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INTRODUCTION

Buried blast threats have been used for many yedyeth conventional and unconventional
warfare. They are cheap, easily hidden, remainleidbr extremely long periods after
deployment and are effective, focusing the resgltintast products and ejecta vertically
upward towards the target when finally initiatedthAugh extremely effective measures have
been developed and deployed to protect vehiclemstgauried blast threats (Camp, Heitman
2014, Stiff 1986) ongoing research is required ianddeed continuing to develop and enable
more effective and efficient passive and activeltame and IED protection systems for the
mounted and dismounted soldier.

Characterization of threats is the first step talgaany protection research efforts. For buried
blast load the characterization is complicated tughe interrelationship of burial media
characteristics, charge type and shape, depth p&lb{DOB), presence of , shape and
distance to a near-field target (stand-off distan&OD). Various researchers (Cooper 1996,
Fourney, Leiste et al. 2005, Cullis 2001, Braid 208mith, Hetherington 1994, Snyman
2010) have defined a number of temporal phasestiatr when a shallow buried near-field
blast is detonated. Although some authors expaasdetiphenomena, or constituents, while
others combine them, they can in general, be ptegen order of temporal occurrence at the
target as: shock, soil cap and blast front, blastdw(detonation products), soil ejecta
including casing fragments and secondary burn tsffec

To date impulse has been primarily used to quardifglast load in terms of the various
dependent variables noted above. Although impuslserbbust parameter that scales well and
has a large research and empirical data set tdeefjua target damage, impulse lumps all the
temporal phenomena developed by a buried blastitdada single value (Braid 2002, Held
2004, Karagiozova, Langdon et al. 2010, Smith, eietigton 1994, Clarke, Fay et al. 2014) .
Dynamic side-on pressure measurements can andokeawveused in conjunction with impulse
to characterize blast and as a result give insigiat the temporal phasing of a blast load.
However, these measurements do not quantify deasitystagnation effects of a blast load.
Most impulse measurement test rigs employ knownnheaertial masses that are either
vertically or horizontally orientated and then ia#l either or both initial velocity and
maximum displacement to calculate the impulse traited to the target by the blast
(Zakrisson, Wikman et al. 2008, Denis M. Bergendiady et al. 2002, Held 2004, Gruijicic,
Pandurangan et al. 2007, Pickering, Chung Kim Yeteal. 2012, Karagiozova, Nurick et al.
2009). A small number blast test rigs have beereldged that measure the force-time
response of a target to quantify free-in air oriddirblast load (Snyman, Reinecke 2006,
McDonald 2013, McDonald 2013) however, not allle§twork has been published.

Based on literature various authors have proposedn&ibution allocation of the various
defined phases to the total blast load seen bygettahowever these appear to have been
based on free-in-air or buried blast without neeldftargets, computational modelling or
subjective assessment rather than specific queatidn. This paper presents the
quantification method and discusses the initiatontes of a research effort to quantify the



blast contribution of a shallow buried near-fielddi load in terms of the phased force-time
response of the target or simply put, to partiaeshallow buried near field blast load.

EXPERIMENTAL SETUP AND PROCEDURE

The research was divided into two steps, firstlyt@antify the ejecta formation in terms of
side-on blast pressure-time, blast velocity andshtdssoil ejected and secondly to quantify
the force-time response of a near-field targetestibf to a specific scaled near-field shallow
buried blast load.

