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TAGGEDPA B S T R A C T

An experimental test facility has been developed for performing laboratory studies on shallow buried blast
loading. The shock tube based test facility offers an alternative method for generating blast wave in a con-
trolled and repeatable manner, without the use of explosives. In this paper, we consider a spherical expand-
ing blast wave of moderate shock strength with relatively low driving pressure. A confined dry sand bed
prepared with a constant density, is exposed to a blast wave from the embedded shock tube. The principal
objective of this paper is to understand the various events involved during the interaction of leading blast
wave with the soil medium, followed by the expansion of the entrained gas. The process initiates with the
formation of stress wave in the sand media, followed by the gas bubble expansion and terminates with
sand ejection. The variation in the output of the sand ejecta is investigated with the help of high speed pho-
tography. The velocity of the sand ejecta front is found to decrease with the increase in the burial depth
(DoB). Further, the impulse (using vertical pendulum) and peak pressure (using transducers) imparted to
the rigid target are evaluated. The target is located at different stand-off distances (SoD) above the top sur-
face of the sand bed. It is found that the peak pressure values are influenced by the presence of dome-cap of
the ejecta, expanding vertically upwards generating a point-load impact. Irrespective of the depth of burial
(DoB D32mm�64mm), maximum impulse is observed around the zone of bubble expansion (close to the
sand bed surface). Sand ejecta does however have a greater influence on the impulse at higher SoDs
(>40mm). Moreover, the maximum momentum transfer is observed when SoD to DoB ratio is 2.5. In con-
clusion, the shock-driven sand test facility is found to be a simple and efficient tool to study the complex
dynamics of sand ejecta, including the post- impact on the target structures.

© 2017 Elsevier Ltd. All rights reserved.
TaggedPKeywords:

Shock tube
Buried blast
Sand ejecta
Impulse
aram@civil.iisc.ernet.in
1. Introduction

TaggedPFor over a century, ammunitions like improved explosive device
(IED) and landmine were commonly used in warfare, causing signifi-
cant threat to light weight military vehicles and to personal lives
onboard [1]. During the past several years, it has become popular
among terrorists groups to bury an explosive device few centimeters
below the ground surface and cause fatalities of considerable pro-
portion. With an explosion at an optimum buried depth, sand debris
is expected to carry maximum momentum over the surface [2].
Researchers have been investigating the problem for a deeper
understanding by performing a full scale buried blast test [3�5].
However, physical test involving full scale blasts are very expensive
and are not repeatable [6,7]. Numerous authors [8,9,6] have also per-
formed simulated buried blast and surrogatemine experiments
TaggedPusing scaled explosive charges. The investigation primarily includes
the influence of depth of burial (DoB), soil type, moisture content,
height of burial (HoB) and the effect on the target placed at different
stand-off distances (SoD) [7,10]. However, very few authors have
investigated the soil behavior during buried blast loading. Ambrosini
et al. [11] and Roger [12] have performed series of field experiments
by using TNT explosives above and below the ground surface.
Bergeron et al. [2] performed experiments by using scaled C4 explo-
sive charges. The pressure and arrival time of air-shock (above the
surface) and ground-shock (below the surface) were recorded over a
range of distances. The shock wave propagation was found to be sig-
nificant near the source of explosion and found to decelerate with
distance. Karinski et al. [13] and Tan et al. [14] carried out numerical
simulations predicting the attenuation of stress waves in soil upon a
buried explosion.

TaggedPThe output from the buried blast event, peak pressure and
impulse are measured by using various techniques. Braid et al. [15]
have used pitot tubes to measure the stagnation pressure at close
proximity of the air blast. Anderson et al. [10] have used cable-pull
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Fig. 1. A schematic overview of the shock-driven sand test facility. (a) cross section
view of the simulator, showing the position of the buried sensors for DoB 64mm and
(b) the plan view of section AA. (All dimensions given are in mm and the cylindrical
co-ordinate origin is along the axis of shock tube, intersecting with section AA).
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TaggedPpotentiometer in their mine blast experiments, the total impulse
transferred to the flat plate and V-shaped plate is determined from
the maximum height achieved. Pressure transducers (or multiple
spike gauges) were also used to measure the peak pressure and
impulse [16,17]. McShane et al. [18] conducted series of experiments
using Kolsky bar; the initial peak pressure and transient phase were
measured from the recorded strain gauge data. Clarke et al. [19]
developed a reaction frame with Hopkinson pressure bars. The pres-
sure-time response generated from the large scale (1/4 scale) experi-
ment has been used to generate spatial and temporal loading of an
explosion event. A most popular and accurate mode of impulse mea-
surement is done using vertical pendulum apparatus [3,20,7,21].
Impulse value can be identified as a potential index for the damage
associated with the buried blast. In general, most of the available lit-
eratures on the buried blast focus on the impulse imparted by the
sand, but many fail to address the complex dynamics involved dur-
ing the sand outburst.

