where such attributes
of the module are desirable. The module runs within a wider simulation software suite
known as “Target Vulnerability Assessment Code” (TARVAC), which is generally used to
determine the lethality of ammunition required for destroying a given target. BeamBlast
also aims to provide a fast-running path-based blast propagation model, which requires
limited user input.

The module implements path-finding algorithms that identify paths from a blast
origin to a specified location of interest, taking surface and edge interactions into account.
Afterwards, the pressure and time data are calculated for a given set of paths and explosive
masses, based on the Kingery and Bulmash relationships [59]. Initial validations were
conducted using simple rectangular models that represented street buildings. The numer-
ical data were compared to experimental data [106], and simulations were run at three
different levels of complexity. The simplest simulation measured pressure and impulse on
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a building wall directly opposite the blast. The intermediate simulation measured pressure
and impulse on the side face of the same building. The complex simulation measured the
pressure and impulse on the ground at the rear of the building.

In the simplest scenario, BeamBlast demonstrated relatively good agreement with
experimental pressure data throughout the test duration. The impulse data were seen to
drift slightly, although this was attributed to problems with an offset correction. The results
from the intermediate and complex scenarios also exhibited relatively good agreement
with the experimental data, but deviated later on, after approximately 10 ms. The main
concluding remark regarding BeamBlast was that “it is capable of reproducing the propagation
of relatively weak blast waves around rectangular obstacles up to a few blast time lengths”. The
deviations in the complex scenario data set may suggest that BeamBlast struggles to
replicate blast behaviour in the later stages after detonation accurately—potentially due
to the cumulative errors from multiple blast wave interactions. Additional updates were
planned for the software in 2015, and further review is required to analyse the sophistication
of BeamBlast in the present day.

3.5. Mm-Ale Solver

Lee et al. [107] present a blast pressure prediction model that utilises the Multi-Material
Arbitrary Lagrange-Eulerian solver (MM-ALE) in LS-DYNA. Typically, this approach is
restricted to the analysis of near-field scenarios, as the MM-ALE solver requires a rapidly
increasing number of elements for larger configurations. To enable the testing of larger
configurations, 1D to 2D to 3D mapping was used to reduce the computational cost
considerably. This approach does not compromise the results compared to those obtained
using the same mesh sizing without mapping. Furthermore, it can allow for greater
accuracy in the prediction of peak pressures via the use of denser mesh sizing.

Experimentally obtained results [108] were compared to the numerical results from the
MM-ALE analysis, see Table 2. It is seen that both sets of results are comparatively similar.
A few data pairings contain some variations from each other, but these were somewhat over-
looked. By using mean values, the approach was validated and “shown to achieve accuracy”;
however, it is only computationally feasible for symmetric situations. Lee et al. [107] went
on to develop a fast-running blast model through the use of regression analysis to rapidly
estimate peak overpressures acting on buildings following the detonation of explosive
devices in typical urban street configurations (dead-end and cross-road), taking inputs
such as street width, explosive mass, and location. This approach was validated using the
simulation results found earlier in the study.

Table 2. Comparison of experimental and numerical peak pressure data [107]. Note: Sensors H1, V1
and D1 are the same sensors.

Pressure Sensor ID Analysis (kPa) Experiment (kPa) Percentage Difference
H1 2324 2281 1.9%
H2 782 728 6.9%
H3 398 312 21.6%
H4 303 224 26.0%
V1 2324 2432 —4.6%
V2 1310 1272 2.9%
V3 723 472 34.7%
V4 359 252 29.8%
D1 2324 3613 —55.5%
D2 920 921 —0.1%
D3 505 402 20.4%
D4 332 238 28.3%