Test Rig:Due to the aggressive nature of full-scale shalbowed blast loads and the cost and
time advantages of scaled threats this researasédcon a Hopkinson and Geometrically
Similar scaled charges and targets. A suitablyesctdst rig utilizing four piezoelectric load
cells was developed for this research (Reineckesfdlb et al. 2014). The scaled test rig
consists of two assemblies namely a soil bin aretreovable target assembly. The removable
target assembly comprises a rigid 360 mm diaméandn thick circular target plate that is
bolted to a machined short circular steel tube. feinget plate / tube assembly is attached to a
mounting plate (spider) sandwiching four load cbi$ween the tube wall and the spider. The
spider is ‘rigidly’ attached to the soil bin thrdudour V-shaped arms using machined cross
bolts. To measure target global displacement anuim&ntation frame is placed over the test
rig and LVDT’s mounted against the back of the spid’he test rig assembly is shown in
Figure 1.
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Figure 1 Scaled Test Rig Assembly
Prior to testing the target assembly is torquednatj@dhe spider to approximately 50% of the
nominal force capacity of the load cells. This efifeely creates a preloaded spring damper
force measurement system whereby the total loatiegipto the target is transmitted through
the four load cells. The target plate can havergetaof sensors such as side on and face on
pressure sensors and force sensors fitted to fugthentitatively explore the target face loads.
To quantify shallow buried soil ejecta in termses@h pressure and actual mass of soil
ejected the measurement head assembly is removethaller diameter bin is filled with test
soil, weighed and then inserted into the partiéillgd main soil bin. The area around the
inserted bin is then back filled with the same w®t. A single side-on pressure probe was
then placed over the center of the charge onceasdtimserted and covered with soil. This set
up is shown in Figure 2.
Test Measurement3he primary measurement with the near-field tegtvas the force-time
response of the target assembly. For the soilajests high speed imaging, side on pressure



and mass of soil ejecta were measured. For botérements the primary and secondary crater
diameters and depths were measured.

A
Figure 2: Soil ejecta test set-up

Test MethodThe soil used for these tests was standard comahenoer sand. Prior to these
tests the bulk density and moisture content wassared and recorded using a Troxler
surface gauge. The soil was not compacted. Fadihejecta tests the inner bin was carefully
removed after each test and weighed. The differbeteeen the initial and after test masses
was deemed to be the mass of soil ejected. Afteln &sst, contaminated soil was removed
from the test bin and any remaining soil was miwth fresh soil from the soil stock until the
inner bin was full

The flat cylindrical PE4 test charges were handnfx into machined PVC cups. A forming
tool was used to create a detonator cavity thatiredsthe detonator seating depth was kept
constant for each test. For these specific testPDB was set as close as possible to 7.2 mm
with a target SOD of 72 mm. A special leveling ta@s developed to facilitate this process.
These parameters give a scaled distance (z) of Wt2éh fits within published near-field
parameters as defined by (Smith, Hetherington 1994)

At least two tests were executed per test pointiflemear-field tests and at least four tests per
test point for the soil ejecta quantification te$tsr all tests the initiation of the detonator was
used as a common trigger signal for data recorditsgno published commonly accepted
definition of shallow buried blast threats was fdum the reviewed literature, additional
secondary data from similar buried blast trials With a larger test charge, scaled DOB and
SOD executed at Cranfield University as part of astar's program (McDonald 2013) was
processed and compared to the obtained near-Bstdrésults. Lastly the force-time results
were compared to larger scaled TNT tests executeddifferent CSIR test rig.

Data ProcessingThe force-time test data was summed and zeroedotode the net total
target force-time response for each test. This deda then inspected and temporally
partitioned according to occurrence of force pedikese force time data was then high-pass
filtered prior to integrating to calculate both thetal impulse as well as the percentage
impulse contribution of each phase, as definechbytemporal partitioning. For the soil ejecta
the high-speed video of blast development and &jEmimation process was inspected and
analyzed. A particular effort was made to ideniifigial detonation shock waves transmitted
to the air from the soil surface as well as thessgbent morphology of the blast. The velocity
of the blast front and any observed shock wavesdetermined from the distance-time plots
as obtained within Image Systems TEMA® softwaree Thater volumes were calculated
based on the measured test data and comparednetsared ejecta mass.

RESULTS
Soil Ejecta:As initially reported by (Freitas, Bigger et al.12) the two distinct ejecta phases
were observed. Figure 3 shows the initial high e#joejecta phase as it is ending and



transitioning to the low speed soil ejecta phasktha end of the second low speed soil ejecta
phase. The measured ejecta base (stem) diametdravéine measured and reported are
indicated here.

.

3 Primary¢

\ T

Q——I—}
3*861 msec. H—I/2767 msec.

X 2
| .
Figure 3: Shallow buried ejecta morphology
Table 1 summarizes both the averaged maximum Irast velocity and the blast front
velocity at the SOD of 72 mm showing the deceleratf the blast front.
Table 1: Blast front velocities

Shallow Buried

Averaged | Std. Dev
m/s m/s
Maximum Velocity 1640 274
Velocity @ 72 mm 1438 153

Figure 4 presents two captured shallow buried srmg@ressure-time traces. The variability
inherent with buried blast and much reported iglent in the different blast morphologies
shown.