TaggedPBergeron et al. [2] studied in detail the ejecta flow characteristics
by using a high speed x-ray photography. The process involved in
the various stages of the buried explosion is outlined below [2,22]:

TaggedPBlast interaction phase: Upon blast explosion, shock wave is trans-
mitted into the surrounding medium which generates stress waves
(compressive) in the soil.

TaggedPBubble expansion phase: When the compressive wave reaches the
surface, it reflects back as tensile wave (rarefaction wave). This ten-
sile wave combines with detonation products and breaks open the
surface of the soil, leading to a bubble formation with a hemispheri-
cal shaped soil cap.

TaggedPSoil ejecta phase: The soil cap eventually collapses followed by the
expansion of the soil ejecta in the shape of an inverted cone.

TaggedPIn a more recent study, as an alternate to conventional experi-
ments using explosive charge, McShane et al. [18] developed a scaled
buried charge simulator (BCS). The BCS was found to be successful in
generating the second and third phase of buried blast, which
involves dynamic flow of the sand. However, it is uncertain as to
whether the first phase was considered in the simulator. The simula-
tor was operated by a sudden release of the compressed nitrogen gas
from a large cylindrical chamber (80mm long ) to a smaller chamber
(20mm long) and then to the sand layer. A CFD analysis (using
Ansys�Fluent) was performed for the above mentioned test configu-
ration. It was found that neither shock wave nor blast wave was
formed at the exit of smaller chamber. Hence, the blast simulator
would ideally generate high pressure gas flow, without a shock front.
This exhaust gas flow disperses the buried sand and forms a sand
scatter over the surface. BCS has failed to incorporate the interaction
of a blast wave with the sand deposit. Also, experiments performed
byMcShane et al. [18] were considered very close to the sand surface
(DoB D15mm�30mm).

TaggedPThe present study aims at developing a similar test facility by
accommodating a shock tube in the test assembly. The shock tube is
capable of generating wide range of blast waves, representing a
near-ideal explosion [23]. The sand ejecta phenomenon is analyzed
over large burial depths. The present study also aims at examining
the wave propagation in and around the blast source, which would
reveal the attenuation behavior of the sand and its influence over
crater formation. Peak pressure measurements are obtained using
fast response pressure transducers, while the impulse is measured
using a vertical impulse pendulum.

1.1. Objectives

TaggedPThe objectives of the present study are: a) to develop an experi-
mental facility using compressed gas-driven shock tube, to generates
a buried blast loading condition, b) to obtain the pressure-time
response in the sand deposit during blast wave-sand interaction, c)
provide qualitative and quantitative insights of the sand ejecta
TaggedPmechanism and d) to carry out a parametric study by varying the
depth of burial (DoB D32mm�64mm) and also to assess the target
response (pressure and impulse) over a range of stand-off distances
(SoD).

2. Overview of shock-driven sand test facility (SSTF)

TaggedPA schematic diagram of the shock-driven sand test facility (SSTF)
is shown in Fig. 1. The major components of the test facility includes:
(1) shock tube, (2) cylindrical sand chamber and (3) instrumentation
(pressure transducers and impulse measurement device). A blast
wave with a spherical shock front radially emanates from the open
end of the shock tube into the sand bed, driving the sand particles
out of the sand chamber. A detailed description of each component
of the shock-driven sand test facility is outlined below.

2.1. Shock tube

TaggedPShock tube is a simple laboratory device used to generate shock
waves and blast waves. In the present study, a compressed gas-
driven shock tube is designed to generate pressure loading identical
to the blast wave profile. A typical blast wave is characterized by a
leading shock front with a peak overpressure followed by an expo-
nential decay. The two main components of a shock tube are driver



Fig. 2. Shock tube assembly: (i) schematic diagram of the shock tube, (ii) photograph of the assembled shock tube below the sand chamber and (iii) Mylar� diaphragm before and
after rupture. (a) driver section, (b) driven section, (c) primary diaphragm, (d) secondary diaphragm, (e) inlet for the high pressure gas and (f) digital pressure gauge. (All dimen-
sions are in mm).

