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Suicide bomb vests represent one of the most devastating and indiscriminate forms of 

violence, often employed by extremist groups to instill fear and terror within 

communities. Computational techniques can be used to simulate blast wave propagation 

to gain a better knowledge of pressure dynamics, threat of explosions on human health 

and life, and the effects of explosions on infrastructure. The current study utilizes a 

coupled Eulerian-lagrangian (CEL) approach in ABAQUS to numerically simulate blast 

wave propagation generated from a suicide bombing in free-air. A virtual scene of 

targeted area is proposed to assess the lethality of a fully vented burst. The peak-

overpressure (Pso) in free-air is predicted and compared to empirical prediction by 

Kingery-Bulmash model. The CEL model prediction of peak-overpressure in free-air 

demonstrated good convergence with Kingery-Bulmash measurements. The CEL 

analysis results of incident peak-overpressure showed an excellent agreement with 

empirical model measurements with maximum difference of 9%. Furthermore, the 

reflected peak-overpressure value is double the incident peak-overpressure magnitude 

in front of the walls. However, blast walls attenuated blast wave energy and peak-

overpressure dropped by 53% at a distance 1.5h behind the walls. The measurements 

clarified high risk zone around the explosion source due to severity of the detonation, 

and further studies are essential to suggest protection methods to mitigate blasts and 

minimize losses in areas at risk of explosion. 
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1. Introduction and Background 

Numerous areas of the world have been 

suffering from suicide bombing attacks. These 

attacks have become a daily routine of the 

targeted spots [1]. According to Jackson Harry, 

spreading a fear of state within communities, 

inflicting casualties, and achieving political 

aims are the main elements of terrorism. The 

consequences of these attacks have impacted 

communities lifestyle and left psychological 

crises and economic hardships [2], [3]. The 

Chicago Project on Security and Terrorism 
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website stated number of victims due to suicide 

attacks are much higher than other terrorist 

tactics [4]. The data showed an incredible 

increase in suicide bombings and casualties in 

the last 33 years as shown in Figure 1. The 

challenge of suicide bombings attributed to 

uncertainty factors and techniques, complexity 

in nature, and spatial conditions, and dynamism 

and non-discriminatory goals [2],[3]. Hence, 

understanding blast wave phenomena around 

targeted areas, and possibly mitigating their 

effects is urgent. 
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Figure 1. Worldwide suicide bombings in numbers from 1982-2015 a. number of suicide bombings b. number of 

casualties (Adopted and regenerated from cpost.uchicago.edu)[4] 

The blast pressure intensity is initially 

controlled by the volume of released energy. 

The differentiation in blast pressure created 

forces act on the faces of nearby structures [7]. 

However, the blast shock wave may interact and 

reflect from surrounding objects and/or structures, 

Furthermore, ground-wave reflections are probable 

[8]. For instance, in an unconfined air burst, 

blast shock wave is reflected from the ground 

before reaching the targeted surface, and the 

reflected wave pressure is higher than the 

incident wave pressure. In a free-air burst there 

is no reflection as the shock wave moves 

towards the target [9]. In this study, fully vented 

burst is considered to simulate suicide vest 

explosion. 

Blast design codes, technical manuals, documents, 

and handbooks have been published comprising the 

fundamentals of blast loads, design criteria, tables, 

charts, personal protection and safety measures 

[9], [10], [11]. Design approaches and technical 

information for cantilever blast walls, which 

have been used as blast barriers have been 

documented [12]. However, some of this 

information is limited in scope and not released 

to the public due to sensitivity information [11]. 

Blast wall function is to block the blast shock 

wave and keep detonation locations at a safe 

distance from occupied structures [12]. The 

characteristics of blast load impact and blast 

environment behind vertical walls are minimal 

in the literature. Beyer (1986) conducted a series 

of blast tests to estimate blast phenomena 

behind blast walls [12]. The study considered 

three blast wave parameters behind the wall in 

the design criteria of blast wall: peak-

overpressure (Pso), total impulse (is) and blast 

duration (t). The study attempted to answer the 

following question: where should the blast wall 

be installed to provide optimal protection. The 

author stated that wall height (H)-meter, 

explosive mass (W)-kilogram, and standoff distance(R)-

meter control the blast environment behind the 

wall. Moreover, adding a canopy at the top of 

wall can mitigate the blast wave intensity by 

reflecting the shock wave and preventing it from 

passing over the wall. Figure 2 shows the blast 

protection cantilever wall with and without a 

canopy, respectively, and the blast phenomena 

behind it [12].  

