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1. IntroductIon
The strength of blast wave generated due to detonation of 

high explosive depends on the amount and nature of explosive 
used. The blast wave generated in explosion may lead to a mild 
injury or fatality to the living being and damage to structures 
depending on its strength. In open air explosion, the injuries1,2 
are mainly due to the shear effects at the air-tissue interface 
(primary injury), striking of propelled fragments from the 
explosion (secondary injury), and the victim being propelled 
by the blast pressure or blast winds (tertiary injury). These 
injuries include nerve damage, soft tissue damage, internal 
bleeding, broken bones, torn ligaments, spinal damage, etc.
due to low tolerance limits of human body3. However, in the 
case of anti-vehicular (AV) land mine explosions4-6 where the 
target is generally situated in a protected vehicle, the injuries 
are mainly due to large acceleration7-8 propagating through the 
solid media enclosure. The AV mines and improvised explosive 
devices (IEDs) explosions were responsible for 45.6 per cent 
combat deaths of the coalition and local security forces in Iraq 
and Afghanistan2.

A detailed study9 by analysing mine incident casualty data 
suggested that the basic vehicle modifications like V-shaped 
hull10, increased ground clearance, widened axles, heavy 
vehicles and blast deflectors can significantly reduce injury 

and casualty rates. The combat vehicle designers are also 
focusing on other improvements like the use of monocoque 
hull, high strength material, composite floor, etc. to enhance 
the crew survivability against the explosion of land mines and 
IEDs. These improvements mainly reduce the effects of blast 
overpressure and debris formed from vehicle body. However, 
the occupants still faced injuries or fatality due to the large 
acceleration force exerted on them by the imparted shock11. 
Materials like polyurethane (PU) foams, metal foams, sand and 
low-density aluminum honeycomb, etc. were investigated by 
researchers12-16 for protection against blast overpressure and 
energy absorbing applications.

Many techniques and materials have been proposed in the 
literature to mitigate the blast pressure and energy, but only two 
techniques are predominantly used at present for minimising 
the acceleration imparted to the vehicle compartments resulting 
from explosion of land mines. In the first, the occupants are 
separated from the vehicle floor using roof hanging / wall 
mounted seats. In second, specially designed energy absorbing 
seats, circular tubes, square tubes, frusta, struts, honeycombs, 
and sandwich plates are used to decrease the loads acting on the 
occupants17,18. Some other techniques such as the thin walled 
cylinder, upward convex hull and polyurea coating were also 
reported for mitigating the acceleration19-21 but no experimental 
study has been reported on acceleration mitigation using foam. 
Only Cendón5, et al. in his numerical simulation study has 
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shown that appropriate thick foam seat can also be a potential 
candidate for the occupant’s protection against the acceleration 
in armoured vehicle. Hence, in the present study, blast induced 
acceleration mitigation capabilities of natural rubber foam 
and synthetic foam are compared under different blast wave 
strengths.

2. MAterIAlS, experIMentAl Setup And 
InStruMentAtIon
The open cell natural rubber foam of thickness 0.1 m 

manufactured by M/s Pyare lal Group, Meerut, India was used 
for present acceleration mitigation study. One face of the foam 
has holes of about 0.006 m diameter in grid form extended up 
to 0.065 m with the center to center inter-separation distance of 
0.023 m as shown in Fig. 1(a). The foam has density of 110 kg/
m3 in overall and 120 kg/m3 for solid region. The low density 
(50 kg/m3) synthetic (Polyurethane) foam of same thickness 
shown in Fig. 1(b) used for comparison was manufactured 
by M/s Sheela Foam limited, Ghaziabad, India and has 
uniform construction. An E-glass fibre reinforced phenolic 
resin composite plate (DMRl Hyderabad, India) with a cross 
section area of 1 m × 1 m and thickness of 0.025 m was used 
as back plate for placing the foam samples. The composite 
plate having density of 2010 kg/m3and tensile strength of 350 
MPa, was mounted rigidly on a mild steel (MS) frame using 
nuts and bolts. The MS frame was welded with steel frames 
of four concrete blocks each of approximately 1000 kg to 
form a rigid structure (Figs. 2(a) and (b)). Plastic Explosive 
Kirkee (PEK) obtained from the High Explosive Factory, 
Khadki, Pune, India was used for generating the blast loading. 
It has a TNT equivalent (weight) of 1.1722 and comprised of  
85 per cent Trinitrophenylmethylnitramine (Tetryl). The 
explosive stand-off distance was kept as 1.5 m from the top 