Fig. 3. Pressure�time curve recorded (P5) at end of the shock tube.
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TaggedP(high pressure) and driven (low pressure) sections, which are sepa-
rated by a diaphragm. The high pressure gas (nitrogen or helium) is
used to pressurize the driver section until the diaphragm ruptures,
while maintaining the driven section at low pressure. As the dia-
phragm ruptures under predetermined pressure conditions, a series
of compression waves propagate into the driven section, which coa-
lesces to form a shock wave. Subsequently, an expansion wave trav-
els in the reverse direction of shock wave and gets reflected from
the driver section end [24]. Expansion waves eventually catch up
with the shock front and decays the pressure level to form a blast
wave. Response time of the expansion waves is significant in the for-
mation of the blast wave. A blast wave of desired strength can be
created by varying the thickness of the diaphragm or by choosing a
lighter driver gas (helium) or by decreasing the pressure of the gas
in the driven section. For all the experiments in present study,
helium is used as driver gas and the driven section is kept at atmo-
spheric pressure and room temperature.

TaggedPA schematic diagram of the shock tube considered in the SSTF is
shown in Fig. 2i. The length of the driver section is 55mm (a) and
the driven section is 175mm long (b). Both the sections are manu-
factured using stainless steel (SS 304) with an internal diameter (ID)
and external diameter of 25mm and 50mm respectively. An assem-
bled shock tube setup is shown in Fig. 2ii. The driver section is con-
nected to the high pressure helium cylinder using a flexible hose (e).
The diaphragm rupture pressure is recorded from the digital gauge
(f) (Barksdale Inc. SW2000 pressure switch). The shock tube is pro-
vided with two diaphragm mounting sections, primary diaphragm
separating the driver and driven sections and the secondary dia-
phragm separating the driven section and the sand chamber. Mylar�

sheet (polyester film) of thickness 0.1mm (shown in Fig. 2iii) is used
as the primary diaphragm (c) and a tracing paper (60�65 GSM) is
used as the secondary diaphragm (d). The thickness of paper dia-
phragm is chosen such that it has minimum effect on the blast wave
profile and the paper also has to withstand the overburden pressure
exerted by the sand. In order to record the generated blast wave,
the open end of the driven section is closed by a flange with an
embedded piezoelectric pressure sensor, P5 (PCB 112A22). A typ-
ical blast wave signal recorded from the P5 pressure sensor of
the shock tube is shown in the Fig. 3. The peak reflected pressure
is found to be 23.75§ 0.5 bar and the positive phase duration is
measured to be 475§ 25ms. In the SSTF, pressure sensor P50

(PCB113A24) is located on the driven section just above the
TaggedPpaper diaphragm (refer Fig. 2i), to record the in-sand blast pres-
sure (upon rupturing the paper diaphragm). For the sake of ease
in representation, all the pressure values in this paper will be
represented in unit of bar (1 barD 105 N/m2).

TaggedPShadowgraph technique is used for the visualization of the blast
wave. Fig. 4 shows the shadowgraph image of the blast wave emerg-
ing from the open end of the shock tube (without overburden sand).
A leading hemispherical shaped shock front is followed by a turbu-
lent plume of compressed gas mixture (helium and air) along with
the ruptured pieces of the paper diaphragm. The speed of the blast
wave in the open atmosphere is supersonic (Mach number >1) trav-
elling at a velocity of 375m/s. The blast wave generated is consid-
ered to be of low-moderate strength, with relatively low driving
pressure (behind shock front). The hemispherical blast wave profile
closely resembles that of any open field explosion on a semi-infinite
medium (earth).

2.2. Test bed preparation

TaggedPThe sand test chamber has a capacity to prepare a sand bed of
depth of 100mm and 450mm of diameter. A larger diameter of the
test bed is chosen such that the boundaries had no influence on the
wave propagation and the crater width. The shock tube assembly is
connected underneath to the sand chamber, such that the blast
wave exits into the sand chamber. Different DoB cases are



Fig. 4. Shadowgraph image at the open end of the shock tube.
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Fig. 5. Grain size distribution curve for the sand used in the present study.
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TaggedPconstructed by using appropriate spacer bars to position the shock
tube end.

TaggedPDry river bed sand is used in the present study. The sand is
completely oven dried at 130° C and subsequently air dried for 24 h.
The grain size of sand varies from 0.075mm to 2.36mm and is clas-
sified as ‘poorly graded’with symbol SP as per Unified Soil Classifica-
tion System (USCS). The grain size distribution of the sand particle is
obtained by performing a dry sieve analysis test. The gradation prop-
erty of the sand is listed in Table 1 and the grain size distribution
curve is shown in Fig. 5.

