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CHANNELLING AND ATTENUATING EFFECTS OF BLAST
PARAMETERS IN URBAN STREET GEOMETRY WITH GLAZING®

INTRODUCTION

In recent years, a few studies have been carried out to determine formulae describing parame-
ters of explosions taken place in street canyons. This paper quantifies the magnification effect
resulting from the multiple reflections of the shock front and the complex interaction of the
reflected waves with respect to the street width and fagcade height. When windows shatter, air
leaks through them attenuating the confinement effect that is, decreasing the parameters of the
amplified shock wave. A 3D computational fluid dynamics (CFD) aided analysis was carried
out for a general street arrangement to capture this phenomenon, and present a modification
factor to account for it.

METHODOLOGY

We compare the results of three types of explosion scenarios. The first is a hemispherical
surface burst. The other two are explosions in a narrow street canyon, initially without
considering the attenuating effect of the windows shattering due to the shock wave, while
finally accounting for it. In case of the first arrangement the Kingery-Bulmash empirical
formulae are compared to the results of the CFD simulations to validate our model, while in
the latter two only the parameterized numerical analyses were carried out concerning different
street widths, fagade heights and window sizes.

Arrangement

The sketch of the investigated geometry is presented in Figure 1 with the window height
parameters and the corresponding glazing surface ratio given in Table 1, while the
corresponding street geometry parameters are given in Table 2.
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Figure 1. Cross section (left) and side view (right) of the analysed geometry with the dimensions of the model
measured in mm.

window width | [m] 0.9
window height [ [m] | 09 | 1.0 [ 1.1 [ 12 [ 13 [ 14 | 15 [ 16 | 1.7 | 1.8 | 1.9
windowarea[[m]]| 08 | 09 | 10 | 1.1 | 12 [ 13 [ 14 [ 14 [ 15 | 16 | 17

corresp. facade area | [m?] 6.0
area ratio | [-] [0.135]0.150]0.165[0.180]0.195]0.2100.225[0.240 0.255 0.270] 0.285

Table 1. Parameters of the window geometry

street width [m] 2 [24]28] 32 [36] 4 [44[48[52[56] 6 | Cparcemass
scaled street width | [m/kg*] | 0.93 | 1.11|1.30 | 1.49 | 1.67 | 1.86 | 2.04 | 2.23 | 2.41 | 2.60 | 2.78 10kg

facade height [m] 1 15| 2 25 3 |35| 4 |45| 5 |55| 6 | 65| 7 |75

Sca'ﬁgi;?;ade [m/kg™] | 0.46 | 0.70 | 0.93 | 1.16 | 1.39 | 1.62 | 1.86 | 2.09 | 2.32 | 2.55 | 2.78 | 3.02 | 3.25 | 3.48

Table 2. Parameters of the street geometry

NUMERICAL MODEL

The program

The present study was carried out using the ProSAir explicit hydrocode, developed at Cran-
field University [1]. In the program, a spherical symmetric, 1D propellant burning model is
implemented, referred to as bulk burn model in the literature [2], where the propellant is as-
sumed to consist of sub-grid sized grains burning on their surfaces. The results of the fully
terminated reaction are mapped onto a 2D cylindrical or a 3D Cartesian grid. The shock front
propagation is captured by an Advection Upstream Splitting Method (AUSMDV) [7] com-
bined with the MUSCL — Hancock time integration scheme [4] providing second order accu-
racy both in the time and space domain.

Material parameters

The ambient air is in accordance with the International Standard Metric Conditions (ISMC),
having temperature (TO) of 15 °C and pressure (p0) of 101.325 kPa. It is assumed to behave
as an ideal gas with molecular degree of freedom (f) of 5 (resulting in the usual specific heat
capacity ratio (y) of 1.4) and average molecular mass (M) of 28.97 g/mol. Consequently the
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density (p0), the specific internal energy per unit mass (eo) and the specific heat at constant
volume (cV) equal to 1.225 kg/m3, 20.68 kJ/kg and 715 J/kg/K respectively.

The high explosive is TNT, in solid state, having density (ptnt) of 1600 kg/m?®, detonation
velocity (U) of 6730m/s and specific detonation energy per unit mass (Ep) of 4520 kJ/kg. The
gaseous detonation products are assumed to have the same properties as air.