surface of composite plate in all experiments. The spherical 
explosive charges of different weights used in these experiments 
were prepared manually at laboratory and detonation was 
achieved by using electric detonator.

A piezoelectric accelerometer was used for measuring the 
vibration (acceleration) signal produced in the composite plate. 
It was deployed though its threads on an adaptor mounted 
rigidly backside of plate at its center using nut bolts. The 
sensitivity of sensor was 0.5 mV/g and the measuring range 
of 10,000 g’s where ‘g’ is the acceleration due to gravity. A 
piezoelectric pressure sensor having sensitivity of 3.6 mV/kPa 
was also deployed in flush with top surface of plate to record 
the blast pressure loading. The output signals from the sensors 
were brought to the instrumentation shelter with the help of 
special low-noise coaxial cables and the data was recorded on 
Tektronix® make oscilloscope (Bandwidth 1GHz) at a sampling 
rate of 10 MS/s The experiments were conducted in three test 
configurations, namely without foam, single layer of foam and 
double layer of foam. The effect of different blast loading in 
these test configurations were examined by varying the amount 
of explosive from 0.150 kg to 0.550 kg. The composite plate 
was intact after the tests and small tearing at the edges was 
observed in few foam samples.

3. reSultS And dIScuSSIonS
3.1 consistency of the Acceleration data

Figure 3 shows the acceleration data acquired in without 
foam test configuration in three tests performed with 0.150 
kg explosive. Peak accelerations of 898 g’s, 892 g’s, and 
987 g’s was recorded in these tests. The percentage variation 
of peak accelerations from average value was within ± 7 %. 
This variation might have resulted from the environmental 
conditions and experimental errors. The large fluctuations in 

acceleration time histories after the peak acceleration are 
resulted from the elastic nature of the composite plate.

3.2 effect of Foam on Acceleration Mitigation
The measured acceleration histories in three test 

configurations with rubber foam and synthetic foam 
for explosive weight of 0.150 kg are as shown in  
Figs. 4(a) and 4(b), respectively. Since the time of arrival 
of acceleration signal at the accelerometer differ for three 
test configurations due to increased thickness of the test 
samples, the oscilloscope was triggered at different times 
in different tests. Therefore, synchronization of arrival 
times of acceleration signals was performed using a 
MATlAB® program to compare the amplitudes and time 
histories of the acceleration.

A sharp rise of acceleration in the composite plate was 
altered into a gradual rise when synthetic or rubber foam 
layers were added over it. This happened due to the spread 
of unidirectional blast energy into multi-directional due to 
interaction with foam and elastic deformation of foam. In 
case of 0.150 kg explosive, the peak acceleration of 987 
g’s with bare plate was reduced to about 390 g’s and 240 
g’s for single and double layer of rubber foam respectively. 
However, the same peak acceleration is reduced to about 
550 g’s and 460 g’s for single and double layer of synthetic Figure 2. experimental setup: (a) Schematic and (b) photograph.

Figure 1. experimental specimens: (a) natural rubber foam and 
(b) Synthetic foam.

(a) (b)

(a) (b)
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foam, respectively. Similar trend in mitigation of peak 
acceleration values was observed in other tests with higher 
explosive weights also. It was observed that in all the cases, 
the addition of foam layer reduces the peak acceleration which 
further decreases with increase in foam thickness. This may 
be due to the mitigation of blast wave strength in foam which 
further decreases with increase in foam thickness as pointed by 
Kitagawa19, et al.