  

 

 

Figure 2. Blast phenomenon behind wall a. cantilever wall b. canopy wall [12] 
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Rose et al. (1995) conducted blast field tests 

to study the blast wave environment behind 

1/10th scale of steel vertical blast walls [13]. The 

authors measured the blast peak-overpressure 

(Pso) and impulse (is) without wall and with wall 

at up to (6h), and up to (3h) above the ground 

level, where h is the wall height. The study 

outcomes presented a measurement matrix of 

blast peak-overpressure and impulse and compared to 

the measurement without wall. The authors 

concluded that the present wall attenuated the 

pressure by 60% to 80%. Thereafter, the authors 

examined blast loading parameters around 

concrete, wood, sand, and foam blast walls at 

different standoff distance and height of 

spherical TNT charge [14]. The authors stated 

simple blast barriers can mitigate blast intensity 

and provide a sufficient safety and protection 

based on the inertia of the wall. Moreover, the 

use of sand and geotextile had provided higher 

protection by employing both resistance and 

inertial, and adding water reduced generated 

debris [14]. 

Published literature have investigated the 

blast wave parameters of high explosive burst. 

Blast field tests, analytical and numerical 

analyses have been performed to estimate blast 

load parameters, peak-overpressure (Pso), time 

of arrival (ta), positive duration (𝑡𝑜
+), reflected 

peak-overpressure (Pr), and blast impulse 

(𝑖𝑠).[15], [16], [17], [18], [19], [20], [21], [22]. 

Moreover, blast response of structural systems 

has been the focus of interest by researchers [2], 

[23], [24], [25], [26].  

While there is a lack on the literature of blast 

pressure distribution of suicide of vest explosions, 

few research work have performed numerical 

simulation to identify improvised explosive 

devices (IEDs) of suicide bombings which can 

carry by suicide bombers [1], [27]. Usmami et 

al. (2010) developed a 3-D simulation of a 

proposed suicide bombing explosion. The study 

aims are to understand how geometry layout and 

presence of civilians can be arranged to 

attenuate losses of life and damage of property 

[1]. The study concluded that the zig-zag layout 

arrangement is the least effective in minimizing 

the causalities through suicide bombing attack. 

According to the simulation results, this 

formulation leads to a 30% probability of 

fatalities and a 45% probability of injuries. 

Row-wise formulation is the best effective in 

attenuate the impact of suicide bombing [1], 

[28], [29], [30]. Other studies had interested in 

detection technologies of IEDs [27], [31], [32]. 

However, the published work have interested in 

blast load characteristics and/or structural 

systems response of blast. Therefore, there is an 

urgent necessity for a comprehensive study to 

analyse the suicide bombings environment to 

guarantee there is an integrated knowledge of 

the level of potential risk of such threat. The 

outcomes of these study can help engineers, 

security agencies, and urban planners to have a 

clear view about structural response to 

explosions, evacuation plans, and risk 

assessment model. In conclusion, there is a 

research gap and lack of knowledge on nature 

and characteristics of suicide bombings attacks.  

The present study utilized the coupled 

Eulerian-Lagrangian (CEL) approach in 

ABAQUS to numerically simulate blast wave 

propagation generated from a suicide bombing 

in free-air. The peak-overpressure (Pso) in free-

air is predicted and verified with empirical 

prediction by Kingery-Bulmash model [20], and 

a virtual scene of targeted area is proposed to 

assess the lethality of a fully vented burst. 