3.6. Neural Networks

In general terms, neural networks are computational-based models whose architecture
and function are said to be “loosely inspired by the human brain” [109]. They consist of an
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assembly of many “highly connected processing units”—termed the nodes or neurons [109].
The nodes are connected via unidirectional communication channels, which have indi-
vidual weightings attributed to them. The weightings dictate the strength of a given
connection, and knowledge storage is achieved in the form of collected weighting values.
Nodes activate based on threshold values, which are functions of the sum of the inputs
received from other nodes. Collectively, this allows a neural network to learn, which en-
ables sought-after characteristics such as the capability to produce outputs when presented
with an incomplete set of inputs. Furthermore, neural networks can apply a certain level of
generalisation provided by the database from which they are trained—typically, this would
be known input—output pairs. Training rules can be implemented that adjust the weighting
of connections so that a model can obtain the desired outputs within a specified tolerable
accuracy (usually 5 to 10 %).

Remennikov and Mendis [109] explored the prediction of blast loads in urban streets
from a bomb detonation using neural networks. A database consisting of 49 individual
analyses of a blast within a straight street from CFD blast simulations (Air3D) was used
to train and validate the neural network; NeuroShell 2, Release 4.0 in this case. Peak
impulse and pressure data were treated as the outputs of the configuration. Multiple
neural networks were produced, each with a unique network configuration. The network
that showed the least absolute mean error between the expected and estimated outputs
was selected.

The outputs from the neural network are stated to show “very good agreement with those
obtained from the CFD simulations”, with the positive impulse values receiving a particular
mention as being “very close” (see Figure 9, adapted from [109]). A closing remark states “if
has been proven that a neural network can be used as an effective tool for rapid prediction of blast
effects in urban environments”. Whilst this seems to be the case presented by Remennikov and
Mendis [109], it should be noted that the geometries of the neural network models were the
same as the database models. It may be more appropriate to say that neural networks can
be used as an effective prediction tool, provided they are suitably trained using a thorough
dataset to improve performance, similar to a conclusion determined by Dennis et al. [110].
Likewise, Ruscade et al. [111] use data-rich experimental work (30 pressure vs. time data
sets per test) for the training of a numerical model, although no further detail is provided
about the model.
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Figure 9. Neural network and CFD overpressure outputs for a straight street blast, adapted from
Remennikov and Mendis [109].

Other blast-related applications of data-driven [112,113] and neural network-based
predictive approaches [114-116] have been shown to have highly favourable computa-
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tional times compared to CFD simulations. Flood et al. [117] showcased a neural net-
work that was capable of running as much as six orders of magnitude faster than a
CFD simulation for a 3D scenario, with similar results reported by Kang and Park [118].
Zahedi and Golchin [119] also compared neural network-based modelling to CFD simula-
tions and stated that their results “demonstrate the potential for machine learning algorithms to
revolutionise CED analysis for blast loading”.

4. Experimental Methods and Instrumentation
4.1. Imaging Techniques
4.1.1. Three-Dimensional Imaging

Winter and Hargather [120] used background-orientated schlieren (BOS) to reconstruct
three-dimensional shock waves using multiple high-speed cameras pitched at varying
viewing angles. BOS is a detection method that allows for the visualisation of shock
waves and is termed a refractive imaging technique. The increased density at a shock
wave boundary increases the refractive index of a given fluid at that location. Using a
suitable background with high spatial frequency and contrast makes it possible to capture
a distortion against the background using a high-speed camera. Therefore, a shock front’s
subsequent location can be determined by identifying this distortion’s location. There
are numerous approaches to processing these images; most use a reference image and a
“distorted image”, followed by a type of comparison. BOS is described as an “effective method
to visualise explosively driven shock waves”. Two common methods include image subtraction
and image correlation, both of which have been widely used or discussed in other sources,
e.g., [121-123]. Alternatively, optical flow tracking velocimetry methods [124] may be used.