Side-On Pressure (Shallow Buried)
Soil Ejecta 2-1019-35_Copy_r01_in2 Ch 10 - Pressure - Ch D1

MPa

_nrs_||||||\||||||\|||||\\\||||\\||||\\\||||\\||||\\||||\\\||||||||

Soil Ejecta 2-1040_Copy_r01_in2 Ch 10 : Pressure - Ch D1

MPa

_u ol b e b e e b e b b e b e e by
-06
0 fE-& 1E4 15E4 2E4 25E4 3E4 35E4 4E4  45E4  BE4 55E4 6EA

Time (s)
Figure 4: Side-on pressure for shallow buried blas(SOD 200 mm)

Table 2 presents the average crater dimensiongseltavith both the ejecta tests and the

near-field target tests. The standard deviatioreémh parameter is noted in the second row.

The estimated ejecta mass is based on a dual olum@e approximation using the measured

primary and secondary crater dimensidRSA-MIL-STD-37 Issue 3 Landmine Protected

Wheeled Vehicles: Design, Development and Evaluatid-ebruary 2005) .



Table 2: Crater dimensions, estimated and measuregjecta mass

Primar Primary Secondar Secondary | Estimated | Measured
y Crater y Crater Ejecta Ejecta
Crater @ Crater @
Depth Depth Mass Mass
mm mm
mm mm kg kg
Ejecta Tests
646 158 350 54 24.8 13.0
5 13 18 10 1.8 1.7
Near-Field Target Tests
755 151 245 100 - -
5 17 55 21 - -

Force-Time: Figure 5 shows the target force-time response scaded near-field shallow
buried blast load. The complete response signahisvn to the left and the initial positive
force-time only response is presented on the ri@imly the first positive force phase is of
interest here and the response after this inibadding is considered the damped elastic
unloading of the test rig and target assembly. &Hogce peaks are seen within this initial
positive signal, for this work the first peak isnstdered the first loading phase with the latter
two peaks being defined as the second loading phase
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Figure 5: Near-field target force-time response wh complete response signal is shown
to the left and the initial positive force-time ony response is presented on the right

DISCUSSION
Soil Ejecta:The morphology of the side-on pressure displayarable phased pressure that
is developed with buried blast that decays slowan ta classic free in air blast pressure pulse
and has a reflected pressure occurrence at atilater This is attributed to the initial blast
front followed by the containment and focusing et$eof the soil (Snyman 2009, Deshpande,
McMeeking et al. ). The variability in peak side-pressure measurement is attributed to the
variable and ragged blast front that forms duringllsw buried blast because of the soil cap.
The side-on pressure data signal anomalies pregsemtto the arrival of the blast front are
attributed to breakout of ionized detonation prdduicteracting the sensor and no precautions
were taken to minimize these effects.
The ejecta tests show that as reported by (Fraigger et al. 2014) which references work
by Bangash and (Deshpande, McMeeking et al. ) thegeat least two distinct soil ejecta
phases with shallow buried blast, an initial higleesd ejecta phase that lasts between 2-4
milliseconds and a second low speed soil ejectessghthat then continues for 80-100
milliseconds. The base diameter of the slow spgectae phase cloud continues to grow

Time (Seconds)