 2. Study significant and contribution 

Suicide bombings cause serious casualties 

and property damage to nearby structures due to 

the intensity of the explosion. The suicide vest 

detonation releases large amount of energy in a 

short time, generating intense blast waves that 

propagate outward. The literature on simulated 

suicide vest detonation is sparse studies, hence, 

the present study performs numerical simulation 

of blast wave expansion in open air for better 

understanding the mechanism of the suicide vest 

explosion, specifically the shock wave 

propagation. This knowledge is essential for 

developing effective mitigation strategies. The 

findings of this study can enhance engineers 

ability to adopt reliable design methods to 

introduce mitigating strategies to potentially 

preserve lives and property. 
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3. Geometry Details and Finite Element 

Model Overview 
3.1 Free-air blast model 

Three-dimensional (3-D) non-linear dynamic 

finite element (FE) model was performed using 

Coupled Eulerian-Lagrangian (CEL) technique 

in ABAQUS/Explicit software [33] . Figure 3 

shows the model details and explosive location, 

and finite element model overview of the CEL 

analysis, respectively. The Eulerian domain 

dimensions are 12-m x 12-m x 6.0-m. The TNT 

equivalent mass is 9.0-kg, height of the 

explosive (HOE) is 6.0-m. The Eulerian is fixed 

in all directions from the bottom side of the 

modelled region, and surface conditions are 

non-reflecting. The total step time of the 

analysis is 10 milliseconds. 

 
Figure 3. Free-air blast model details a. Geometry details b. finite element model 

3.2 Suicide vest detonation model 

It is noticeable that suicidal terrorists most 

frequently cross security checks to reach a 

targeted area. Generally, statistics have clarified 

that most of these bombings have been 

implemented in publicly crowded spots, like malls, 

restaurants, shopping centers, and community 

carnivals. The scene and scenario of the explosions 

varies from attack to other, and sometimes a 

combination of two or more tactics is employed. 

Therefore, it is difficult to make a precise 

assumption to simulate blast due to these 

reasons. In this study, suicide bomber is 

assumed to have passed through all security 

precautions and reach the detonation point, and 

an explosion resulted from detonating of 9.0 kg 

of TNT in open space at the center point of a 

four IS 2062 E410 steel barriers as shown in 

Figure 4. The total step time of the analysis is 20 

milliseconds to measure the pressure behind the 

walls. 

 

 
Figure 4. Suicide vest detonation model a. model details b. Meshed parts 



Assal Hussein, Paul Heyliger/ Diyala Journal of Engineering Sciences Vol (18) No 1, 2025: 249-258 

253 

 

3.3 Material models  

 Explosive charge 

The TNT explosive material is modelled using 

Jone-Wilkins-Lee (JWL) [34]. The JWL equation of 

state is utilized to simulate and compute detonation 

pressure of high explosive. Table 1 listed the JWL 

parameters of TNT material [35]. 

 
Table 1: JWL model parameters of TNT explosive 

material [35] 

Parameters Value 

Density (kg/m3) 1630   

Detonation velocity (m/sec) 6930 

A (GPa) 3.738 

B (GPa) 3.747 

R1 4.15 

R2 0.9 

ω 0.35 

V 1.0 

E (MPa) 6.0 

  

Here, P is the total pressure, A, and B, are 

linear pressure parameters ω, R1, R2, are 

nonlinear pressure parameters, V is the relative 

volume, and E is internal energy/unit volume. 

 

 Air 

The ideal gas equation of state (EOS) is 

employed to model air in specified 

circumstances[33]. The equation of state model 

parameters of air is listed in Table 2 [36], [37]. 

Here, p is the density of air, (pA) is the ambient 

pressure, R is the gas constant, CP is the specific 

heat at constant pressure, η is the dynamic 

viscosity of air, and θZ is absolute zero on the 

temperature scale. 

Table 2: EOS model parameters of air [37] 

Parameters Value 

Density (kg/m3) 1.297 

PA 101.325 

R (J/kg. k) 287 

Cp (J/kg. k) 717.6 

Η (kg/m.sec) 0.0000182 

θZ 0 

 

 Steel 

The IS2062: 2006 GR- E410W steel is 

modelled using Johnson-Cook (J-C) material 

model to represent the dynamic behavior of steel 

material under high-strain rate load. Moreover, 

J-C damage model can estimate metal damage 

when subjected to blast [33]. Table 3 lists the IS 

2062: 2006 GR E410W steel properties and J-C 

constitutive law parameters. Here A, B, 

C, n and m are material constants measured at or 

below the transition temperature, ε*
0 is the 

critical strain rate, Tm, and TR are the melting and 

room temperature, respectively. Table 4 shows 

the J-C damage model parameters. 