Figure 5 shows the effect of blast wave strength (explosive 
weight) on peak accelerations with rubber and synthetic foam 
for different test configurations. The strength of blast wave 
originated from the explosion increases with increase in the 
amount of explosive as the energy release during detonation is 
proportional to explosive weight. Therefore, plate acceleration 
values increase with increase in explosive weight, however, 
the increase in peak acceleration values was slow with add-on 
foam layers. It is clear from the figure that the acceleration 
mitigation increased with increase in foam thickness and the 
rubber foam is more effective in mitigating the acceleration 
as compared to the low density synthetic foam. The observed 
higher acceleration mitigation in natural rubber foam is due 
to the high energy absorption in foams with higher density as 
suggested for pressure mitigation by Makris23, et. al. Figure 6 
shows the variation of acceleration and pressure signal with 
time. It is clear from the figure that acceleration and loading 
pressure follow the same trend. The appearance of peak 
acceleration and peak pressure at almost same time indicates 
that acceleration depends upon the blast wave pressure peak 
than impulse.

3.3 Spectral Analyses of Acceleration data
A MATlAB® program was used for calculating the 

discrete frequencies existing in the acceleration data for all 
test configurations. This program calculates the dominant 
frequencies up to half the sampling rate of the acquired 
acceleration signal. The frequency components present in 
rubber foam test with 0.150 kg explosive are as shown in 
Figs. 7(a) and 7(b) to emphasize the mitigation taking place in 

Figure 3. Acceleration histories on composite plate with 0.150 
kg explosive.

Figure 4. (a) Acceleration histories through rubber foam for 
0.150 kg explosive and (b) Acceleration histories 
through synthetic foam for 0.150 kg explosive.

Figure 5. Effect of blast strength on acceleration with rubber 
and synthetic foam.

(a)

(b)
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both amplitudes and frequencies. Here, the amplitude shows 
the square of the magnitude of each frequency existing in the 
time domain signal. Figure 7(a) shows the mitigation of low-
frequency components upto 200 Hz and Fig. 7(b) shows the 
mitigation of high-frequency components upto 85 kHz. The 
large amplitude fluctuations existing in the baseline acceleration 
signal of plate was transfer to small amplitude fluctuations 
with addition of single layer of foam. These are further reduced 
when another foam layer added over the composite plate. The 
amplitude of high-frequency fluctuations was also decreased 
with the addition of single layer of foam. However, it almost 
vanished when two layers of foam samples were placed over the 
composite plate. Similar trend of FFT plots was observed with 
higher explosive weights. The amplitude of lower frequency 
components increases with increase in explosive amount 

from 0.350 kg onwards with addition of single foam layer. 
This implies better mitigation at higher pressure loading i.e 
more energy absorption due to start of compression region of 
foam. These results also confirm that the sharp rising baseline 
acceleration has been modified into slow rising compression 
wave of lower frequency by the application of foam.

4. concluSIonS
Blast induced acceleration mitigation in a composite plate 

due to addition of open cell natural rubber foam and synthetic 
foam of different thickness has been studied experimentally 
for different blast wave strengths. Maximum acceleration 
mitigation of about 50 per cent was observed in double layer of 
synthetic foam and that for rubber foam was up to 80 per cent. 
The FFT analysis of acceleration signal obtained for different 
test configurations with foam also showed the conversion of 
high frequency components in base plate acceleration into 
low frequency and low amplitude components. The results 
show that rubber foam is better than synthetic foam for 
acceleration mitigation and the thickness of foam plays a 
major role on mitigation besides the physical characteristics 
of foams. Therefore, the foam of appropriate thickness may 
be considered as a potential candidate for mitigation of blast 
induced acceleration applications.

reFerenceS
1. Candole, C.A. Blast injury. Canad. Med. Ass. J.,1967, 96, 

207-214.
2. Ramasamy, A.; Hill, A.M.; Hepper, A.E.; Bull, A.M.J. & 

Clasper, J.C. Blast mines: physics, injury mechanisms and 
vehicle protection. J. R. Army Med. Corps, 2009, 155(4), 
258–264.

3. Nahum, A.M. & Melvin, J.W. Accidental Injury 
biomechanics and prevention. Springer Science + 
Business Media, llC, 1993.

