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ARTICLE INFO ABSTRACT

Keywords: The main objective of this study is to develop a new approach for evaluating the effects of air-blast on protective
Air-blast barrier made of sand. The air-blast loading is simulated experimentally laboratory using the shock tube test
Shock tube facility. The stress wave propagation in medium dense and dense sand medium are investigated under simulated
Sand

air-blast loading. Synchronised pressure and accelerometer measurement system is used to capture peak stress
wave pressure and peak particle velocity (PPV). The blast wave impact generates a stress wave in the medium
leading to the compaction of the soil skeleton, which has led to stress enhancement (4-5 times of peak over-
pressure) in top most sand layer, following which the high-pressure gas behind the shock front permeates
through the sample. The intensity of stress waves and gas permeation rate gradually decrease with depth.
Further, from the result of the simulated air-blast experiments, an empirical equation has been developed with a
power law index of 1.88 and 1.36 for medium dense and dense sand respectively, to predict PPV against scaled
blast distance. Visualisation of the sand deformation was possible with the help of a high-speed camera; dis-
placement trajectories and strain contours are obtained through digital image correlation (DIC) analyses.

1. Introduction a function of buried explosive mass and distance, to predict parameters
like peak soil pressure (PSP) and peak particle velocity (PPV). The

For over a century, sand bags are commonly used in the war fields to parameters are generally represented as a function of scaled distance

mitigate the blast effects. Till date, sand is proved to be an excellent and is commonly represented in the form, as shown below.

ene?gy absorber’lt material and is efﬁciently used as protective barriers PSP/PPV = C. (2)* a

against sudden impact and blast loadings. Sandbags are commonly used

around the trenches and the bunkers, which act as a temporary for- 7= H

tification and a base for underground storages against the possible air Wi @)

strikes [1,2]. Regardless of the fortification material, the roof surface is
covered with a layer of sand intended for shock absorption. In certain
cases, the entire bunker will have sandbagged roof. Sand layer is also
used as a base isolation system to mitigate the ground shock effects on
structures, resulting from the blast loads [3].

Very little is known about the dynamic response of sand during air-
blast impact loading. However, numerous studies have been reported
on the dynamic behaviour of soil when subjected to underground and
surface blast conditions. Among them, a few relevant papers which
discusses the propagation of dynamic wave in the surrounding soils are
listed: Alekseenko and Rykov [4]; William and Robert [5]; Drake and
Little [6]; TM5-855-1 [7]; Rinehart and Welch [8]; Roy [9]; Wu et al.
[10]. Under purview of shock wave propagation in sands, researchers
[11-17] have carried out extensive studies at high pressure and high
strain rate. Several empirical equations[18-20] have been developed as

where, ‘Z’ is scaled distance, ‘W’ is charge weight, ‘H’ is distance
measured from source of explosion, ‘C’ is a material constant and the
exponent term is termed as attenuation coefficient (k). The ‘k’ value
predicted for the PPV for the buried blast condition in case of dry loose
and dense sand deposit is reported to be 3 and 2.5 respectively [21].
Only a few literatures are available which studies the effect of ex-
plosion in air on the soils. A series of field experiments with TNT
charges of 1, 2, 4, 7 and 10kg of TNT, at 0.5m and 1 m above the
ground level, have been conducted by Ambrosini et al. [22]. The aim of
their experiment was to address the crater formation phase of an air-
blast event. Similar small scale experiments on a clayey soil deposit
using TNT was performed by Busch et al. [23]. Seismograph signals
obtained from the buried geophones and air-blast sensors were used to
obtain a relationship for ground vibration and crater dimension, with
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the explosive mass and distance from the ground surface. The above-
mentioned studies have primarily focused on impact crater formation
and the information available on the ground vibration is very much
limited to the cohesive soil deposit. Moreover, no results are available
on the shock pressure attenuation and stress distribution in the soil
during blast impact. However, there is considerable data available on
the shock attenuation behaviour of sand. Most of the test data are ob-
tained from the laboratory studies using shock tubes. One of the earliest
attempts was made by Akai et al. [24] to investigate the dynamic be-
haviour of soils due to shock loading. The attenuation of peak stress, in
confined sandy loam, indicated an exponential decay. Van der Grinten
et al. [25] and others [26,27] have observed similar behaviour of
pressure amplitudes in dry and wet sand media. Ben-Dor et al. [28] has
performed experiments on various types of granular materials (potash,
polysterene, nylon, sand etc.). The rise in the pressure is attributed to
two phenomena: compaction of the granular particles due to the shock
impact and gas filtration, which affects the particles by the drag forces
between the solid and gaseous phases. The gas filtration process was
extensively studied by Britan et al. [29] using natural quartz sand.
Vivek and Sitharam [30] have performed shock tube experiments on
the geotextile encapsulated sand barrier units (analogous to sand bags)
against shock impact loads. In most of the studies mentioned above,
pressure pulse generated by shock tube has a constant pressure zone
behind the shock front and the impulse generated will be significantly
different from that of an air blast wave. Blast wave impulses depend,
not only on the peak overpressure and the duration of the wave, but
also on the rate of decay of the overpressure [19]. Overall, these studies
have provided limited information on the attenuation performance of
sand medium with reference to air-blast. In addition to shock pressure
attenuation, further investigation on air-blast is necessary to obtain
vibrational response parameters, such as, peak particle acceleration
(PPA), peak particle velocity (PPV) and the strain induced in the sand
medium.