Table 3: Material properties and J-C model parameters 

of E410W steel [38] 

Parameters Value 

Density (kg/m3) 7862 

μ 0.3 

E (GPa) 200 

A(MPa) 220 

B (MPa) 579 

n 0.431 

m 1.0 

C 0.014 

ε*
0 (sec-1) 1.0 

Tm (k) 1573 

TR (k) 298 

Table 4: J-C damage parameters of E410W steel [38] 

 

Parameters Value 

D1 0.25 

D2 4.38 

D3 2.68 

D4 0 

D5 0 

 

4. Results and Discussion 
4.1 Free-air blast measurements verification 

The CEL model is applied to simulate blast 

shock wave propagation in free-air to estimate 

blast pressure-time curve and blast peak-

overpressure (Pso) without walls. Figure 5a 

shows blast wave propagation through the 

Eulerian domain. It is noticeable that ground 

reflection waves have disrupted the initial shock 

wave. A two-dimensional contour plot is 

established to present peak-overpressure 

measurements at specified standoff distances 

(R) as shown in Figure 5b. 
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Figure 5. a. Point blast in un-walled domain b. Peak-overpressure of CEL and Kingery-Bulmash models

The results of the CEL model analysis are 

compared and validated with empirical 

prediction Kingery-Bulmash [20]. Figure 6a, 

and 6b shows the CEL prediction of blast-

pressure-time history, and comparison between 

the CEL and Kingery-Bulmash measurements 

in terms of scaled distance, respectively. The 

results showed an excellent agreement with 

empirical model measurements with maximum 

of difference of 9% as shown in Figure 6b. 

 

 
Figure 6. a. Pressure-time history of CEL model b. Comparison of incident peak overpressure of CEL model with 

Kingery-Bulmash model 

4.2 Suicide vest detonation blast environment 

and pressure prediction 

Following validation of CEL with empirical 

approach results [20] , the CEL model is applied 

to simulate suicide vest burst of equivalent TNT 

charge of 9.0-kilogram. The present study 

proposes a virtual attack scenario and scene as 

shown in Figure 4a. Four steel barriers are 

positioned around the source of explosion 

(SOE), the wall dimensions are 2.0-m by 2.0-m 

and thickness is 10-mm. The explosive charge is 

placed at 1.0-m above the ground inside the 

Eulerian domain (see Figure 4a). At the onset of 

the detonation, ground reflection waves are 

initiated intersecting the incident shock waves. 

As the shock wave propagates towards 

surrounding walls, rarefaction zone is generated 

behind the shock front. Blast shock wave 

reached and hit blast walls in 1.5-millisecond, 

incident shock waves diffracted, and blast wall 

deformed. After 2.0 millisecond, blast shock 

wave passed over the blast walls and travelled 

away. Figure 7 shows blast shock wave 

phenomena of suicide vest burst. 

The blast effect on a human body and 

structures is function of maximum pressure, 

standoff distance, and duration of the event. The 

peak-overpressure measurements state high 

probability of fatality and severe damage of 

properties around the detonation source. For 

instance, threshold of lung damage can happen 
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at 689.5 kPa, and chance of death happens at 

896.3 kPa, while typical window glass can break  

at 1.03 kPa, and buildings collapse begins at 69 

kPa.  According to the U.S. Federal Emergency 

Agency (FEMA), the Safe evacuation indoor 

distance of suicide vest attack scenario is 34-

meter, and 415- meter for outdoor [39].  

Figure 8a, and b shows a comparison 

between CEL and K-B incident peak-

overpressure measurements at point 1 to 5 in 

front of the walls, and the blast pressure 

distributions of suicide vest detonation, 

respectively. The CEL model estimates 

provided a good match with K-B measurements 

as shown in Figure 8a. Due to nature of the 

explosion and presence of blast walls, it is 

obvious there is a variation in the peak-

overpressure values around the source of 

explosion. However, reflected peak-overpressure 

(Pr) is higher due to reflection phenomena.  