TaggedPPrior to each experiment, a sand bed of 100mm depth is pre-
pared by using sand pluviation technique. The sand pluviation appa-
ratus consist of a fixed overhead hopper, which is in turn connected
to a flexible, adjustable (100�500mm in height) PVC pipe. The bot-
tom end of the PVC pipe is connected to a sand diffuser. The sand dif-
fuser is a hollow cylindrical pipe of 100mm in length, with a 60°
inverted cone welded to the opening end. In short, the sand particles
are poured into the hopper; the sand passes through the PVC pipe
and disperses out of the diffuser. The diffuser is moved to and fro
such that the sand that exit from the conical surface is uniformly dis-
tributed in the chamber. A constant sand flow rate is thus achieved
and the density is relatively kept constant by maintaining a constant
height of fall. Such a method will help in delivering repeatable sand
layer deposits over a large area. The height of fall determines the
desired relative density of the sand deposit [25]. Height of fall
is defined as the distance between the top of the sand bed to the
bottom of the sand diffuser (base of the cone). In the present study,
the sand bed is prepared with an approximate relative density of
45§2% which corresponds to dry density of 1566§20 kg/m3.
The relative density of the sand deposit is monitored by placing
small cups of known volume at different location in the sand
chamber [26].
Table 1
The gradation properties of the sand.

Parameter Quantity

D10 (mm) 0.26
D50 (mm) 0.7
Coefficient of uniformity, Cu 3.07
Coefficient of curvature, Cc 0.96
Maximum void ratio, emax 0.9
Minimum void ratio, emin 0.53
2.3. Instrumentation

TaggedP2.3.1. Piezoelectric pressure transducers
TaggedPIn order to measure the pressure-time response around the blast,

three piezoelectric pressure transducers (PCB 113 Series) are embed-
ded inside the sand bed. The three transducers are spaced apart 120°
to each other and radially increasing at an offset of 25mm in radius
from the ID of the shock tube. All the pressure signal data are cap-
tured with a sampling rate of 500 kHz using a DL750 Yokogawa
scope recorder. In addition, pressure signal is also measured at the
exit of the shock tube (P50). The schematic diagram displaying the
position of the transducers, S1 (PCB 113B23), S2 (PCB 113B22), S3
(PCB 113A24) and P50 (PCB 113A24) are shown in the overview dia-
gram of the shock-driven sand test facility (Fig. 1). A photograph of
embedded transducers in the sand chamber is shown in Fig. 6a. The
transducers arrangement is ensured to record the spherical outward
movement of the blast wave.

TaggedPIn order to measure the peak pressure of the sand discharge, a
transducer R (PCB 113B23) is mounted on a rigid target frame. The
target frame is placed at varying SoDs and aligned such that the sen-
sor is pointing towards the center of the buried shock tube. The pres-
sure measured by sole transducer ‘R’ is expected to be highly
localized and includes the pressure exerted by both the gas cloud
and the particle impact. However, this peak pressure value will give
an indication of total pressure imparted to the targets upon buried
blast loading.

TaggedPSubsequently, impulse imparted to the fixed target is calculated
from the pressure-time data recorded by transducer R, using Eq. (1).
Where, t1 is the positive pressure phase duration, it is time duration
between the rise of pressure and the end of the first positive pres-
sure phase with absolute pressure of zero. The photograph of the
rigid frame along with the transducer ‘R’ is shown in Fig. 6b. Measur-
ing impulse from the localized pressure data might not be accurate
enough. In order to obtain more reliable data, the impulse measure-
ments are also carried out using a simple impulse pendulum.

ID
Z t1

0
P tð Þdt ð1Þ

TaggedP2.3.2. Vertical impulse pendulum
TaggedPThe vertical pendulum is made up of two components, linear

bearing and a piston. The linear bearing is fixed firmly into the solid
cylindrical block which is in turn bolted to the rigid target plate. The
linear bearing is provided with anti-friction stainless steel ball



Fig. 6. A photograph of the sand bed chamber showing the positioned pressure trans-
ducers (a) buried sensors (b) overhead sensor.
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TaggedPbushings. The cylindrical shaft of the piston is inserted into the linear
bearing, such that the circuit balls in the bearing comes in rolling
contact with the shaft. The shaft is made up of hardened steel (SS
440), coated with ceramic aluminum alloy, making it an ideal surface
finish with least coefficient of friction. The shaft travels axially back
and forth along the bearing. The upper end of the shaft is clamped
with a c-clip and the bottom end is connected to cylindrical piston
head. For ensuring repeatability, all the experiments are carried out
with two different piston mass, 0.634 kg and 0.534 kg. The height of
the target frame is varied axially with the help of a vertical actuator
(with an accuracy of 1mm). The pendulum assembly is aligned and
centrally placed along the axis of the shock tube with the piston
head placed at a SoD from the top surface of the sand bed (Fig. 7).