4. Mikhail, A.G. Vulnerability of light ground vehicles 
and their crews to acceleration resulting from battlefield 
threats. In Proceeding of the 20th International Symposium 
on Ballistics, 2002, 1252–1263.

5. Cendón, D.A.; Sanchez-Galvez, V.; Galvez, F. & 
Enfedaque, A. The use of foam structures in armoured 
vehicle protection against landmines. In Proceeding of 
the 22nd International Symposium on Ballistics, 2005, 
1048–55.

6. NATO, Test methodology for protection of vehicle 
occupants against anti-vehicular landmine effects. The 
Research and Technology Organisation (RTO) technical 
report TR-HFM-090, 2007.

7. Bayly, P.V.;  Cohen, T.S.;  leister, E.P.; Ajo, D.; leuthardt, 
E.C. & Genin, G.M. Deformation of the human brain 
induced by mild acceleration. J. Neurotrauma, 2005, 
22(8), 845-856. 

 doi: 10.1089/neu.2005.22.845
8. Krzystała, E.; Mężyk, A. & Kciuk, S. Minimisation of the 

explosion shock wave load onto the occupants inside the 
vehicle during trinitrotoluene charge blast. Int. J. Injury 
Control Safety Promotion, 2016, 23(2), 170-178. 

 doi: 10.1080/17457300.2014.966118

Figure 6. Variation of loading pressure and acceleration with 
time.

Figure 7. power spectrum of acceleration data for 0.150 kg 
explosive test (a) Frequency up to 200 Hz and (b) 
Frequency up to 85 kHz for three test configurations 
with rubber foam.

(a)

(b)



SANDHu, et al.: MITIGATION OF BlAST INDuCED ACCElERATION uSING OPEN CEll NATuRAl RuBBER AND SyNTHETIC FOAM

57

9. Ramasamy, A.; Hill, A.M.; Masouros, S.D.; Gordon, 
F.; Clasper, J.C. & Bull, A.M.J. Evaluating the effect of 
vehicle modification in reducing injuries from landmine 
blasts. An analysis of 2212 incidents and its application 
for humanitarian purposes. Accid. Anal. Prev., 2011, 
43(5), 1878–1886. 

 doi: 10.1016/j.aap.2011.04.030
10. Genson K. Vehicle shaping for mine blast damage 

reduction. university of Maryland, College Park, 2006, 
Master thesis.

11. Shukla, A.; Rajapakse, y.D.S. & Hynes, M.E. Blast 
mitigation experimental and numerical studies. Springer 
Science+Business Media New york, 2014.

12. Kitagawa, K.; Takayama, K. & yasuhara, M. Attenuation 
of shock waves propagating in polyurethane foams. Shock 
Waves, 2006, 15, 437–445. 

 doi: 10.1007/s00193-006-0042-1
13. Kitagawa, K.; yamashita, S.; Takayama, K. & yasuhara, 

M. Attenuation properties of blast wave through porous 
layer. In Proceeding of the 26th International Symposium 
on Shock Waves, 2007, 73–78.

14. Birman, V. Mechanics and energy absorption of a 
functionally graded cylinder subjected to axial loading. 
Int. J. Eng. Sci., 2014, 78, 18–26. 

 doi: 10.1016/j.ijengsci.2014.01.002
15. yahaya, M.A.; Ruan, D.; lu, G. & Dargusch, M.S., 

Response of aluminium honeycomb sandwich panels 
subjected to foam projectile impact - An experimental 
study. Int. J. Impact Eng., 2015, 75, 100–109. 

 doi: 10.1016/j.ijimpeng.2014.07.019
16. Gelfand, B.E.; Silnikov, M.V. & Chernyshov, M.V. 