laterally as an expanding hollow tube at about g with vertical ejecta velocities of between
10 and 30 m/s for ejected larger soil clumps. Tide-en pressure results without a near-field
target present show that the positive pressurerigad over with the negative phase starting
within 250 ps after blast front arrival. The slowesd ejecta phase is characterized by a
dominate heave with low soil velocity moving thel ®wer a short distance laterally and with
a large amount of soil being deposited next toctiager rim. The majority of the ejected soil
is expelled in this phase and is thought to contebminimally to the total target loading; this
position is supported by the recorded pressurd@eé time response of the target. The blast
pressure loads the soil over a short period ofwatandred microseconds (Eridon, James.
Zelenik,Tom. Bogalev, Alex. 2014) but due to iteglinertial mass the surrounding the soil
starts moving, primarily laterally but with somerteal component, starting only after
milliseconds after detonation, which is long aftex blast gases have been vented upwards.
The diameter of the high speed ejecta phase stemesponds to the secondary crater
diameter while the primary crater corresponds wh#hbase diameter of the ejecta stem at the
end of the slow ejecta speed phase. The primatgradanensions when a near-field target is
present are slightly larger and the secondary cratgightly smaller than without the target.
This near-field target reflected pressure is exgedb increase the duration of the positive
pressure phase but not sufficiently to result ia tinfold increase. This longer duration
reflected pressure exacerbates the outward expaosibe slow speed ejecta phase resulting
in a larger primary crater while compressing thready formed secondary crater resulting in
a reduction of this diameter while increasing tleeosdary crater depth. As the estimated
ejecta mass (ca. 24 kg) is nearly double that efnieasured ejecta mass (ca. 13 kg) crater
dimensions are not a good indicator of ejecta mass.

Force-Time: The initial positive force-time target responsdicates that there is indeed a
phased target reaction as a result the phasedidéaistinitial inspection reveals that for near-
field loading there are at least three phases, avitlige initial load that decreases rapidly only
to increase again and then decay more gradualtyfet! by a third another much smaller and
more gradual increase before the force become imegas$ the target unloads downwards.
This is expected with the blast front impact forgnthe initial rapid force peak which starts to
unload while the following blast wind starts to loluiip reflected pressure creating the second
loading phase. The source of the third peak isimatediately evident, for larger charges it
would be expected to represent the contributioseafondary burn effects however this was
not expected for the smaller test charges. Basesboondary test data (McDonald 2013) this
additional phase becomes apparent as the tardabigght closer to the soil and is thus
possibly due to additional reflection or secondayn effects. The first loading phase
contributed on average 52% of the total positivagehimpulse for a scaled blast load. This is
much higher contribution than what has been obslewith larger scale tests (around 20%)
indicating that there are blast loading aspectaeair-field shallow buried blast that do not
scale (Mostert July 2015).

No clear separate shock wave could be identifiecafy of the shallow buried tests nor was
any separate precursor shock seen on the sideessyse data within the near-field SOD of
interest (72 mm). High speed video analysis onlgweha bow wave shock forming at the
blast front. This shock was seen to detach andressgoutwards only after impact with the
target would have occurred. Secondary deep budest test data (McDonald 2013) video
analysis revealed the formation of a air shock @@ #/s) that was seen to be transmitted by
the detonation shock reflection at the soil surfadeing deep buried the blast fronts were
only moving at an average of 230 m/s, thus the vabaick moved away from the blast ejecta
front and impacted the target first, reflecting boaato the approaching blast front and not
contributing materially to the transferred blastdo For shallow buried blast loads, as there
was no precursor shock impacting the target padh¢ blast front, taking the mass of the soil



cap above the test charge and multiplying this ly blast front velocity resulted in a

approximated impact impulse value that is veryelmsthat derived from the measured target
phase one force response. This first phase cdoelalid not extend to secondary data
analyzed for deep buried blast where the initimtdophase impulse contribution is higher
than the simple momentum of the soil cap indicathreg a more complex loading is present
and the initial force phase impulse contributionmsre. This implies that the target force

response morphology is affected by the DOB and SOD.

CONCLUSIONS

A research method to partition and quantify a slwalburied blast and the associated results
using a combination of scaled soil ejecta and fielt-target shallow buried blast tests were
presented. The results indicate there is a temlgophlased blast loading and target force
response to a shallow and deep buried blast laadishe initial loading phase contribution to
the blast load were quantified. There is no sepapatcursor air shock for shallow buried
blast load and the initial loading phase impulspeaps to be primarily from the soil cap
impact momentum transfer. For scaled tests the ifimpact load contributes about half the
total target impulse load. The subsequent force-tianget response indicates that there is an
additional third phase response during the refteptessure loading phase. The source of this
loading is thought to be either additional neadfiarget response or possibly secondary burn
and requires additional investigation to determi@gher than the soil cap, soil ejecta
contributes very little to the total blast loadthe main mass of ejecta is expelled much later
than both the initial blast pressure loading arel rissultant force-time load response of the
target. Lastly crater volume is not a good prediofcejecta mass.
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