Winter and Hargather collected a series of images using four high-speed cameras
using image subtraction processing techniques to form BOS images. The development
of an automatic point detection algorithm allowed for the location of shock waves to be
determined efficiently. The algorithm’s point detection capabilities were tested against a
“careful” manual detection and were shown to achieve good accuracy. As a result, it was
revealed that these techniques could define the three-dimensional shape and size of a given
shock wave. Whilst this technique could track both spherical and asymmetric shock waves,
its feasibility was only tested within the boundaries of a simple scenario. When used within
a scaled experiment for an urban setting, the inherent complexity from numerous shock
reflections may prove more challenging to capture. Additionally, the careful placement of
cameras would need to be considered to minimise or eliminate potential blind spots.

4.1.2. Schlieren Imaging

Dela Cueva et al. [125] conduct schlieren imaging using a z-folded configuration
to visualise blast wave propagation. A Shimadzu HPV-X2 camera captured the high-
speed video at 500,000 fps. The urban model consisted of thin 3D-printed structures
confined between transparent 6.35 mm-thick PMMA panels. The schlieren imaging was
post-processed in order to automate feature tracking (e.g., edge detection) of shock fronts.
The algorithms used are detailed in the previous work of Zheng et al. [126]. The processed
schlieren photographs were compared against simulated frames at the same time after
detonation. Remarkable similarities were seen between the sets of images, with the incident
and primary reflections showing reasonably clearly in both sets. Here, schlieren imaging
seems less effective at capturing more complex behaviours; this may be because the specific
schlieren setup was not optimal to capture this detail, or perhaps this portrays a general
limitation of schlieren imaging.

4.1.3. Retroreflective Shadowgraphy

Hargather and Settles [127] explored improvements to retroreflective shadowgraph
techniques. Retroreflective shadowgraphy requires three core elements: a light source,
a screen and a camera. Note that Edgerton originally advanced this technique by mod-
ernising the work of Robert Hooke (1672) and applying the method to produce imaging of
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gunshots and explosions [128,129]. The basic setup from Edgerton is shown in Figure 10.
The light cast onto the screen refracts through disturbances in the air caused by an explo-
sion, casting a shadow onto the back screen. This setup is simple, and many tolerances
exist that achieve a good-quality image. A retroreflective screen is preferred over a simple
white screen as the reflected light is largely directed back to the source, increasing the light
intensity at the camera lens—essential for high-speed imaging. One factor that must be
accounted for is the parallax, which will make shocks appear slightly smaller.
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Figure 10. Basic retro-reflective shadowgraph set-up, adapted from Hargather and Settles [127].

Hargather and Settles [127] proposed a number of improvements to the retroreflective
shadowgraphy technique. The principal improvement involves coinciding with the camera
lens and the light source to eliminate double imaging and better show “thin, sharp refractive
disturbances”. The most viable optical configuration utilises a rod mirror that can fit over a
camera lens; a diagram is shown in Figure 11. The rod mirror setup was found to minimise
light losses and removes the possibility of double imaging; thus, it was the preferred
approach. The study showcases some experimental imaging captured using the rod mirror
technique that reinforces the high-quality imaging possible from this approach.
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Figure 11. Diagram of the retroreflective shadowgraphy setup using a rod mirror, adapted from
Hargather and Settles [127].

Gautier et al. [33] also utilised a variation of this imaging to capture shock wave
interaction with finite obstacles. The “pure in-line shadowscopy” (PILS) method was
formerly used by Slangen et al. [130]; it is well-equipped for ultra-high-speed imaging and
shares many aspects with the previously discussed retroreflective shadowgraph technique.
The optical configuration used is shown in Figure 12. Here, a transparent blast table is used
to allow for a view of the retroreflective panel underneath. Some distance between the
study area and the retroreflective panels is required to improve the optical sensitivity of the
shadowscopy system. Generally, sensitivity is maximised when the distance between the
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panel and the study area is 30-70% of the distance between the study area and the camera.
A smaller distance allows for better-focused imaging, and a larger distance results in bolder
shadows cast onto the screen.

High speed
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Transparent table

Retroreflective panels
\

Figure 12. PILS imaging configuration to obtain a side view and plan view of the study area, adapted
from Gautier et al. [33].