The behaviour of the glazing is described by the reflected pressure — reflected impulse iso-
damage curve shown in Figure 2. Not aiming at classifying the windows themselves, a sim-
ple, common model — irrespective of the width and height of the pane or the properties of the
frame — is utilized. The curve is based on experiments of a 7.5 mm thick 1.25 m wide and
1.75 m high laminated window pane with two 3 mm thick glass and a 1.52 mm thick polyvi-
nyl butyral (PVB) interlayer, suitable for blast resistant glazing [3].
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Figure 2. Reflected pressure — reflected impulse iso-damage curve of a 1.25m x 1.75 m x 7.5 mm laminated
window pane with PVB interlayer [6].

Geometry

The program allows us to remap calculations of different dimensionality. Exploiting this fea-
ture, we always start with the same 1D free air burst. If we accept the assumption of the
ground being a perfect reflector without suffering any cratering effect, the hemispherical TNT
charge of mass mynt=10 kg placed on the axis of the street on the ground is possible to be
modelled as a spherical propagation of an equivalent spherical charge of mass Mpege=20 Kg.
This simulation is valid until the shock front reaches the facade of the buildings situated at
least at an rspnerica=1 M distance from the detonation point.

From that instant, having remapped the field variables to the new model, a 3D simulation
is carried out. The arrangement, depicted in Figure 1, has two planes of symmetry; therefore
only a quarter of the domain is considered with symmetry boundary conditions (perfect reflec-
tive surfaces) at those sides. The model domain is ws=3 m wide, hs=8 m high and Is=20 m
long with transmissive boundaries on each side not containing the origin. In case of the rigid
fagade model, a reflecting obstacle of heights (h) ranging from 1 m to 7.5 m by 0.5 m is posi-
tioned at distances from 1 m to 3 m by 0.2 m steps from the street axis yielding street widths
(w) of 2 m to 6 m by 0.4 m. In case of the glazing, the street geometry is fixed, where the 6 m
high buildings on a 3 m wide street have two stories with windows arranged ina 3 m by 2 m
grid on the facade. The width of the windows is always ww=0.9 m in accordance with the
most popular dimensions available in Hungary. The height (hw) ranges from 0.9 m to 1.9 m
by 0.1 m resulting in glazing ratio (g) from 0.135 to 2.85 by 0.015.
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The pressure — time history is extracted at control points on the ground lying in the plane
of symmetry of the street in every 10 cm. These data are used to conclude the distinct charac-
teristic injury distances for eardrum and lung damage or lethality [5].

Mesh

The radius of the charge is 144 mm, therefore, by dividing it at least to 50 elements, the opti-
mal cell size is 2.5 mm for the spherical model, consequently having 600 cells in the 1.5 m
domain. The 3D model is divided into cubes of 50 mm edge length yielding 3640000cells.

SIMULATION STAGES

Mesh convergence study

In this first step, a 30 m long street channel, with cross similar to the one shown in Figure 1, is
investigated. The cell edge lengths are 400 mm, 200 mm, 100 mm, 50mm and 25 mm. The
control parameters are the peak positive overpressure and the positive phase impulse meas-
ured on the ground along the axis of the street. In Figure 1, the error of the control parameters
are depicted as the ratio defined by Equation Hiba! A hivatkozasi forras nem talalhato.,
where the subscripts | and 1/2 refer to the current and the finer (half the edge length) mesh re-
spectively. From Figure 3 we conclude that the model is convergent, and the edge length of
50 mm is sufficient. Half the size results in only approximately 5% increase in accuracy.
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Figure 3. Mesh convergence in case of rigid fagade. The peak positive overpressure (left) and the positive phase
impulse (right) discrepancies with respect to the values resulting from a mesh of edge length half of the previous
measured on the ground along the axis of the street.

Validation

The same 3D geometry as described above — excluding the obstacle — is considered here now
with transmissive boundary conditions on the sides and at the top, so we can compare the re-
sults of the simulation to the empirical formula by Kingery and Bulmash [8] for hemispherical
shock wave properties. The results are in accordance with [9], where the pressure and the im-
pulse error is less than 10% and 25% respectively outside the heat affected zone (scaled dis-
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tance approximately 1m/kg"?), which is considered to be acceptable lacking the information

on the exact circumstances and the standard deviation of the measurements.

