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ABSTRACT

Understanding the effects of blast generated by an accidental or a terroristic explosion nearby a critical
structure is a main concern for the French Institute for Nuclear Safety (IRSN) and the French-German
Research Institute of Saint Louis (ISL). Full-scale reactive phenomena are however seldomly com-
patible with long-term studies due to cost and regulation issues. Reduced scaled experimental work
consequently represents an attractive alternative. Using small plastic explosive charges, blast effects
in free-field or around various obstacles based on reference structures can be repeatedly examined, in
order to provide the data necessary to develop simplified and numerical models. Following previous
work on this topic by IRSN using a blast table and 42 g Hexomax® charges placed on its surface, ISL
modified one existing blast pad to reproduce the same configuration at a double scale (333 g charges of
Hexomax®). This study was conducted using a reference hemicylindrical obstacle, commonly encoun-
tered on industrial sites and also representative of certain transport containers. Numerous pressure
sensors installed within the table or the pad thickness and on the surface of the hemicylinders provided
the overpressure evolution for different values of the charge to obstacle distance. Explosive charges
were ignited at distances up to 3.5 m/kg'?? from the obstacle at ISL scale to extend the applicability
domain of the model described in our previous document (Trélat et al. [18]) at a larger scale. The objec-
tive of this work is to assess not only blast effects on a potential target but also its capability to modify
the blast propagation in its downstream space.
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1 INTRODUCTION

The Institute for Radiological Protection and Nuclear Safety (IRSN) is a French public
institute with industrial and commercial activities, placed under the joint authorities of the
Ministries of Defence, Environment, Industry, Research, and Health. IRSN is entrusted,
among others, to assess and conduct researches in the area of the protection of nuclear facil-
ities and transport of radioactive and fissile materials against accidental and malicious acts.
In this context, IRSN establishes projects and studies to improve its knowledge of blast char-
acteristics and weapons effects.

The French-German Research Institute of Saint Louis (ISL) is a bi-national research
institute established by the Federal Republic of Germany and the French Republic on the
basis of a treaty signed in 1958. The core mission of ISL is as follows: “Research, scientific
studies and basic predevelopment in the field of defense and security.” Among other tasks,
ISL focuses on the physical protection of personnel and assets against the effects of various
explosive charges. To improve general survivability, fundamental studies on blast wave prop-
agation and target interaction are continuously being conducted at ISL.
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In 2006, IRSN designed and built an experimental set-up to achieve non-destructive shock
wave propagation studies on a small scale [1, 2]. This set-up is composed of a modular table,
sensors and targets able to perform the detonation of solid explosives up to 64 g of TNT
equivalent, representing an alternative to the gas mixture detonation propagation configu-
ration for small-scale tests [3, 4]. Blast generated by 50-g TNT equivalent hemispherical
Hexomax® charges was consequently characterized. To evaluate the effect of scale, a joint
study between IRSN and ISL was initiated in 2017, based on a dedicated ISL blast pad rep-
licating the IRSN table at a double scale: 400-g TNT equivalent hemispherical Hexomax®
charges are being investigated [6].

In a previous document, Trélat et al. [18] proposed the innovative Model S describing
the evolution of the maximum overpressure on the diffraction portion of a wooden hemi-
cylindrical obstacle (0.4 m diameter and 1.6 m long) exposed to a 3D blast wave. In our
approach, obstacles are supposed to be non-deformable. Overpressure evolution along the
circumference line facing the explosive charge was determined for 42 g Hexomax charges
(50-g TNT equivalent in overpressure). Results were confronted to literature models
(TM5-1300 [9] for reflected overpressures in full black lines and Kinney-Graham [8]
for free-field overpressures in dashed black lines), leading to a good agreement between
the experimental data and the prediction on the blast-exposed face of the hemicylinder.
Trélat [18] addressed the expansion side of the obstacle by proposing a physical con-
jecture named Model S: the transmission coefficient is represented as a function of a
geometrical parameter based on the obstacle dimensions (reduced shifted direct distance
or RSDD on Fig. 1) as seen on Fig. 2. The introduction of this parameter enables to take
into account obstacle geometry and wave diffraction along its surface. This model is
valid for RSDD > 0 and three distances (0.4, 0.6 and 1.6 m) at IRSN scale. This document
presents new experimental data obtained at ISL larger scale (0.8, 1.2, 2 and 3.2 m) used
to extend the model applicability domain, that is, to verify Hopkinson principle in close
range.