4.2. Pressure Measurements
4.2.1. Overview

Pressure is a key parameter regarding blasts, but it is difficult to measure accurately
since direct measurement cannot, by definition, be non-intrusive. Therefore any measure-
ment devices will themselves be subjected to the pressures they measure and the flow will
be fundamentally altered. This makes it difficult to distinguish the source of variation in
pressure data; what portion of variation (if any) can be attributed to originate from the
pressure sensor, and what from the blast itself? If the sophistication of pressure measure-
ment instrumentation can be improved, then the observed variance in a given dataset
can be more confidently attributed to genuine physical processes of the explosion and
blast propagation. A typical pressure sensor should be robust, have a small profile, a high
natural frequency, optimal damping, and be insensitive to (electrical) noise. Attempting
to improve one property can adversely impact another property, the effects of which are
magnified at a very small scale.

4.2.2. Optical Pressure Sensors

Watson et al. [131] explore the use of fibre-optic pressure sensors compared to electrical
sensors. The experimental setup consisted of a 2 x 2 m table where a hemispherical charge
was placed in the centre. Two steel structures were placed at 0.654 m and 1.010 m away
from the explosive. The furthest structure was instrumented with both pressure sensors,
the closest only containing electrical sensors to ensure the optical sensors functioned within
their maximum design range (up to 900 kPa).

Over 40 tests were conducted with varying explosive masses between 30-80 g. It is
stated that “favourable performance of the optical sensors has been established against electrical
sensors in a series of experimental tests measuring blast waves from small explosive charges”.
The main reason for this was attributed to the optical sensors’ low susceptibility to accelera-
tion, leading to less variation in overpressure readings. Figure 13 details the pressure-time
measurements from the two types of sensors [131].
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Figure 13. Measured reflected overpressures using electrical and optical sensors, adapted from [131].

An overview covering optical fibre technology conducted by Schenato [132] states that
“single-point fibre optic sensor technologies have been proposed as solutions for pressure sensing
for many years”. The conventional optical-fibre pressure sensors are Fiber Bragg Gratings
and interferometric-based ones. Due to their reliability, multiple variations of pressure
sensors of these types have been released as commercial products. Some advanced features
include minimal invasiveness, refined measurement accuracy, immunity to electromagnetic
interference and resistance to noise from acceleration.

4.2.3. Piezoresistive /Piezoelectric Pressure Sensors

Piezoresistive-type pressure gauges (along with piezoelectric-type) are widely used
for pressure and impulse data acquisition throughout experimental work within the blast
engineering field [133,134]. Rigby et al. [135] use such instrumentation to study angle of
incidence effects on positive and negative phase blast parameters in the far field. Four Kulite
HKM piezoresistive pressure gauges were set flush against small steel plates, mounted
within a larger concrete wall. Multiple combinations of charge mass (PE4) ranging between
180 g to 350 g, standoff distance and angle of incidence were tested. This included tests at an
angle of incidence of 0°, which can otherwise be treated as standard normally reflected tests.
Test data obtained from this angle of incidence were shown to be in very good agreement
with semi-empirical values (e.g., ConWep). The normalised peak overpressure was seen to
deviate by no more than 4-5%, similar to the confidence levels presented in Rigby et al. [13].
However, it was necessary to process the raw data using curve fitting techniques due to
“the tendency for the signals to display some degree of electrical noise” and “sensor ringing”.

Such pressure gauges have been extensively proven for use in blast experimentation
and can therefore be used to verify more speculative and novel diagnostic techniques such
as pressure-sensitive paint [136,137].

4.2.4. Fiber Bragg Grating Pressure Sensors

Hegde et al. [138] explore Fiber Bragg grating (FBG) sensors for space exploration
applications. However, experiments were conducted with pressure ranges generally com-
parable to those from urban blast scenarios. A FBG sensor consists of an optical fibre section
containing a repeating pattern of multiple reflection points. This pattern reflects certain
wavelengths of incident light and allows all others to transmit through it. FBG sensors
measure changes in Bragg wavelength due to an external stimulus, causing a strain that
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alters the grating spacing. This change can be used to accurately measure pressure changes
at high frequencies. Temperature compensation can be achieved by using an additional
FBG sensor attached to a location insensitive to experimental inputs. Test data can then be
calibrated using the control sensor data.