Field blast tests using explosives are very expensive and large
number of tests have to be performed, since repeatability is difficult to
achieve in field blast testing [31]. Alternatively, the tests are performed
in the laboratory, in a controlled manner, using a blast wave simulator
like shock tube.

In the present study, air-blast wave is simulated using compressed
gas driven shock tube. The primary objective of this study is to provide
an insight into the spatial distributions of particle velocity and pressure
over the sand specimen, impacted by blast waves. This article will
provide some quantitative information regarding the magnitude of
shock pressure and vibrational amplitudes, in medium dense and dense
sand deposits. The above aspects are addressed in three stages: (i) the
propagation and attenuation of stress waves, (ii) acceleration and ve-
locity response of sand particles and (iii) dynamic strains induced in
sand medium. To gain a better understanding of the response of sand,
experiments are performed for different blast wave intensities.

2. Experimental setup

The experimental setup is broadly categorised into three major
sections: shock tube, test chamber and appropriate instrumentation
system (which includes both contact and non-contact based measure-
ment techniques).

2.1. Shock tube

A shock tube is a long cylindrical tube which essentially consists of
two sections: (i) the driver section, the one which contains high-pres-
sure gas and (ii) the driven section, which is kept at a relatively lower
pressure. The schematic diagram of the twin-shock tube used in the
present study is shown in Fig. 1(a). Twin-shock tube features two
identical shock tubes (L and R) mounted on a common platform and the
exit of the tubes is connected to a large cylindrical dump tank, where
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the samples are located. The total length of the shock tube is 5m and
the internal diameter is 135 mm. The driver and the driven sections are
made up of customised modular units of 0.5m and are separated by a
metal diaphragm, which is housed in the diaphragm mounting section.
The metal diaphragms generally have a v-groove, which would facil-
itate them to rupture in a controlled manner, with repeatable bursting
pressures. Blast waves of different intensities are obtained by bursting
diaphragms of different thickness.

The experiments in the present study are performed using the shock
tube-(R), with the following test configuration: (i) driver length of
0.5m (ii) driven length of 4.5m and (iii) three different aluminium
diaphragms of thickness 5 mm, 4 mm and 2 mm with groove depths of
2mm, 1 mm and 0.4 mm respectively.

Upon rupture of the diaphragm, a series of compression waves
travel down the driven tube, which eventually coalesce to form a shock
wave. Simultaneously, rarefaction waves are formed in the high-pres-
sure region (driver). The fastest reflected rarefaction wave from the
driver end catches the shock front and decays the pressure intensity of
the shock front [32,33]. The wave profile evolved at the exit of the
shock tube is shown in Fig. 2. The shape of the blast signal matches the
typical pressure-time history of an air-blast explosion, given by the Eq.

(3):

t —xt
P@)=P|1- L]
® ( td)“ 3)

where, t is the pressure wave duration time; P is peak overpressure, tq is
positive time duration and « is decay co-efficient.

The solid line shown in Fig. 2 is the pressure-time history recorded
by pressure transducers (PCB113B23) S2, located at an offset distance
of 0.2m from the surface of the test sample. By observing the pressure
profile, two distinctive shock fronts (jump) are identified. These vertical
jumps correspond to the incident and reflected shock fronts. Response
time of the rarefaction waves is significant in the formation of the blast
wave [34], which eventually decides the blast wave parameters. The
wave pulse generated from the shock tube is characterised by ‘peak
reflected overpressure’ and ‘positive time duration’ as the blast wave
parameters. It should be noted that, the pressure levels at the surface of
the sample will be higher than the values recorded by S2. For all the test
cases in the present study, peak reflected pressure (P°) is considered as
peak pressure value of the second jump and the positive phase duration
(tq) is the time taken for the reflected pressure (second jump) to decay
to the atmospheric pressure levels (Py). Further, the impulse is de-
termined by calculating the area under the pressure-time curve (shaded
portion in Fig. 2) over the positive phase duration (tg).

The blast wave parameters obtained from the shock tube, are ex-
pressed in terms of equivalent charge weight of TNT (W) detonating at a
stand-off distance (H) from the target surface, using charts developed
by Kingery and Bulmash [35]. The air-blast parameter data of Kingery
and Bulmash [35] are in graphical form in most of the available lit-
erature [20,36]. However, recently Shin et al. [37] has performed nu-
merical modelling of the air-blast phenomenon using CFD analysis for
scaled distance range of 0.0553 < Z<40m/kg'’® and compared the
results with the chart of Kingery and Bulmash. During this process, they
have developed polynomial functions for a range of Z value and listed
out the polynomial constant value for various blast parameters. With
the help of these polynomial functions and constants, we have predicted
‘2’ value (>1m/kg '/3) for the available blast parameters. Fig. 2
compares the blast wave profile for an explosion of 54.15 kg of TNT at a
distance of 5.75 m, obtained from Kingery and Bulmash [35] chart with
the one generated using shock tube (test no. RD45-1). It should be
noted that, for specific ‘Z’ value, only the peak pressure and positive
time duration match exactly. The impulse generated by the shock tube
(area under the curve) is found to be slightly higher than the values
predicted by the empirical charts. Similar test is repeated with different
set of diaphragms (5 mm-2mm and 2 mm-0.4 mm), to generate blast
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Fig. 1. Schematic diagram of the experimental setup. (a) Twin-shock tube, (b) sectional view of test chamber and (c) top view of test chamber.