An alternative model could also be based on the use of the parameter p.

RSDD = (A - Aym) / R

[ = __

Figure 1: Experimental configuration and definition of reduced shifted direct distance
(RSDD) at current point (A, p).
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Figure 2: Peak over-pressure versus angle of observation on the hemicylindrical obstacle —
experimental IRSN/ISL data vs. Model S [18].

2 EXPERIMENTAL SETUP
2.1 Blast pad

Based on IRSN blast table [1, 2, 14, 18], ISL modified an existing concrete blast pad seen on
Fig. 3 to conduct similar experiments at larger scales: explosive charges with a mass multi-
plied by 8 are ignited on a factor 2 up-scaled version of IRSN test table. The explosive charge
is set on a specially reinforced metal ground plate to generate a hemispherical blast. ISL also
machined a corresponding up-scaled steel hemicylinder (0.8 m diameter and 0.8 m long)
(Fig. 3) bolted onto the concrete pad. This document presents the results obtained for the first

Figure 3: ISL blast pad and short cylinder setup.
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Table 1: Hemicylinder tests specifications.

Test# #2237 #2244 #2252 #2259
Angle p #2238 #2245 #2253 #2260
30° 113B28 113B28 113B28 M102A05
60° 113B28 113B28 113B28 113B28
90° 113B28 113B28 113B28 113B28
120° 113B28 113B28 113B28 113B28
150° 113B28 113B28 113B28 113B28

d (m) 3.2 2 1.2 0.8

series of experiments conducted on the obstacle composed of one 0.8 m long segment, while
the three others were still being manufactured.

Table 1 summarizes the different distances d (Fig. 1) between the explosive charge and the
target front surface.

2.2 Pressure sensors positions

PCB 113B28 (344.7 kPa) [19] and M102A05 (690 kPa) [20] piezoelectric pressure gauges
were installed in polypropylene inserts equipping the 30° spaced hemicylinder ports. All data
were recorded and filtered (5th-order Bessel, 500 kHz) by a Transcom recorder at 2 MHz.
Table 1 presents the position of all sensor references for the different tests.

2.3 Explosive charges

The explosive charges consisted of 333 g of Hexomax® hemispheres (400-g TNT equivalent
in peak overpressure), ignited from the ground surface using an high-voltage RP83 detonator,
inserted through the metallic support plate. Each charge (repeated twice for each distance
for reproducibility) was placed directly on the blast pad surface as seen on Fig. 4. Charges
geometric characteristics are presented in Table 2.

Figure 4: 333 g Hexomax® charge and RP83 detonator.
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Table 2: Explosive charges characteristics.

Configuration ISL
Mass (g) 333
Diameter (mm) 94
Density (g/cm?) 1.54
Igniter RP83
Reactive mass (g) 1

(% of total charge mass) (0.3 %)
Overpressure TNT eq. (g) 400

3 EXPERIMENTAL RESULTS AND ANALYSIS
3.1 Peak overpressure on the front side of the hemicylinder

To illustrate the data acquired during this campaign, overpressure versus time evolutions
recorded for the two tests at 2 m at p = 30 and 60° are presented on Fig. 5. These sen-
sors are installed on the exposed side of the hemicylindrical target. Peak overpressure values
decrease as the blast wave propagates along the obstacle. Pressure profiles at 30° demonstrate
non-classical Friedlander evolutions: for example, twin peaks seem to be visible for #2245. In
this case for example, the maximum overpressure is taken for shock #2 higher than shock #1.
This type of phenomenon may be due to the presence of conical shocks generated by fragments
of the detonator metallic envelope or small projected stones, especially in close range, before
they are stopped by aerodynamic drag. Such complex shock front interaction was identified
in our previous work [7], as shown on Fig. 6. The pressure signal at 60° appears to be less
affected as they display a single shock front followed by a more standard pressure decay,
leading to the hypothesis that the initial perturbation source was travelling close to the ground
surface or progressively slowing down [16].