The pressure sensors were tested through shock tube experiments. A FBG sensor with
a sampling rate of 2500 Hz was situated at the open end of the shock tube. The sensor
was placed in a manner that would cause a tensile strain. This was achieved by placing
the sensor within a housing parallel to a diaphragm, which would deflect outwards in
the presence of a positive pressure differential. The sensitivity of the FBG sensor was
determined beforehand via static pressure calibration and was found to have a value of
3.64 pm/bar. Two trials were conducted where the peak Bragg wavelength shift was found
to be 68 pm and 99 pm, respectively. This corresponded to absolute pressure measurements
of 19.59 bar and 27.19 bar, whereas the driver pressures were 18.5 bar and 19.9 bar. This is
quoted as “observed to be within an error of 1% of full scale (700 bar)”.

4.2.5. Extrinsic Fabry—Perot Interferometric Pressure Sensors

Ma et al. [139] propose and demonstrate the use of an extrinsic Fabry—Perot interfero-
metric (EFPI) pressure sensor. The EFPI sensor measures changes in the silicon cavity length
caused by a pressure differential between the internal and external pressures. The sensor
has low intrusiveness, with face dimensions of 4.3 mm X 4.3 mm. The pressure sensor
was tested experimentally, although the nature of the pressure application was static, so a
direct comparison to other pressure sensors that are tested dynamically cannot yet be made.
The pressure sensor underwent a calibration test where it was exposed to a gradual increase
in pressure from 0 MPa to 1 MPa. The results showed a strong linear relationship between
the cavity length and the applied pressure, achieving a regression coefficient of 0.99993.
Additionally, the pressure resolution was 18.77 Pa from these results, less than 0.002% error
at full scale. Clearly, further testing is required to determine how this particular pressure
sensor would perform in dynamic pressure tests.

4.2.6. Hybrid Pressure Sensor Usage

Clarke et al. [140] utilise a large-scale experimental set-up for measuring spatially
and localised loading caused by the detonation of shallow-buried [141-143] and near-field
free-air explosives [144]. They explore a range of instrumentation techniques, which are
summarised in a tabulated format. The options include:

e  Hopkinson pressure bars (HPBs);

e  Stress gauges;

*  Piezo electric/resistive pressure gauges;
¢ Impulse momentum traps;

*  Load cells.

Clarke et al. [140] were interested in capturing peak overpressures whilst also aim-
ing to measure “long duration stagnation pressures”. From their initial instrumentation
considerations, it was apparent that a single pressure sensor type could not achieve the
desired measurements suitably. Therefore, the decision was made to utilise multiple sensor
types. Hopkinson [145] pressure bars (JPBs) were used to measure peak overpressures in
conjunction with load cells for the longer-duration pressures.

The duration for which a HPB can record loading is determined by the time taken for
an elastic stress pulse to reach the end of the bar and return to the location of the strain
gauge. Consequently, the maximum measurable load duration is limited by the length.
As used in experimental testing, HPBs with lengths of 3.25 m could measure for a load
duration of 1.2 ms. The HPBs used could achieve an effective sampling rate of up to
250 kHz with a radius of 5 mm for the bars (selected to balance sampling rate and the need
for a larger bar diameter to capture representative loading from discrete particle strikes).
HPBs have been used successfully as dynamic force transducers [146-155]; however, the
need for a considerable bar length limits the scenarios and positions where HPBs can be
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utilised within experimental testing. More information on the use of HPBs for blast load
characterisation is available in the review of Rigby et al. [156].