2 T Table 1
Peak Reflected m—— Experiment-RD45-1 The shock tube blast parameters with corresponding TNT equivalents.
Overpressure (P%) = =Kingery and Bulmash[35
gery [35] Test no. Diaphragm type Shock tube blast Equivalent TNT spherical charge
1.5 parameters
— Shock Front PsMPa Tdms Wkg Hm  Zm/
a Reflected kgl/3
S 1 [ Incident -
:: J RDA45 Series
i [
a ? RD45-1 4 mm-1mm 1.547 3.931 54.15 5.75 1.520
¥ 0.5 A RD45-2 1.549 3949 5499 578 1520
E RD45-3 5mm-2mm 1.428 4.161 60.51 6.12 1.559
RD45-4 1.371 3.865 44.61 5.60 1.579
/ \ RD45-5 2mm-0.4 mm 0.755 2.951 11.3 4.30 1.916
(PO) 0 .| RD45-6 0.745 3.343 16.61 4.90 1.920
—
Positive Ph;>e RD45-7 5mm-2mm 1.389 3.980 50.74 5.82 1.572
Duration (ty) RD73 Series
-0.5
0 4 8 12 16 RD73-1 4mm-lmm 1.487 3.384 33.64 5.00 1.549
. RD73-2 1.62 3.391 37.13 5.00 1.499
Time ( mS) RD73-3 5mm-2mm 1.402 4.248 61.23 6.18 1.568
Fig. 2. Typical blast wave profile generated by the shock tube used in the present study. RD73-4 L1.46 3.946 49.23 5.65 1.542
RD73-5 2mm-0.4mm 0.731 2.614 9.56 4.10 1.932
RD73-6 0.783 2.881 10.98 4.20 1.890
RD73-7 5mm-2mm 1.420 4.042 54.75 5.93 1.561
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wave of different air-blast intensities. The shock tube blast parameters,
along with their equivalent spherical TNT charge weights for different
test cases are listed in Table 1.

2.2. Test chamber

The outlet of the driven section of the shock tube is connected to the
test chamber, which is enclosed in the dump tank. The cross sectional
and plan view of the test chamber is shown in Fig. 1(b) and (c) re-
spectively. The test chamber is a cube-shaped steel chamber of size
250 mm X 250 mm, 225 mm in depth, with a wall thickness of 15 mm.
To limit the wave reflections from the chamber walls, adjacent sides
and the bottom face of the test chamber are provided with 10 mm thick
rubber padding. These padded rubbers are expected to have lower
impedance value, when compared to mild steel. For the test case which
involves digital image correlation technique, one of the side walls of the
test chamber is replaced by a 30 mm thick Plexiglas® window, which
will facilitate in visualising and recording the particle movements.

Dry river bed sand is used to prepare the test specimen. The grain
size of the sand particles varies from 0.075mm to 2.36 mm and is
classified as ‘poorly graded’ with symbol ‘SP’ as per Unified Soil
Classification System (USCS). The grain size distribution and material
properties of sand, used in the shock tube test experiments are shown in
Fig. 3. A sand test specimen of 200 mm X 200 mm X 200 mm is pre-
pared using the sand pluviation device. The sand pluviation technique
is used to generate test samples of constant relative density (RD). The
sand pluviation device consists of a hopper, an adjustable pipe and a
diffuser. The overhead hopper is fitted with a flexible hose drain PVC
pipe (adjustable in height between 100-500 mm), which is in turn
connected to the diffuser. The sand diffuser is a hollow cylindrical pipe
of 100 mm in length, with a 60° inverted cone, welded to the opening
end. The sand grain particles are rained down from the hopper through
the PVC pipe and exit into the test chamber through the diffuser. The
diffuser is provided with a thin levelling rod which is set to a pre-
marked level, prior to sand raining. The diffuser is held in upright po-
sition and is made to travel back and forth, such that uniform spread is
obtained. Simultaneously, the diffuser is gradually traversed in the
vertical direction as and when the sand bed level reaches the tip of the
levelling rod, thus maintaining a constant height of fall. The height of
fall determines the desired relative density of the sand deposit [38]. In
the present study, two sand test specimens are prepared classifying
themselves as medium dense and dense sand medium with a relative
density of 45% and 73% respectively.
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2.3. Instrumentation