TaggedPWhen the sand ejecta strike the piston head, the momentum is
transferred to the piston head. The piston accelerates upward
Fig. 7. A photograph of the vertical impulse pendulum.
TaggedPattaining a maximum height and then decelerates due to gravity.
The maximum vertical displacement (ha) of the pendulum is cap-
tured using a high speed camera (Phantom V710 with Nikon
70�210mm lens; images are captured with an exposure of 90ms at
11,000 frames per second). The maximum impulse (Imax) imparted
to the pendulum is calculated from Eqs. (2) and (3). Where, Vj is the
velocity of the piston, g is the gravitational constant (9.8m/s2) and
mp is the total mass of the piston head plus shaft.

Vj D
ffiffiffiffiffiffiffiffiffiffiffi
2gha

p
ð2Þ

Imax D Vj � mp ð3Þ

2.4. Operation of the test facility

TaggedPThe experimental test series can be classified into three sections
based on the objectives: (1) blast wave-sand interaction phenome-
non is studied for three DoB cases (32mm, 48mm and 64mm), (2)
dynamics of sand ejecta is analyzed for the same DoB cases. (3)
Impulse and pressure measurements are carried out by varying SoDs
(40mm, 80mm, 120mm, up to 240mm) for different burial depths
(DoBs).

TaggedPAs outlined in the previous section, the components of the SSTF
are assembled together and placed on a level ground surface. The
primary diaphragm (Mylar�) and the secondary diaphragm (paper)
are held in position with the help of the fasteners, ensuring leak
proof conditions. The sand bed is prepared and surface is levelled
using a flat edge. The experimental setup is illuminated using four
high powered halogen lamps (500W), which serve as light source
for the high speed camera. The shock tube is operated by rupturing
the Mylar� diaphragm. A blast wave is formed in the shock tube and
travels further into the sand deposit by rupturing the paper dia-
phragm. Subsequently, the camera and pressure transducers are
triggered (by P50 signal), the visual and voltage measurements are
recorded. Similar experimental procedure is carried out for different
combinations of DoBs and SoDs. Kindly note, for the experiments
involved with the diagnosis of sand ejecta, the embedded sensors
(S1�S3) are removed and all the experiments are performed mini-
mum twice to ensure test repeatability.

3. Experimental results

3.1. Pressure versus time response around blast-sand interaction

TaggedPThe pressure (stress) variation recorded by the buried trans-
ducers, P50, S1, S2 and S3 for three DoB cases is shown in the Fig. 8.
The P50 signal corresponds to the in-sand pressure measurement, a
peak overpressure of about 14 bar with a positive phase duration of
1.5ms is recorded immediately at the exit of shock tube. Though the
peak pressure amplitudes obtained are significantly lower when
compared to Bergeron et al. [2], the blast wave features of P50

descriptively matches well with their ground shock pressure profile.
TaggedPThe energy released from the blast wave-sand interaction is

transmitted either as shock wave or stress wave into the surround-
ing sand medium. The formation of shock wave or stress waves in
the medium depends on the intensity of the blast wave (energy
released) and the acoustic impedance of the medium (for propaga-
tion). For all three DoB cases (Fig. 8), a well-defined shock front is
identified very close to the shock tube exit (P50). As the shock front
propagates through the sand, it attenuates with distance and
reduces to low intensity stress wave. Referring to Fig. 8a and b, two
distinctive events are observed over a period of 6ms, the first event
includes the passage of the stress wave, marked by the presence of
initial pressure peak (see S1 signal in inset Fig. 8a and b). Under
these conditions, the stress wave further traverses vertically and dis-
turbs the surface of the sand bed. This event is captured using high



Fig. 8. Pressure�time curve of gauges P50 , S1, S2 and S3 recorded for three different
cases: (a) DoB D64mm, (b) D0B D48mm and (c) DoBD32mm, S1 adapter is below
the burial depth, thus only S2 and S3 signals are shown. P50 signal is used as trigger
signal. (Inset Fig. : enlarged portion of the initial peaks).
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TaggedPspeed camera and the time of initiation of surface disturbance is dis-
played as a dotted line (tejecta) in Fig. 8. The radially attenuating
stress wave has diminished across transducers S2 and S3. Mean-
while, the second event begins with the expansion of the com-
pressed gaseous product (mixture of helium and air). Three
distinctive peaks of S1�S3 are observed with gradual rise to the
peak and decreasing over a long period (termination of the event).
The pressure amplitude of the second event is found to be larger
than those associated during the first event (similar trends were
numerically observed by Tan et al. [14]). Further observing the initial
period of the signal, there is no trace of the rarefaction wave from
the surface. It is believed either the intensity of the wave is too low,
or the wave effect is suppressed by the outgoing gaseous expansion.