30° #2244 (333g@2m) 30° #2245 (333g@2m)

Secondary shock

Time (s)

60° #2245 (333g@2m)

/ Secondary shock

1

Time (s) me (s)

Figure 5: Overpressure time evolution at u = 30 and 60° for d = 2 m.



332 S. Trélat, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 9, No. 4 (2021)

Figure 6: Complex blast: interaction between conical shock and main blast wave [7, 15].

Sound waves transmitted through the ground and the obstacle itself [22, 23], propagating
at few thousand meters per second, have two types of effects:

— (initial overpressure oscillations before the main shock arrival, especially for sensors used
at low levels of pressure in comparison with their range, and

— later vibrations potentially amplified by resonating pressure transducers (visible at 60°
for both tests).

3.2 Hemicylinder back side overpressure evolution

Overpressure versus time evolutions recorded for the two tests at 2 m for p = 90, 120 and
150° are presented on Fig. 7 as an example. These sensors are located on the expansion
side of the hemicylinder. Peak overpressure progressively decreases as the blast wave propa-
gates behind the obstacle, due to spherical expansion and diffraction phenomena [11]. Signal
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Figure 7: Overpressure time evolution at 90, 120 and 150° for d =2 m.
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oscillations generated by the metallic structure vibrations and the sensor potential resonance
are especially visible at 150°. It is however possible to detect the presence of a second peak
corresponding probably to backward crossing main shock reflected on the ground surface
behind the cylinder. This reflected wave precedes the frontward propagating secondary shock
and interacts with the waves laterally bypassing the obstacle. The chosen maximum overpres-
sure at 150° is extracted from the first peak corresponding to the main shock.

3.3 Overpressure versus angle at 2 m

Overpressure variations along the central circumference line versus the observation angle are
reported on Fig. 8 for the distance d = 2 m. Peak values decrease as angular position increases
along the obstacle as expected (except for one double peak measurements at 30°), before
transitioning to the expansion on the backside [12]. A model [8—10] describing the overpres-
sure on the front face is represented in black lines: reflection coefficients are determined for
any cylinder point, considering its distance to the charge and local incidence to the surface,
and using TM5-1300 local approximation. These representations are limited to the reflection
face of the obstacle, as the model does not predict the wave expansion on the opposite side.
Finally, the Model S is plotted for angle values above the vision limit, that is, for RSDD > 0.
Comparison of overpressure measurements with Model S can also be displayed as the trans-
mission coefficient evolution versus the RSDD as presented on Fig. 9 for the distance d =2 m.
This coefficient corresponds to the ratio between the recorded and the free-field predicted
[8] overpressures at the considered position (direct distance from the charge to the sensor
position). On the obstacle expansion side, the transmission coefficient demonstrates the
obstacle capability to mitigate the peak overpressure by diffracting the incoming blast wave.
We observe that overpressures measured at 30° are significantly below the KG + TM5-1300
model. We remind that TM5-1300 model is defined for reflected waves on planar surfaces.
The discrepancies between model and experimental data could be due to the hemicylinder
curvature and the consequent wave incidence variation [13]. This issue should be specifi-
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Figure 8: Overpressure evolution at 2 m in comparison with models [8—-10, 18].
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Figure 9: Transmission coefficient evolution with reduced shifted direct distance.

cally investigated using high-speed imaging of reflecting wave structure along its propagation
around the obstacle. On all other angular positions, discrepancy never exceeds 23%.