2.3.1. Synchronised pressure and vibration measurement

As shown in the Fig. 1(b), three piezoelectric pressure transducers -
PT1 (PCB113B23); PT2 (PCB113B22); PT3 (PCB113A24) and two
triaxial accelerometers - TA1 (PCB356B11); TA2 (PCB356B11), are
firmly embedded inside the test chamber using an adapter. It is assumed
that the miniature sensors (PT and TA) embedded in the sand have
minimum influence on the test signal (PCB Pressure sensors: 5.5 mm
diameter X 37.5 mm length, with a mass of 6 g; PCB miniature Triaxial
accelerometers: 10.2 X 10.2 x 10.2mm, with a mass of 4g). The
triaxial accelerometer is composed of three uniaxial piezo-resistive ac-
celerometers mounted orthogonal to each other. The TA is mounted
such that the y-axis of the sensor is aligned vertical along the shock tube
axis. The TA is used to distinguish blast wave induced vibrational ac-
tivity in the lateral (x-z-axis) and longitudinal directions (y-axis). Pie-
zoelectric pressure transducers are used to measure the dynamic pres-
sure caused due to the stress waves. The wave propagation in the sand
deposit is assumed to be symmetric along the shock tube axis and hence
each pair of sensors (PT and TA) are located at depth of 75 mm and
135 mm respectively, from the top surface of the sand bed (shown in
sectional view in Fig. 1(b)). PT and TA are located at 66 mm (one-third
of sample dimension) from the side wall of the test chamber (shown in
top view in Fig. 1(c)). A third pressure sensor PT3 is located at the
centre of the bottom plate of the test chamber. The pressure transducers
PT1 to PT3 record pressures, resulting from both the solid phase (stress
transfer through particles) and gaseous phase (entrained gas). PT and
TA transducers are simultaneously triggered by a signal from S2 sensor,
which is closest to the surface of the sand bed. Yokogawa DL750 Os-
cilloscope is used to acquire accelerometer and pressure data, at a
sampling rate of 100,000 samples per second.

2.3.2. Digital image correlation system

Digital image correlation (DIC) is an optical, non-contact based
experimental technique that uses the digital images to determine the
response of a system. ARAMIS-GOM [39], a commercial software is
used for the DIC analysis in the present study. DIC method operates on
the set of digital images of sand sample captured during undeformed
and deformed states. The speckled images are divided into number of
sub-images (facets). Facets track the characteristic features of the
speckle pattern during loading. A displacement field is then computed
and axial strain is averaged over a set of facets. The photograph of the
test chamber with one of the side walls having a Plexiglas® window is

Fig. 3. Grain size distribution curve and gradation properties of the
sand used in the present study.

Quantity

0.26
0.70
3.07
0.96
0.90
0.53

Drop Height RD (%)

45
73

100 /
90 Parameter
80 D, (mm)
Dj, (mm)
70
| C,
g 60 C
C / ¢
[ 50 ‘ € max
£ 40 emin
30
20
10 J 10 mm
20 mm
0 ..J/

0.01 0.1 1

Particle size in mm

10



P. Vivek, T.G. Sitharam

PLEXIGLAS®
Window

| Blast

Wave

shown in Fig. 4(a) and the speckled image is shown in Fig. 4(b).

Upon blast impact, the speckle pattern generated by the sand par-
ticles undergoes transformation which is captured using high speed
camera (Phantom V710). The optical axis of the camera is aligned
perpendicular to window of test chamber and the camera position with
respect to the sample is calibrated using a planar calibration target. The
target used in the present study is 10 x 10 grid with 10 mm spacing.
Built-in correlation algorithm available in Aramis is used for the ana-
lysis. Images are captured at high sampling rate (12,000 frames per
second) to improve the accuracy of test results. The resolution of the
captured image is 480 x 480 pixels. The sample surface illuminated
with a tungsten-halogen light source generated a short exposure time of
82 ps. Images are processed using 19 x 19 pixels square facets, 9 pixels
facet overlap with approximately 530 measuring points. A total of 100
sequential images captured during the test time, are selected for the DIC
analysis.

In Fig. 4(c), two reference points, P1 and P2 are identified on the
glass window. The location of P1 and P2 corresponds to the projection
of transducer TA1l and TA2 on the window pane, which help us to va-
lidate DIC results against the physical measurement data. The absolute
displacement of these two coordinate points is monitored by measuring
the displacement between successive DIC interrogation windows, con-
taining P1 and P2.

3. Experimental test program

The compressed gas driven shock tube is assembled with a config-
uration as mentioned in Section 2.1. The shock tube is operated using
high pressure compressed Helium gas in the driver section and air at
atmospheric pressure in the driven section. The blast experiments of
varying intensities are carried out using diaphragms of 4 mm-1 mm
(4 mm thick diaphragm with a 1 mm deep v-groove), 5mm-2 mm and
2mm-0.4 mm on medium dense (RD45 series) and dense sand samples
(RD73 series). The blast parameters obtained for different input blast
intensities are mentioned in Table 1.

Based on the measurement technique, test data results are analysed
in three parts: (1) the propagation and attenuation of blast induced
stress waves are analysed using the signals recorded from pressure
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Fig. 4. A photograph of the test chamber. (a) A view of the test
chamber with the dump tank door open, (b) speckle pattern
generated by sand particles and (c) schematic diagram of the
test chamber.

transducers; 6 test run data are identified for each specimen (RD45-1 to
6 and RD73-1 to 6), (2) the vibration and particle velocity are measured
using embedded triaxial accelerometers; two sets of data belonging to
different scaled distance ranges are available for medium dense (RD45-
1,2 and RD45-5,6) and dense (RD73-1,2 and RD73-5,6) sand samples
and (3) the strain induced in medium dense and dense sand deposits are
estimated using 2D-DIC system (RD45-7 and RD73-7).