4.3. Small-Scale Blast Waves
4.3.1. Gas Bubbles

Blanc et al. [157] experimentally and numerically explored the reflection of shock
waves on complex buildings. The experiments were conducted at a scale of 1:60 atop an
instrumented blast table. The shock waves were generated from detonating a hemispherical
soap bubble containing a mixture of propane and oxygen. The gas mixture was ignited
via the vaporisation of a small copper wire when a high voltage is passed through it.
Gautier et al. [33] also used a similar approach for shock wave generation to conduct
experimental work. This method of shock generation was shown to have good repeatability
regarding measured overpressures and impulses for a single sensor located in front of the
centre of detonation. Three tests were conducted, and it was seen that the discrepancies
between overpressure test data were under 5%. This technique shows good promise,
but the scope of this control-type test is limited, and the smallest possible scale for this type
of detonation is not discussed.

4.3.2. Exploding Wire

Dela Cueva et al. [125] created an experimental setup that enables a better under-
standing of the interaction between shock waves and structures. An exploding wire setup
was used for the study. This method works by discharging a current from a large voltage
through a spark gap. The current then travels through the experimental setup, reaching a
test section consisting of a thin copper wire. The section of copper wire is rapidly heated and
reaches a plasma state, which generates a shock wave upon expansion. The desired voltage
output can be selected to explore a range of input parameters. The stated experimental
turnout was said to be 100 s per test, so the system is suitable for rapid data collection.

4.3.3. Pressurised Glass Spheres

Courtiaud et al. [158] conducted an experimental and numerical-based study to anal-
yse the mixing within high-explosive fireballs. The bursting of pressurised glass spheres
was used to mimic the flow caused by the detonation of an explosive mass. This method is
referred to as the “compressed balloon method”, and the flow behaviour is representative
of a spherical detonation. As no detonation occurred, there was no fireball, and the clarity
of images taken in the blast’s early stages was improved significantly compared to imaging
of conventional blasts.

The repeatability of the method used was not the main subject of the paper, so there is
limited information regarding this. Numerical results showed some behavioural agreement
with the experimental results, but a key difference was noted. The shock waves were
seen to “follow a slower formation process in the experiments than in the simulation”. This was
attributed to the glass fragments from the shattered glass spheres modifying the flow in
the experiments.

4.3.4. Pellets

Tamba et al. [159] generated blast waves through the detonation of 1 g pentaerythritol
tetranitrate pellets to study additional protection methods of standard walls against blasts.
The pellets were formed by glueing two 0.5 g pellets together and were initiated by an
electrical detonator attached on top. The repeatability of this approach was not commented
on within the paper directly; however, it was stated that tests without any obstacles were
performed as a reference, but no further detail was given. Additionally, the pressure sensors
of interest were only spaced apart at a maximum radial angle of 20 degrees, which limits
the ability to investigate proof of uniformity in the shock wave. Using pre-made pellets
may serve as a rapid method to conduct future experimental tests, but further testing on
their suitability in terms of uniformity may be required.
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4.3.5. Laser-Induced Plasma

Bae et al. [160] utilised plasma induction via lasers for implementing calibration-free
seedless velocimetry. The technical aspects and outcomes of the majority of this paper are
beyond the scope of this literature review. However, the shock wave formation involved
in the experimental work forms an area of interest. When a laser pulse of high intensity
is focused at a singular point within a gas, the molecules in the “focal volume” will form
an intense plasma, otherwise termed laser-induced plasma (LIP) [160,161]. Temperatures
and pressures within the plasma are reported to reach over 20,000 °K and 540 kPa, respec-
tively [162]. This causes the formation of a strong shock wave, although at an extremely
small scale.

Laser-induced plasma could be a rapid shock wave generation method for minuscule-
scaled blast experiments. Some initial challenges present themselves, including the non-
uniformity of the shock wave and the scalability of this approach. At a time of 1000 ns,
the approximate diameter of the shock wave in the x direction is 4.5 mm and in the y
direction is 3.5 mm. Additionally, the 1000 ns shock image was the latest one captured;
earlier images displayed even more non-uniformity. In regards to the scalability, it may
be reasonable to assume that a higher-power laser would produce a more intense plasma
or be able to induce plasma in a larger focal volume. These assumptions are speculative
and require further investigation. Laser-induced plasma may also serve as a detonation
method to initiate sub-gram explosives as a substitute for conventional detonators, which
can significantly alter blast propagation for small explosive masses.