The CEL analysis results of suicide vest 

detonation demonstrated a deadly impact due to 

high intensity of the blast. The reflected peak-

overpressure around the steel barriers is higher 

due to reflection phenomena. The magnitude is 

twice the incident peak-overpressure in front of 

the wall. However, blast walls attenuated blast 

wave energy and incident peak-overpressure 

dropped by 53% at a distance 1.5h behind the 

walls. Therefore, conducting further investigations to 

analyse risk and fatal zone around explosion 

source is required to lessen losses. 

In conclusion, the suicide vest detonation 

scenario is complicated due to unpredictability 

and extreme complexity of blast environment. 

This study suggests conducting further studies 

to propose mitigating methods of blast and 

minimize losses in areas at risk of explosion. 

 

 
Figure 7. Blast shock wave phenomena of suicide vest burst a. top view b. 3-D view of suicide vest blast wave 

environment 

 

 
Figure 8. a. Incident peak-overpressure of CEL model without wall comparing to K-B measurements b. blast peak-

overpressure distribution of suicide vest burst 
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5. Conclusions 

This study presents simulation of a suicide 

vest detonation utilizing coupled Eulerian-

Lagrangian analysis in ABAQUS. The current 

study framework includes free-air blast and 

suicide vest detonation models using CEL 

analysis. The CEL model is employed to 

simulate blast wave propagation in free-air 

(without walls) to measure the peak-

overpressure (Pso). The free-air blast model has 

been validated and compared with empirical 

model measurements by Kingery-Bulmash. 

Then, the CEL model is applied to simulate blast 

wave phenomena with existing of steel walls. 

The following conclusions have been obtained 

from the results of this study: 

 

 The CEL analysis results of incident peak-

overpressure showed an excellent agreement 

with empirical model measurements with 

maximum difference of 9%.  

 The results of the CEL model analysis 

showed deadly impact of suicide 

explosion due to high intensity of burst.  

 The reflected peak-overpressure around 

the blast walls is higher due to reflection 

phenomena. 

  The reflected peak-overpressure value is 

twice the incident peak-overpressure 

magnitude in front of the walls. 

 The steel blast walls attenuated blast wave 

energy and peak-overpressure dropped by 

53% at a distance 1.5h behind the walls.  

 According to the proposed explosion scenario, 

and FEMA manuals specifications, the results 

of peak-overpressure showed deadly zone 

around the source of the explosion. 

Therefore, it is vital to conduct further 

investigations to analyse risk and fatal 

zone around explosion source is required 

to lessen losses.  

 

Acknowledgment 

This study has been supported by Ministry of 

Higher Education- Iraq, University of Diyala 

(UOD), and Colorado State University (CSU). 

All provided support is gratefully acknowledged. 

 

References  

[1] Z. U. H. Usmani, E. Y. Imana, and D. Kirk, “3D 

simulation of suicide bombing - Using computers 

to save lives,” in Technological Developments in 

Education and Automation, 2010. doi: 

10.1007/978-90-481-3656-8_88. 
[2] A. Hussein, P. Heyliger, and H. Mahmoud, “Blast 

response of a thin oriented strand board wall,” 

Eng Struct, vol. 201, p. 109835, Dec. 2019, doi: 

10.1016/J.ENGSTRUCT.2019.109835. 

[3] A. Hussein, H. Mahmoud, and P. Heyliger, 

“Probabilistic analysis of a simple composite 

blast protection wall system,” Eng Struct, vol. 

203, 2020, doi: 10.1016/j.engstruct.2019.109836. 

[4] “Database on Suicide Attacks,” Chicago Project 

on Security and Threats. [Online]. Available: 

https://cpost.uchicago.edu/research/suicide_attac

ks/database_on_suicide_attacks/ 

[5] A. Hussein, P. Heyliger, and H. Mahmoud, 

“Structural performance of a wood-sand-wood 

wall for blast protection,” Eng Struct, vol. 219, 

2020, doi: 10.1016/j.engstruct.2020.110954. 

[6] A. T. Hussein, “Blast protection wall systems: 

Literature review,” in WIT Transactions on the 

Built Environment, 2020. doi: 

10.2495/SUSI200081. 

[7] M. Y. H. Bangash and T. Bangash, Explosion-

resistant buildings: Design, analysis, and case 

studies. 2006. doi: 10.1007/3-540-31289-7. 