4. Experimental results
4.1. Blast wave induced stress wave

The results of the experiments involving the measurement of stress
(pressure) waves in sand medium is presented in this section. Two ty-
pical wave forms are illustrated in Figs. 5 and 6 for the test cases with
medium dense (RD45-1,2) and dense (RD73-1,2) samples. The pressure-
time history data are recorded from embedded pressure transducers
(PT1-PT3). The figures also show pressure signal recorded by trans-
ducer S2, which is the closest port available from the sand surface and
the signal recorded on S2 may be regarded as the applied blast loading.

Referring to the pressure profile in Figs. 5 and 6, the stress wave
induced in the sand is characterised by the presence of instantaneous
jump and thereafter the pressure is gradually increased to a peak value
and then decreases immediately, which is followed by undular jumps,
reducing the pressure levels to atmospheric values. As mentioned ear-
lier, the pressure transducers embedded in the sand deposit measure
both the stress transferred through the solid particles and the static
pressures in the gaseous phase. Upon blast wave impact, the energy is
released in the sand medium either as a stress wave or a shock wave,
depending on the intensity of the blast and the impedance of the
medium. During the initial phase, an abrupt compaction of the sand
particles takes place at the surface, which leads a steep rise (jump) in
pressure. The leading stress wave is followed by a turbulent gas flow.
The gas permeates through the pores in sand medium, which is re-
sponsible for the gradual increase in the pressure, rising to the peak
value and then decreases over a period of time. A very similar ob-
servation was made in study of buried blast loading [34]. Hence, the
characteristic feature of the stress wave induced in the sand is to be
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Fig. 5. Pressure-time waveforms recorded in medium dense sand sample.
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Fig. 6. Pressure-time waveforms recorded in dense sand sample.

attributed to both, the effective stress transfer through particle-particle
contact and turbulent gas filtration process.

For a similar air-blast loading, the peak pressure values measured in
sand specimen of medium dense are found to be higher than the dense
specimen. Further, it is observed that the pressure measured at PT1 (P4)
is amplified multiple times of the peak blast overpressure (P®) and
subsequently pressure values are found to attenuate rapidly with depth.
There exist similar as well as contrary outcomes in the previous studies.
Akai et al. [24] have reported immediate attenuation of the pressure
upon blast wave interaction with the surface. That is, the non-dimen-
sional peak pressure value (P4/P®) was found to be lower than 1.
However, this is not the case always. As observed in the present study,
the pressure value might get amplified higher than the peak blast
overpressure and then starts to attenuate in the medium. Experimental
evidences on stress enhancement are available when compressible
foams [40], porous textile layer [41,42] and sand deposits [43] were
used as protective layer. The stress enhancement in cellular and porous
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material can occur when high intensive blast pulse is applied over a
certain duration. The stress amplification in the medium is due to the
formation of the shock wave due to sudden densification of the com-
pressible medium [44]. The jump response observed in the stress wave
trajectories of the present study are quite comparable to the char-
acteristic feature of a shock. Hence, the stress enhancement is sig-
nificant in the medium dense sand specimen (RD45) which contribute
to a higher peak pressure when compared to the dense sand specimen
(RD73), which is likely to undergo less densification.

As we observe the signals of embedded pressure transducers, the
rise time for the pressure wave to attain its peak intensity decreases
with the depth. The "rise time" is defined as the duration between the
arrival time instances of the wave front to the time taken to attain the
peak value. For a typical case of medium dense sample (RD45-1 in
Fig. 5), the rise time is measured to be 1.295ms, 0.893ms and
0.666 ms, at a depth of 75 mm, 135 mm and 200 mm from the impact
surface respectively. The passage of stress wave would have resulted in
volumetric compressibility of the void space thereby restricting the flow
of the entrained gas along the depth of the sample. In a compressed
stratified layer of sand, the intensity of stress wave decreases with the
depth and likewise the gas mass flow rate also varies along the depth. It
is interesting to note that, though there is a time difference between
arrival of the stress wave at PT1 and PT2, the peak value of the stress
wave is reached at the same instance of time. The gas pressure steadily
decreases until it encounters any reflected wave fronts.

The above experiments are repeated for different air-blast in-
tensities. Results similar to those presented above are obtained. The
maximum peak pressure values recorded from these tests are listed in
the columns of peak pressure of Table 2.

4.2. Stress wave propagation and attenuation

Upon the blast wave impact on the surface, the compressive stress
wave with an instantaneous rise propagates through the sand medium.
The arrival time of the wave front is determined by calculating the
duration between the impact time and the rising point of the stress
wave signal. Since no sensors are mounted on the surface, the impact
time is indirectly measured from transducers mounted in the shock
tube. The velocity of the incident shock front is obtained from the ar-
rival time of the incident shock wave recorded at S1 and S2. The impact
time is calculated by from the offset distance of S2 and the velocity of
the incident shock wave. The plot of arrival time of stress wave versus
depths for medium dense (RD45) and dense (RD73) sand samples are
shown in Fig. 7(a) and (b) respectively. The propagating stress wave
velocities are obtained by a linear fit of dataset belonging to different
category of scaled blast distance (Z). The slope of these lines gives us
the propagating wave velocity in the medium. It is of interest to spec-
ulate the impact time by extrapolation of the lines towards zero value
(depth and time). The results are satisfactory with all the lines pointing
exactly towards the origin. The propagation velocity of stress wave is
found to decrease with the increase in the scaled blast distance. The
velocities with which these waves propagate, depends on the blast in-
tensity and the properties of propagating medium. It has been shown
experimentally for a similar scaled distance value, that the stress wave
velocity is found to be propagating at higher velocity in the specimen
having higher impedance value (p. c).