4.3.6. Detonation Transmission Tubing

Isaac Samuelraj et al. [163] explored the use of detonation transmission tubing (DTT)
to study and visualise micro-blast waves. The tubing used, termed a Nonel tube, consists of
a small-diameter tube, which is internally coated with a thin layer of explosive compound.
This equates to an explosive loading of roughly 18 mg per meter of tube length. To initiate
detonation, a spark is generated at the distal end of the tube. A schlieren setup was used to
capture high-speed video of the tests. CFD was also used in a comparative basis. Both the
high-speed video and the CFD displayed a visually uniform circular blast front from the
detonation of the DTT. However, the pressure data suggested a non-uniform strength of the
blast wave was prevalent. The blast front that continued along the same trajectory as the
axis of the tubing displayed significantly higher pressures than aspects of the blast wave
directed radially to the tube (similar to findings from long aspect-ratio charges [20]).This
effect was attributed to the “directed momentum of the jet of combustion products along the tube
axis” [163]. If this non-uniformity can be accounted for, then DTT may serve as a viable
approach to shock generation for small-scale blast experiments.

5. Summary and Conclusions
5.1. Current Knowledge

This review has explored a comprehensive range of literature to supplement the reader
with a variety of knowledge relevant to urban blasts. Some well-understood and common
behaviours of urban blast events have been discussed, as well as some contradictions. One
particular contradiction relates to the findings within Ripley et al. [47] and Donahue et al. [51],
where it is shown that the degree of confinement has a reasonable positive correlation with
the average blast load. The degree of confinement can be considered as a metric of “how
confined” a blast would be if it were to be detonated in a certain volume and increases as
objects are placed in it. These findings could be interpreted to show the opposite of what
Fouchier et al. [42] found, where the scaled impulse decreases slightly within a confining
array. However, it is difficult to directly compare the findings as a common measure for
the degree of confinement is not used throughout. A meta-analysis that utilises the degree
of confinement metric and applies it to urban-style blast experiments is recommended to
allow for an improved comparison basis.
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In addition to this, Fouchier et al. [42] found that once a blast exits the confinement of
an array, it experiences a sharp drop (roughly 80%) in impulse and overpressure compared
to that of a free-field scenario. This effect is not seen in Smith et al. [37], where the
scaled impulse across a wall beyond the array experiences a minor decrease (roughly 13%)
compared to a free-field scenario. A potential aim for future work would be to provide
further knowledge of these findings to explain the differences seen from these results
through experimental work.

5.2. Numerical Methods

Numerical simulations have been shown to offer accurate results regarding the analy-
sis of blasts, with CFD- and neural-network-based approaches being the most sophisticated.
Compared to simplified empirical methods, the utilisation of numerical simulations pro-
vides a significant improvement to blast parameter predictions. CFD simulations can
reasonably accurately capture complex flow-field behaviours in their current state. How-
ever, these models may be subject to further refinement to improve their accuracy and
are computationally expensive to run. It is not universally agreed upon what fidelity,
features and inputs are required in these simulations to ensure satisfactory agreement
with experimental measurements. Indeed, the lack of available high-quality experimental
data—with comparable sophistication and detail to numerical modelling approaches—is
currently hampering these efforts.