Varying facade height and street width

From the engineering point of view the peak positive overpressure and the positive phase im-
pulse are the two most important values characterizing a blast wave. In the following, we give
the dependence of these parameters (measured on ground level, on the street axis) on the fa-
cade height, street width, and distance from the detonation point. The charge mass is in every
case 10 kg, therefore the scaled distances are easy to determine as well. Figure 4 shows the
dependence of the peak positive overpressure and the positive phase impulse on the street
width and fagade height 5 m away from a 10 kg charge. The multipliers give the ratio of the
confined and the free field hemispherical case, and close to the detonation point do not de-
pend on the fagade height in the given range. Figure 5 shows, that at greater distances (17 m
in this case) with heights increasing the impulse multiplier increases significantly. In Figure 6
and Figure 7 we show the dependence only on the street width at a typical building height
(6m). Both parameters show an increase between 200% and 450%, but the confinement effect
does not arise until a given distance, indicated in Figure 8. This distance is approximately the
width of the street.

height [m] width [m] height T 600 width [m]

Figure 4. Peak positive overpressure (left) and positive phase impulse (right) multiplier with respect to the street
geometry 5 m away from the 10 kg charge

600

height [m] width [m]

Figure 5. Positive phase impulse multiplier with respect to the street geometry 17 m away from the 10 kg charge
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Pressure multiplier Impulse multiplier
h=6m h=6m

R [m] R [m]

Figure 6. Pressure (left) and impulse (right) multipliers with fixed fagade height of 6 m. The colour code of the
curves defines the street width and is the same as in Figure 7
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Figure 7. Peak positive overpressure (left) and positive phase impulse (right) with respect to varying street width
and fixed facade height of 6 m compared to the free field hemispherical propagation (red curve)
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Figure 8. Changes in peak positive overpressure (left) and in positive phase impulse (right) with distance from
the detonation point at fagade height of 6 m and street width of 5.6 m. Black squares indicate the end of the free
field dominated zone.

Having the peak overpressure and the positive phase impulse for each width height, it is pos-
sible to determine the stand-off distance for the damage criteria given in [5]. The results are
summarized in Figure 10, where the dependence on the height proves to be insignificant,

while the dependence on the street width has great effect, as shown by the linear regression:

R, =—3.2017w[m]+15.635m, if 2m<w<4m R’ =0.9393 @)

crit
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Figure 9. Pressure-impulse iso-damage curve: threshold limit for lung damage of an 80 kg human 46[5]
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Figure 10. Stand-off distance as a function of the street geometry (left) for lung damage threshold of an 80 kg
human. Linear fit for the stand-off distance vs. street width (right)

Varying glazing area ratio

In this section the effect of the glazing is considered. Figure 11 shows, that there is no signifi-
cant difference in the effect of the different glazing ratios in the range common in Hungary,
while it can be concluded that the glazing decreases the pressure and the impulse by approxi-
mately 15% and 25% respectively.

Peak pressure h=5m Peak impulse h=5m

450 T 450 T
\ ——hw=1.2m hw=1.2m
400} | ——hw=1.3m | —hw=1.3m
\ hw=1.4m 400F hw=1.4m
——hw=1.5m ——hw=1.5m
380r hw=1.6m | hw=1.6m
\ —hw=1.7Tm 350 ——hw=1.7m1
300p \ | ——hw=1.9m]} | —hw=1.9m|
= 250F g 300F
2 o
o 200f =250t
150
2001
100p
150
50F
0 - L L 100 H s |
0 5 10 15 20 0 5 10 15 20
R [m] R[m]

Figure 11. Changes in peak positive overpressure (left) and positive phase impulse (right) due to the increase in
the glazing ratio.
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Figure 12. Peak positive overpressure (left) and positive phase impulse (right) in case of free field hemispherical
blast wave propagation, rigid wall confinement and facade with glazing
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Figure 13. Peak positive overpressure (left) and positive phase impulse (right) correction factors accounting for
the attenuating effect of the glazing

CONCLUSION

The complex reflection of the blast waves on tall buildings surrounding narrow street canyons
result in magnified parameters of the shock front reaching 4.5 times the values of free-field
hemispherical wave. The shattering of the windows decrease them by 15% and 25% for the
peak positive overpressure and positive phase impulse respectively.
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