The peak pressure data recorded from the three embedded pressure
transducers for different air-blast intensities is shown in Fig. 8(a). The
peak pressure values in sand ranges from 10 MPa to 1 MPa. Notably,
irrespective of the initial relative density of the specimen the peak
pressure values are found to decrease sharply with depth. In order to
obtain the non-dimensional form of the peak pressure (P4) and distance
(d), the former is divided by the peak overpressure (P°) of the applied
air-blast wave and latter is divided by scaled distance (Z). The non-
dimensional peak pressure distribution in medium dense and dense
sand for different blast intensities is shown in Fig. 8(b). The data points
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Table 2
Summary of the experimental results for medium dense and dense sand samples.
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Output values Peak pressure (embedded) Pd Propagation velocity Peak acceleration PPV
Test no. dl (MPa) d2 (MPa) d3 (MPa) Vp (m/s) dl (g) d2 (g) dl (m/s)
RD45 Series (Medium dense sand): Impedance (p.c = 177.82 kPa.s/m)
RD45-1 9.83 4.21 1.44 168.30 747.85 688.40 2.199
RD45-2 9.82 4.12 1.39 166.90 737.70 668.70 2.178
RD45-3 9.56 3.73 1.28 153.40 - - -
RD45-4 10.04 3.75 1.79 155.50 - - -
RD45-5 5.26 2.58 0.78 125.80 406.05 356.11 1.421
RD45-6 5.48 2.67 1.04 118.10 417.25 320.83 1.403
RD73 Series (Dense sand): Impedance (p.c = 206.67 kPa.s/m)
RD73-1 7.48 2.88 1.78 200.90 581.81 513.41 1.507
RD73-2 7.12 2.95 1.15 215.40 554.88 490.05 1.452
RD73-3 6.7 2.28 1.09 159.50 - - -
RD73-4 6.37 2.48 1.29 156.00 - - -
RD73-5 3.22 1.63 0.75 140.10 333.15 - 1.087
RD73-6 3.09 1.75 0.79 124.00 316.63 - 1.075
Arrival time, t (ms) Arrival time, t (ms) Fig. 7. Plot of arrival time of stress wave versus
(a) /e (b) ! a depths. (a) Medium dense sand (b) dense sand.
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for the respective test series are provided with power-law regression fit,
as most common expression (Eq. (1)) for pressure attenuation with
scaled distance. The equation of the line and corresponding R values
are highlighted in the plot area. The attenuation coefficient, ‘k’
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(exponent term) for the medium dense sand and dense sand is found to
be 1.80 and 1.64 respectively.

A more explicit and generic expression for different blast intensities
is generated by multiplying the parameters (non-dimensional pressure
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and distance values) with the impedance value of the sample and re-
presented in logarithm scale of base 10. The normalised pressure data
points recorded from all the experiments (test series RD45-1 to 6 and
RD73-1 to 6) are shown in Fig. 9. Consequently, a direct relationship is
established by plotting a linear least-squares regression line, as shown
in Eq. (4). The scatter of the normalized data points shows a reasonable
average prediction, with more than 90% of the data points are well
within a band of + 30% offset value from the dotted line.

B d )
log| =. pc | = —1.6973 log| —. pc | + 12.73
g(P5 P ) g(z P @
It should be noted that the present study considers only limited
number of scaled distances and the above equation is valid for pre-
diction over a shallow depth of dry sand deposit without any effect of
confinement pressure.

4.3. Blast wave induced vibration

As discussed in the previous sections, when blast wave strikes the
surface, high intensity stress wave is induced in the sand medium,
which is followed by rapidly expanding gas at high pressure. The pas-
sage of stress wave and gas flow will induce vibration in the sand
medium, which is composed of body waves and surface waves [45,46].
The effect and implication of compressional body waves alone is
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Fig. 10. Acceleration-time response along x, y and z direction of medium dense sand sample (Left panel: signal recorded at 75 mm; Right panel: signal recorded at 135 mm).
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Fig. 11. Plot compares the y-axis accelerometer response. (a) Medium dense sand and (b)
dense sand.

considered in the experimental investigation, but most significant in the
direction of blast wave impact. Though, propagating stress wave is
believed to be travelling in 1-dimensional (in the present study), slight
disturbance will be observed in other dimensional space. The triaxial
accelerometers are used to measure the disturbance and it is commonly
expressed in peak particle acceleration (PPA) and peak particle velocity
(PPV). The energy transmitted in the form of vibrational waves is often
denoted as PPV and has always been quantified with a meaningful re-
lationship with the scaled distance of the explosion. It should also be
noted that only selected representative acceleration/velocity responses
are presented herein. As the testing was progressed for different test
cases, accelerometer located at TA2 became inoperative for certain
cases of dense sand samples.