3.2. Sand ejecta

TaggedPThe images of the sand ejecta, captured using high speed camera
are shown in Fig. 9�11. The figures also show the projection
contours of the sand outburst. The contour plots are generated by
using image processing technique available in Matlab. Sobel edge
TaggedPdetection algorithm is used with a threshold value of 0.1. If the pixel
gradient value is lower than this threshold, it is consider to have bro-
ken edges or noises [27]. The abscissa of the contour plot represents
the diameter of the top surface of sand bed and the ordinate shows
the vertical position of the dispersed sand particles.

TaggedPThe important parameters which influence the pattern of the
ejecta are the confinement effect and the depth of burial. The sand
discharge experiments are carried out for three different DoB cases.
Referring to 32mm DoB case (Fig. 9), an expanding gas sphere accel-
erating outwards from the surface is observed at 2.5ms (termed as
‘bubble expansion’ by Bergeron et al.1998). Further, the bubble
slowly begins to collapse giving way to the sand particles. The inher-
ent cohesion between the particles is lost with the increase in ordi-
nate length and the sand particles emerge out in a radial pattern
(termed as ‘expanding inverted cone’ by McShane et al. [18]). In
addition, dome-cap like formation is observed from tD10.1 to
15.3ms, which has traversed all along the axis of the chamber. It is
this portion of the sand ejecta, placed immediately above shock tube
that carries the maximum momentum. The sand density around the
dome-cap is considerably higher compared to the other region of
the radial cone. After a certain period (t>20ms), as the driving pres-
sure gradually drops, sand dispersion reduces with time and eventu-
ally falls down due to gravity. The amount of sand ejected out of the
sand chamber leads to the formation of a crater. A 183mm circular
disk shaped crater is formed, which has perfectly centered itself to
the opening of the shock tube.

TaggedPFurther experiments are carried out by increasing the overburden
sand thickness. Similar contour plots and images are captured at
specific intervals, shown in Figs. 10 and 11 for the DoB cases of
48mm and 64mm respectively. The same initial test conditions are
reproduced. By comparing the contours of Figs. 10 and 11 with
Fig. 9, there are significant changes in the pattern of the ejecta. For
instance, the presence of the inverted cone like structure is replaced
with a cylindrical column of sand. The increase in the confinement
has restrained the sand from expanding radially; instead the sand is
directed vertically upwards. Noticeably, there is well defined dome-
cap ejecting out of the cylindrical formation. However, unlike the
dome-cap seen isolated in Fig. 9, the dome-cap in Figs. 10 and 11 is
attached to the cylindrical formation. As the DoB increases, zone of
influence of the outgoing pressure disturbance encompasses large
volume of the sand, resulting in higher sand mass flow out of the
test bed. However, the driving pressure of the gaseous products
being constant, limits the flow rate of the sand. As a result, a dense
annular region is formed at the base of the cylindrical column and
large amount of the sand is dispersed out leaving behind huge cavity.
The crater dimension for 48mm and 64mm DoB are 235mm and
310mm respectively, and the crater slope is found to be steeper
compared to 32mm DoB.

TaggedPThe velocity of the ejecta is calculated from the contour plots.
Successive high speed images captured at an interval of 90ms are
compared by measuring the distance travesed by the apex of the
dome-cap. The velocity of the ejecta is found to increase from the
bubble expansion phase to the dispersion phase. The greater part of
the momentum is considered to be transferred from the bubble
expansion to the dome-cap of the ejecta. In all the three cases, a clear
well defined dome is formed between Y intercept of 100 and
200mm. As a reference, the velocity measurements are made
between Y-intercept of 125mm and 425mm. Interestingly, for DoB
of 32mm, the velocity is found to be almost constant (mean velocity,
vx D26.32m/s with standard deviation, sxD0.144 ). The 48mm DoB
test resulted in velocity ranging from 18.07m/s to 21.31m/s
(vxD19.71m/s, sxD1.06 ) and lastly, the velocity range for 64mm
DoB is from 7.94m/s to 11.33m/s (vxD9.94m/s, sxD1.3 ). From the
trend of the velocity data, it is evident that there is clear reduction
in the velocity as the DoB is increased. These data also infer, for
burial depth close to the top sand surface (32mm), the dome-cap



Fig. 9. A contour profile of the sand ejecta at different time instance for 32mm DoB case.