Further experimental-based work should attempt to supplement the knowledge basis
regarding numerical simulations by defining reasonable standards that future models
should try to achieve. For example, it may be possible to determine the sensitivity of more
minor structural or geometric features that are usually not numerically modelled. These
are typically assumed to offer little change in the results compared to the additional compu-
tational resources required; however, this assumption is made with little justification [99]
and the influence of such features on the solution remains unknown. It is also clearly
shown that numerical modelling can be utilised to provide verification at multiple stages of
experimental work, further acting as a means to provide additional data in certain studies.
Understanding the physical behaviours from experimental work can assist in validating
numerical models; an example of this is given by the experimental work of Gajewski and
Sielicki [164] being used to validate related modelling work conducted by Denny et al. [165].
In this regard, the authors wish to highlight the importance of experimentalists publishing
their collected data in full and in an accessible format, in order to facilitate rigorous and
detailed validation of future modelling efforts.

5.3. Experimental Possibilities

A sophisticated range of instrumentation and imaging techniques have been explored,
the majority of which could be feasible for use within experimental work. Retro-reflective
shadowgraphy has been showcased as an effective means of capturing high-quality blast
images [127]. It is likely to be pursued as the imaging technique used for most future
experimental work, and there exists some potential to substitute high-cost equipment for
affordable counterparts.

Regarding pressure sensor instrumentation, it is difficult to identify a well-agreed-
upon “best” solution. Pressure remains a difficult metric to measure accurately and
smoothly due to the intrusive nature of instrumentation; for example, the D1 pressure data
in Table 2 varies by over 50%, among other smaller variations [107]. Whilst there is no con-
sensus on the optimal pressure sensor type, configuration, design, etc., this consideration
will likely become more important as experimental complexity and fidelity increase and the
need to provide definitive, accurate, and repeatable experimental data for model validation
becomes more pressing. Currently, it would be reasonable to state that the pressure sensor
instrumentation used in any experimental work should be chosen based on the use case
and availability. However, it is difficult to justify an in-depth, custom study to find the
best instrumentation for a specific experimental package when a variation of 5% or 15%
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could both be considered acceptable experimental variance unless time and cost restraints
are relaxed. Clearly, further work is required to determine the exact sources of variation
in blast load measurements, and to quantify their magnitude and statistical properties,
in order to more definitively bound experimental error.

5.4. Outlook

This review has extensively explored the knowledge base of urban blasts, highlighting
common knowledge and areas of ignorance regarding blast wave behaviour, measurement,
and prediction. There is a clear requirement for tools and metrics that can better predict ur-
ban blast parameters within city-like geometries (such as that used by Donahue et al. [51])
that do not require high computational demand in order to enable rapid predictions for
quick response times. Clearly, improved methodologies such as this, and an improved
understanding of blast loading in cityscapes, will lead to significant advancements in
risk-based studies for the resilience of urban areas to terrorist events [166,167]. A current
lack of a sophisticated experimental framework severely limits the ability to progress
this understanding.

CFD simulations are generally capable of replicating experimental data with good
accuracy and can provide a verification approach to novel experimental work. However,
despite ongoing attempts to expedite numerical analyses [168], they generally lack the
necessary short computation times required for decision-making, emergency response,
or even parameter-rich, risk-based studies. Neural networks have been shown to signifi-
cantly improve upon the issue of computation time compared to CFD methods, and their
utilisation will likely spread throughout the field as a preferred numerical-based approach
in the coming years as training datasets become more thorough and data-rich. This leads
to a requirement for experimental approaches that are capable of producing precise and
accurate data rapidly; the same can be said for the formation of predictive tools and metrics.

Numerical modelling capabilities have outpaced the ability to rigorously validate them
using experimental techniques, and current modelling advancements are being made in the
absence of any real knowledge of their accuracy or sensitivities. Indeed, some numerical
models have been validated against other numerical models, such is the gulf between
numerical and physical capabilities. Naturally, there is a clear requirement for significant
advances in experimental approaches and instrumentation to improve the accuracy and
precision of acquired data. Experimental cost and turnover can be improved by conducting
experimental tests at the smallest scale feasible. With that, it is recommended that working
towards a standard of utilising sophisticated, high-fidelity, smaller-scale experimental work
within the field should become a key focus to meet a potential surge in demand for large,
reliable datasets.
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