The acceleration-time series waveforms recorded along the three
coordinate axes for the two experiments performed using similar blast
intensities are shown in Fig. 10. The wave forms are obtained at depth
of 75mm and 135 mm from the blast wave impact surface of medium
dense sample (RD45-1,2). Very good repeatability is shown in signal
measurements. The vertical and horizontal acceleration signals shown
in Fig. 10 are filtered using a low-pass Butterworth filter with a cutoff
frequency of 1 kHz. Referring to the left panel of Fig. 10 (signals from
TA1), the maximum horizontal component is less than half the mag-
nitude of the maximum amplitudes of vertical component of the ac-
celeration. However, significant amplification is observed in horizontal-
x and z signals recorded at TA2 when compared to signals recorded at
TA1. The exact reason for the large transverse acceleration is unknown,
these signals can be possibly due to the noise characteristics. The pre-
sent study restricts the analysis to vertical acceleration in Y-direction.

To get more insights into the vertical acceleration data, signals of
TA1l and TA2 are plotted in the same graph over the test time (time
scale ranging from point of arrival to the time taken to complete the
first full cycle of vibration). The vertical acceleration response for
medium dense and dense sand sample is shown in Fig. 11. The
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amplitude of the acceleration is found to decrease with depth and the
peak amplitude is noticeably higher in the medium dense sample, when
compared to the dense sample (as seen in stress waves).

The velocity—time profiles are obtained by integrating the corre-
sponding acceleration signals using a MATLAB function. The velocity
profiles generated in medium dense and dense sand for different blast
intensities are shown in Fig. 12(a) and (b) respectively. The velocity
signal profiles shown in Fig. 12 for different cases correspond to the
acceleration response of Y-component of TA1, which is relatively close
to the blast-sand surface interaction. The mean peak particle velocity
(PPV) is determined for respective test cases. Best-fit least-squares
equations are developed for calculated PPV in terms of scaled distance
(Z), for the medium dense (RD45) and dense (RD73) sand specimen.
The best fit curve is shown in Fig. 13 and the generalised equations
obtained in the form of Eq. (1) are shown in Egs. (5) and (6). The
constant C and k depend on the material properties (impedance value)
of the ground conditions [47].

H 188
PPV = 4.80 (T) m/s medium dense sand
W 5)
H \-136
PPV =261 |—— m/s dense sand
(m) ®

4.4. Estimation of blast induced displacement and strain fields

This section discusses DIC results of two blast impact tests on
medium dense (RD45-7) and dense sand (RD73-7) medium. The
downward and upward movement of the sand particles were evident
during high speed photography. An instant displacement and strain
field are obtained by analysing the high-speed images using DIC algo-
rithms.

Displacement contour fields generated for a medium dense sand
deposit (RD45-7) are presented through a series of images in Fig. 14(a).
A snapshot of the original image considered for the DIC analysis is
superimposed on one of the contour image. The displacement contours
are computed at a time interval of 83.32 ps and a maximum value is
captured at 2.51 ms from the trigger event (at 4 ms). The peak pressure
value of stress waves is observed around 6 ms (refer Fig. 5), which is
2 ms from the trigger point. This reveals that, upon passage of the stress
waves, the sand bed is susceptible to particle rearrangement. The par-
ticle displacements are observed to be predominant in the middle
portion of the specimen, which are highlighted by blue density con-
tours. The displacement of coordinate points, P1 and P2 are plotted
over test time duration in Fig. 14(b). The locations of points P1 and P2
are the projection of the buried accelerometers. The data points high-
lighted in the red corresponds to the images shown in Fig. 14(a). The
maximum displacement for the particle located at P1 and P2 is found to
be —1.613mm and —1.347 mm. The particle motions near the em-
bedded accelerometers are described by acceleration-time series in
Fig. 11(a) of Section 4.3. The displacement value is numerically de-
termined by integrating twice the acceleration signal. The peak dis-
placement for P1 and P2 by direct integration is found to be
—1.587mm and —1.457 mm, which is close to the values obtained
through optical methods.

The infinitesimal strains generated in the sample are computed
using DIC algorithm available in GOM-ARAMIS [30]. The strain con-
tours over the lateral surface area of the test specimen are shown in
Fig. 15(a), RD45 and Fig. 15(b), RD73. The images of strain field shown
for medium dense and dense sand specimen are captured at 2.51 ms and
2.55 ms respectively from the time of the trigger. Plots in Fig. 15 shows
the strain profile as a function of depth. The specimen can be divided
into two parts, upper half where positive strain is observed and the
lower half with predominantly negative strain. Maximum strains are
observed in the upper half of the specimen, which is close to the surface
of blast interaction. The regions immediately adjacent to the surface are
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Fig. 12. Velocity-time response for different
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Fig. 13. Plot showing relationship between peak particle velocity and scaled distance.

highly compressed due high pressure resulting from stress enhancement
and gas filtration process. It is also noteworthy that the relatively large
negative strains are formed in the lower half portion. This dilative
strain is due to propagation of reflected stress wave from the bottom of
the test chamber. The magnitude of the strain is lower in dense sand
when compared to medium dense sample. The sand particles in dense
sample are packed closely prior to blast impact, restricting any further
movement of the particles due to the compaction wave front. Thus, one

(ii)

can assume that there is minimum deformation in the denser sample.
One of the major disadvantages of using DIC method to measure local
strain and displacement is that the measurement is restricted to 2-di-
mensional space, while there can be significant movement in the lateral
direction as well.