Modification of air blast loading transmission by foams 
and high density materials. In proceeding of the 26th 

International Symposium on Shock Waves, 2007, 103-08.
17. Alghamdi, A.A.A. Collapsible impact energy absorbers: 

An overview. Thin-Walled Struct., 2001, 39, 189–213.
18. Olabi, A. G.; Morris, E. & Hashmi, M.S.J. Metallic tube 

type energy absorbers: A synopsis. Thin-Walled Struct., 
2007, 45, 706–726. 

 doi: 10.1016/j.tws.2007.05.003
19. Bonsmann, J. & Fourney, W.l. Mitigation of accelerations 

caused by blast loading utilizing polymeric-coated 
metallic thin-walled cylinders. J. Dyn. Behav. Mater., 
2015, 1, 259–274. 

 doi: 10.1007/s40870-015-0023-5
20. Bonsmann, J. & Fourney, W.l. The effect of polyurea 

mass ratio on the acceleration mitigation capabilities of 
dynamically loaded structures. J. Dyn. Behav. Mater., 
2015, 1, 28–42. 

 doi: 10.1007/s40870-015-0007-5
21. Brodrick, T.J. Mitigation of frame acceleration induced 

by a buried charge. University of Maryland, 2010. PhD 
Thesis

22. Ramajeyathilagam, K.; Vendhan, C.P. & Rao, V.B. 
Experimental and numerical investigations on deformation 
of cylindrical shell panels to underwater explosion. Shock 
Vib., 2001, 8, 253–270. 

 doi: 10.1155/2001/798735
23. Makris, A.; Frost, D.l.; Nerenberg, J. & lee, J.H.S. 

Attenuation of blast wave with a cellular material. In 
proceeding of the 20th International Symposium on Shock 
Waves, 1996, 1387-1392.

AcKnowledgeMentS
The authors express their sincere thanks to Dr Manjit 

Singh, DS & Director TBRl for his encouragement and kind 
permission to publish this work. The authors are also thankful 
to team members of BDS division, TBRl for their support 
in conducting experiments and DMRl for providing the 
composite plate.

contrIButorS

Mr Inderpal Singh Sandhu did MSc (Physics) from Punjab 
Agricultural university, ludhiana. Presently he is working as 
Scientist ‘F’ at DRDO-Terminal Ballistics Research laboratory, 
Chandigarh. His research areas include: Established test 
methodologies and techniques for evaluation of various blast 
protective systems and structures. He successfully established 
shock tube facility for basic studies related to blast structure 
interaction and blast mitigation. 
In the current study, he contributed in planning and conduct 
of these experimental tests, processed the raw data from tests 
for evaluation and analysis, and reviewed the literature and 
prepared the draft manuscript.

dr Murugan thangadurai completed his PhD in Aerospace from 
IIT, Kanpur and presently working as Senior Scientist at CSIR-
Central Mechanical Engineering Research Institute, Durgapur. 
His research interests includes: Experimental aerodynamics, 
drag reduction, vortex ring, shock/blast wave attenuation and 
computational fluid dynamics.
In the current study, he contributed by writing various MATlAB® 
programs for experimental data processing, analysis and plotting. 
He also contributed in data interpretation and elaborated the 
manuscript to the final form.

dr prashant S. Alegaonkar obtained his PhD in Physics from 
university of Pune. At present he is working as Assistant 
Professor at Defence Institute of Advanced Technology, Deemed 
University, Pune. He has research experience in the fields 
of experimental physics, materials analysis using nuclear 
techniques, radiation damage in polymers, synthesis of carbon 
based nano-structures by chemical vapour deposition, chemical, 
solvo-thermal, exfoliation techniques and application for field 
emission, development and fabrication of nano–composites.
In the current study, he contributed in analysis and interpretation 
of acquired data and reviewing the manuscript.

dr d.r. Saroha completed his PhD in Physics from Panjab 
University, Chandigarh. Presently working as Dr Raja Ramanna 
DRDO Distinguish Fellow in DRDO-Terminal Ballistics Research 
laboratory, Chandigarh. His area of research includes design 
and development of warheads for tactical missiles and torpedoes, 
flash radiography, shaped charge and EFP warhead technologies 
and blast mitigation studies.
In the current study, he contributed in this study in planning of 
experiments, overall guidance during the work and reviewing 
the manuscript.