3.4 Extension to other distances

In order to validate Model S established using small-scale experimental results [18], we plot-
ted all peak overpressure for larger scale results obtained at ISL (for d =0.8, 1.2, 2 and 3.2 m)
versus observation angle on Fig. 10, as well as small-scale IRSN results performed by Trélat
[18]. Model S complements the reflected face simplified model TM5-1300 + KG also repre-
sented to describe the centre line overpressure evolution, with a significant gap in between
that remains to be addressed. In addition, we added colourful bars to materialize the regular
reflection angular range before Mach reflection on the convex surface, experimentally deter-
mined at ISL using high-speed imaging. We note that these transition zones tend to appear
later than the “knees” predicted by TM5-1300 + KG, valid for altitude explosions above
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Figure 10: Overpressure evolution at 2 m in comparison with models [8-10, 18].
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ground. Precise overpressure measurements on the hemicylinder surface would allow us to
identify such pressure increase at transition, which is not always possible [21] because of the
limited spatial and temporal resolutions linked to the sensors characteristics, as well as the
difficulty to position the pressure sensors at the most relevant location. Relative deviations to
models are illustrated on Fig. 11. We observe a quite good agreement below 30% in average
between experiments and models except for the 2-m distance at 30° (corresponding to the two
successive shocks described in 3.1). Model S tends to slightly overestimate peak overpressure
at 90° (10% deviation in average) while underestimating at 120 and 150° (respectively 8 and
12% deviation), which is visible on Fig. 12 representing evolution of transmission coefficient
as a function of RSDD.

3.5 Inter-scale comparison at 3.2 m

As the 2-m distance was not yet performed at IRSN, compared overpressure evolutions at
both scales at 3.2 m (no data were acquired at 120° at small scale and a thermal drift may
have affected the 60° sensor) are displayed on Fig. 13. IRSN time evolution was corrected by
a factor 2 to take into account the scale difference. A good agreement in leading shock peak
overpressure is observed despite a longer arrival time at ISL in comparison to IRSN values.
These time discrepancies can be explained by a reactivity deficit of 12% in TNT equivalency
of the largest charge and potentially attributed to ground nature, sensors, explosive charge
average density, ignition and atmospheric conditions differences between both positions.

TM5-1300 + KG Model S

1
\
20% I‘
o% I | | .I II?I
3|II 60 *lll 120 150

333g@32m

Deviation

-A0% 333g@2m

-60% m333g@12m

m333g@0.8m

-80%
Angular position

Figure 11: Deviation of measurement to models: KG + TM5-1300 at 30 and 60°, Model S at
90, 120 and 150°.
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Figure 12: Evolution of transmission coefficient with reduced shifted direct distance.
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Figure 13: Overpressure evolutions at 3.2 m in comparison with scaled-up IRSN results.

Secondary shock arrival time is however similar for both configurations. At 150°, the com-
posite wooden-based IRSN obstacle is significantly less affected by mechanical vibrations
as the metallic ISL hemicylinder, leading to a more precise measurement of the successive
peaks overpressures: an initial negative offset is clearly visible on the ISL evolution at the
shock arrival time and the vibration amplitude appears to be in the same order of magnitude
as the ground reflected and the secondary shocks. Finally, laterally by-passing shock waves
may also affect the different shocks identification for the short ISL obstacle in comparison
with the longer IRSN one.

4 CONCLUSION AND PERSPECTIVES

Blast wave interaction around a convex structure is presently being investigated at IRSN and
ISL through two reduced scale studies conducted in parallel. A physical model predicting
the overpressure evolution on the central line of the expansion side of a hemicylindrical
obstacle was proposed in a previous document [18], on the basis of a small-scale exper-
imental campaign conducted at IRSN. This Model S (overpressure evolution with the
RSDD) complements the simplified procedure currently used to determine the peak reflected
overpressures applied to the convex obstacle. This document presents the extension of the
S-approach applicability domain to four distances between the charge and a shorter target at
double scale. The adequation between experimental data and predictions confirms the model
robustness. The discontinuity between the TM5-1300+KG and the Model S willhoweverrequire
to be bridged by refining the description of the reflected face using dedicated experiments.
Full-cylinder-length ISL scale tests will need to be completed to further validate the Model S
and determine the influence of the bypassing waves on the pressure load. Predictions will
also need to be confronted to other obstacle diameter results to enhance the validity range of
the model. Dedicated free-field pressure sensors should complement the hemicylinder instru-
mentation to confirm (or not) the observations made for the inter-scale analysis. Finally, the
S-approach could also be extended to other obstacle shapes. This type of tool should con-
tribute to perform structural finite element analysis or to improve the design of critical
infrastructure by government agencies [5] in addition to other classic tools [17] able to pre-
dict average loading on blast-exposed surfaces.
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