5. Discussion

In this section, we present and compare the shock tube test results
with the data available in the literature on air-blast study using ex-
plosives. A small-scale air-blast experiment was performed by Busch
et al. [23] using TNT weight ranging from 0.9 g to 100.9 g on a cohesive
soil medium. A direct comparison of the test results with the present
study is not possible, due to the variability in the different parameters
of the test conditions.

-1.16
) m/s @

The variation of PPV data points of Busch et al. [23] is shown in
Fig. 13 and the attenuation trend lines of PPV is described by Eq. 9. The
data points are found to be more scattered away from the present study
values. Use of cohesive clay sample could be a possible reason. More-
over, the formula for estimating scaled distance (Z) differs from the
present study. Busch et al. [23] have defined the altitude ‘H’ as the
distance of the buried sensor from the blast source, i.e., it includes the
air standoff distance plus the depth of burial of the sensor. Nevertheless,
we find that the present study results are in meaningful agreement with
the trends obtained from the tests using real explosives. Mechanical
densification of sand particles becomes increasingly cohesive with the
applied pressure [48]. Increase of ‘p’ and ‘c’ in the sand deposit has

H

WA cohesive soil [23]

PPV = 0.25 (
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Fig. 14. DIC analysis results. (a) Displacement contour at
t = 5.25ms, 5.66 ms, 6.08 ms and 6.51 ms and (b) displace-
ment versus time for coordinate P1 and P2.
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confirmed the increase of cohesive forces because of particle—particle
interactions. With the increase in impedance (p.c) value, the constants C
and k are found to decrease, which ultimately reduces PPV value. An
extended comparison between trend line of Busch et al., [23] and the
present study has concluded that the impendence value play a sig-
nificant role in the estimation of the blast response parameters in the
soil sample.

In the present study, we have used compressed gas-driven shock
tube to generate air-blast wave. The maximum peak overpressure
achieved using the gas-driven shock tube is 1.5 MPa. The pressure levels
are found to be lower and does not include the effect of crushing,
particle breakage and the thermal radiation resulting from blast inter-
action. However, the shock tube based method enables us to study the
air-blast effects on sands when exposed to low intensity blast waves.
This study has shown a detailed investigation on representative smaller
size sand samples. The same procedure can be extended further on
larger soil deposits. The main limitation of using gas-driven shock tube
is the inability to generate higher overpressure [34], and this can be
achieved using detonation-driven shock tube.

6. Summary and conclusion

The general objective of this study is to observe the characteristic
response of sand under different air blast intensities and this is de-
monstrated with the help of a shock tube. The shock tube simulates
blast waves in a controlled laboratory environment; air-blast wave
loading generated is then characterised with TNT equivalent of an ex-
plosion. The experiments are performed over dry medium dense
(RD = 45%) and dense (RD = 73%) sand specimens. Pressure trans-
ducers and accelerometers are positioned in the sand specimens to
measure the intensity of pressure waves and vibrational amplitudes.

c <05
£
gE 1
©721.5
o 2
[a) 4 7

Synchronised pressure and accelerometer measurements have enabled
a thorough investigation of stress wave induced vibrations. Finally,
digital image correlation technique is used to obtain displacements and
strains induced in the sand deposits.

Immediately after the blast wave strikes the sand surface, a high
intensity compressive stress wave is generated in the sand medium. The
layer of sand just below the surface is abruptly compacted, which leads
to stress enhancement, especially with the sample of relatively low
relative density. The stress transfer through sand particles and the ex-
pansion of high pressure gas through sand media plays an important
role in the formation of stress waves. Peak stress wave pressures in sand
and peak particle velocity (PPV) are observed to decrease with increase
in the cube root of the scaled distance of an air-blast. Dimensionless
parameters are identified to predict the peak pressure and PPV in
medium dense and dense sand corresponding to the scaled distance
range of 1.52-1.93 m/kg'’® respectively. Incremental displacement of
the sand deposit acquired through DIC showed that the displacement
patterns are well comparable with the direct physical measurements.
The strain field obtained from the image analysis has revealed large
magnitude of compressive strains in the layers adjacent to the blast
impact.

Based on the experimental results, an empirical equation has been
developed as a function of scaled distance to predict peak pressure and
peak particle velocity in sands. The prediction of these parameters will
help us to evaluate the potential of granular medium like sand in mi-
tigating the air-blast effects and can aid in the design of protective
structures. The experimental investigation presented in this paper is
limited to a very small range of scaled blast distances. It is necessary to
replicate the present study over a wide range of scaled distances and
larger size samples (with and without confining pressure). To further
demonstrate the bonding and cohesion effects, additional experiments
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need to be carried out on fine grained soils and cohesive clay samples.
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