Fig. 10. A contour profile of the sand ejecta at different time instance for 48mm DoB case.

Fig. 11. A contour profile of the sand ejecta at different time instance for 64mm DoB case.
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Fig. 12. Pressure�time curve of overhead sensor R for SoDs varying from 40mm to
240mm for DoB of 32mm.
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TaggedPisolates itself from the rest of the sand ejecta and travels at a con-
stant velocity.

3.3. Pressure and impulse measurement

TaggedP3.3.1. From pressure transducers on rigid target
TaggedPThe pressure measurements recorded from the overhead trans-

ducer ‘R’ for the 32mm DoB case is shown in Fig. 12. By keeping the
DoB constant, the height of rigid target frame is increased with an
incremental SoD of 40mm. The pressure-time history for different
SoD, shows similar distinctive spike like structures. The spikes are
attributed to the impact loading by the dome-cap. The signals are
characterized by a sharp rise, followed by a sudden drop. The maxi-
mum peak pressure is observed at SoD of 80mm. At lower SoD
(40mm), the peak pressure is found to be lower and drops off at a
steady rate with increase in the positive phase duration. The partial
formation of the dome-cap with relatively low impact velocity can
be accounted for to the low pressure value. For the test cases with
SoD greater than 80mm, the peak pressure is found to decrease line-
arly with increase in the SoD.

TaggedPThe impulse calculated from the recorded pressure signals for the
32mmDoB case is shown in Fig. 13. Two repeated test measurement
data are plotted and a trend line is drawn by taking an average
between them. There is a gradual decrease in the impulse value with
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Fig. 13. Variation of the impulse wi
TaggedPthe increase in SoD. Similar pressure and impulse trend were
observed by McShane et al. [18] for smaller depth of burial condi-
tions. However, a single transducer placed at the target may not
accurately predict the imparted impulse.

TaggedP3.3.2. From vertical pendulum
TaggedPThe vertical impulse pendulum outlined in Section 2.3 is used to

measure the impulse imparted to the target. The impulse transferred
to the target includes the effect due the dome-cap, the gaseous mix-
ture and the sand debris of the ejecta. Fig. 14 is provided with the
impulse data for all the three DoB cases, with increasing SoD
(40mm�120mm). For SoD larger than 120mm, the sand debris
completely masks the pendulum obstructing the field of view of the
camera. The impulse value is averaged between the two experimen-
tal test results of different piston mass. As expected, the impulse
measured from the pendulum is found to be notably lower than the
measurement made using the transducers.

TaggedPThe impulse imparted to the pendulum is observed to decrease
with the increase in the stand-off distance (as observed in the trans-
ducer method for 32mm DoB). Further, maximum impulse is
observed when the target is closer to the sand surface, perhaps
because of the presence of the ‘bubble expansion’ cloud. For a target
placed at a SoD of 80mm, the maximum impulse is observed for the
DoB of 32mm and similarly for a target placed at 120mm the maxi-
mum impulse is found when the DoB is 48mm. It is interesting to
note that, the maximum impulse transfer for a specific SoD, is
observed when SoD/DoB value is equal to 2.5. It seems reasonable to
state the following hypothesis. When the ratio of SoD to DoB equals
2.5, the ejecta has consumed optimum crater volume to create a
well-defined dome-cap. This dome-cap is coerced with utmost
velocity (by gaseous products) to impart maximum impulse to the
target. Further, experiments show a decrease in the momentum
with increase in the overburden sand depth (>50mm). This effect is
termed as camouflet condition [2], where the blast wave and the
gaseous products are completely contained by the sand.

3.4. Discussion

TaggedPIn the present study, we have used compressed gas-driven shock
tube to generate blast wave in the sand deposit. In this section, we
will present and compare the experimental results (peak overpres-
sure) with the available data in the existing literature on the buried
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th the SoD for 32mm DoB case.
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Fig. 14. Variation of the impulse with the SoD for different DoB. (max. and min. values
are shown within the standard bars).
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TaggedPlandmine experiments (operated by using explosives). However, a
direct comparison of experimental efficacy is not possible, due to
the variability in the different parameters of the test conditions.
Bergeron et al. [2] and Roger [12] performed buried explosion study
using 100 g of C4 explosive, subsequently peak pressure data were
recorded both below (in-sand) and above (in-air) the sand surface.
The pressure measurements above the surface were done all along
the center of the buried charge, while the buried sensors were
located deep below the source of detonation (Refer [2] and [12] for
exact location). Although the recording of the buried sensors of Ber-
geron et al. [2] and Roger [12] was not captured around the buried
charge, their data can provide quantitative information on the pres-
sure levels in sand and the stress waves generated by the detonation.
In Fig. 15 we compare the results from the literature to the pressure
data recorded in the present study. When analyzing the peak pres-
sure values with the existing data, the pressure measurements made
above the sand surface is observed to have a similar range and shows
a consistent trend with the increase in the SoD, confirming the
Fig. 15. Comparison of the results from the present work with the res
TaggedPvalidity of the present experiment. On the contrary, the peak pres-
sure values in the sand are found to be significantly lower when
compared to the tests performed using explosives. In fact, the pres-
ent experimental values are off by an order of magnitude. Further,
the velocities of cloud expansion are much lower than those found
in the case of Bergeron et al. [2]. As a consequence, it is believed that
pneumatically generated blast pressure is insufficient to create the
effects of actual buried explosion in sand. The effects include the
presence of shock front in the sand medium, high compression fol-
lowed by rapid decompression, particle breakage and crushing, and
the thermal radiation resulting from the detonation. However, exam-
ining the sand ejecta characterization results confirms that shock
tube based tool enables us to study later stages of buried explosion,
the physical sand ejecta impact on the overlying targets. Hence, the
present study is limited to the study of the dynamics involved during
sand ejecta and assesses the resulting impulse transfer, induced by
relatively low driving pressure of the blast wave. The buried blast
events can be simulated within laboratory environments using a
shock tube, the main limitation is the inability of the compressed
gas-driven shock tube to generate blast wave of high pressure. How-
ever, a detonation-driven shock tube can possibly overcome this lim-
itation.
4. Summary and conclusion

TaggedPA laboratory scale shock-driven sand test facility is developed to
deliver a blast wave, below the buried sand layers. The experiments
have been performed using dry cohesionless soil at three different
burial depths (DoB), 32mm, 48mm and 64mm. Initial set of experi-
ments carried out in the compressed gas-driven shock tube, ensured
smooth transmission of blast wave of moderate strengths driven by
compressed gases. The shock tube is operated with a relatively low
driving pressure of compressed helium gas, to generate a sand-blast
overpressure of about 14 bar at the DoB level. The experiments are
primarily designed to investigate the sand ejecta kinematics during
ults of experiments associated with landmine detonation [2,12].
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TaggedPblast wave interaction with the sand media and also to assess the
variability of the imparted impulse with the burial depth.

TaggedPDynamic wave propagation and the pressure distribution around
the blast source have been studied, upon blast wave-sand interac-
tion. Stress waves attenuate significantly in the sand deposit and the
peak pressure induced by the stress wave is much smaller than the
rise in pressure generated by the gaseous products (mixture of com-
pressed gases). Moreover, decayed stress wave is too weak to cause
any significant changes to the sand ejecta phenomenon. This justifies
the fact, the sand ejecta is predominantly caused by the expansion of
the gaseous products. The peak pressure and impulse measurements
are made using transducers and vertical pendulum respectively, at
varying SoDs. The peak pressure values are found to be sensitive to
the impact of the ejecta's dome-cap. The depth of burial has a greater
influence on the amount of impulse transmitted to the target. For all
the DoB cases considered, maximum impulse is found when the
stand-off distance is relatively small (40mm), which could be due to
the sustained pressure around the bubble envelope. For SoD consid-
ered further away from the zone of bubble expansion, the impulse
transmitted is mostly governed by the sand ejecta and a maximum
value is achieved when the SoD/DoB is 2.5. The results obtained in
this paper also indicate that the crater dimensions (radius and the
slope) increase with the increase in DoB (upto 64mm).

TaggedPThe aim of this study is not to compare with real explosion, but to
develop a laboratory environment for studying buried impact or
blast loading mechanism. The study has attempted to experimental-
ly characterize the different phases involved in the sand ejecta, dur-
ing the interaction of blast wave with sand, followed by expansion
of the driving compressed gas. Since the conditions in the shock-
driven sand facility is well-controlled and are equipped with
advanced monitoring and diagnostic techniques, this would enable
us in qualitative understanding of the behaviour of sand during bur-
ied blast loading. Further studies are needed to conclusively demon-
strate the shock tube based tool in simulating actual buried blast
explosions.
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