[8] I. G. Cullis, “Blast waves and how they interact 

with structures.,” 2001. doi: 10.1136/jramc-147-

01-02. 

[9] UFC 3-340-02, “Unified Facilities Criteria (Ufc) 

Structures To Resist the Effects of Accidental 

Explosions,” Unified Facilities Criteria U.S. 

ARMY CORPS OF ENGINEERS, no. December, 

2008. 

[10] U. S. Army, “Structures to resist the effects of 

accidental explosions, TM 5-1300,” US 

Department of the Army Technical Manual, 

Washington, DC, 1990. 

[11] D. Hyde, “ConWep, conventional weapons 

effects program,” US Army Engineer Waterways 

Experiment Station, USA, 1991. 

[12] Beyer, “Blast Loads behind vertical walls,” DoD 

Explosives Safety Seminar, vol. 1, no. 22nd, 1986. 

[13] T. A. Rose, P. D. Smith, and G. C. Mays, “The 

effectiveness of walls designed for the protection 

of structures against airblast from high 

explosives,” Proceedings of the Institution of 

Civil Engineers: Structures and Buildings, vol. 

110, no. 1, 1995, doi: 10.1680/istbu.1995.27306. 

[14] T. A. Rose, P. D. Smith, and G. C. Mays, 

“Protection of structures against airblast using 

barriers of limited robustness,” Proceedings of 

the Institution of Civil Engineers: Structures and 

Buildings, vol. 128, no. 2, 1998, doi: 

10.1680/istbu.1998.30123. 



Assal Hussein, Paul Heyliger/ Diyala Journal of Engineering Sciences Vol (18) No 1, 2025: 249-258 

257 

 

[15] R. L. Kuhlemeyer and J. Lysmer, “Finite Element 

Method Accuracy for Wave Propagation 

Problems,” Journal of the Soil Mechanics and 

Foundations Division, vol. 99, no. 5, 1973, doi: 

10.1061/jsfeaq.0001885. 

[16] S. E. Rigby, A. Tyas, S. D. Fay, S. D. Clarke, and 

J. A. Warren, “Validation of Semi-Empirical 

Blast Pressure Predictions for Far Field 

Explosions - Is There Inherent Variability in Blast 

Wave Parameters?,” in 6th International 

Conference on Protection of Structures Against 

Hazards, 16-17 October, 2014. 

[17] J. Shin, A. S. Whittaker, and D. Cormie, “Incident 

and Normally Reflected Overpressure and 

Impulse for Detonations of Spherical High 

Explosives in Free Air,” Journal of Structural 

Engineering, vol. 141, no. 12, 2015, doi: 

10.1061/(asce)st.1943-541x.0001305. 

[18] J. Shin, A. Whittaker, D. Cormie, and M. 

Willford, “Design charts and polynomials for 

airblast parameters,” in Third International 

Conference on Protective Structures (ICPS3), 

Newcastle, 2015, pp. 3–6. 

[19] S. M. Anas, M. Alam, and M. Umair, “Air-blast 

and ground shockwave parameters, shallow 

underground blasting, on the ground and buried 

shallow underground blast-resistant shelters: A 

review,” 2022. doi: 

10.1177/20414196211048910. 

[20] C. B. G. Kingery, “Airblast parameters from TNT 

spherical air burst and hemispherical surface 

burst,” 1984. 

[21] Y. Fan, L. Chen, Z. Li, H. bo Xiang, and Q. Fang, 

“Modeling the blast load induced by a close-in 

explosion considering cylindrical charge 

parameters,” Defence Technology, vol. 24, 2023, 

doi: 10.1016/j.dt.2022.02.005. 

[22] V. Karlos, G. Solomos, and M. Larcher, 

“Analysis of blast parameters in the near-field for 

spherical free-air explosions,” JRC Technical 

Reports, 2016. 

[23] A. G. Razaqpur, M. Campidelli, and S. Foo, 

“Experimental versus analytical response of 

structures to blast loads,” in Advances in 

Protective Structures Research: IAPS Special 

Publication 1 - Proceedings of the IAPS Forum 

on Recent Research Advances on Protective 

Structures, Taylor and Francis - Balkema, 2012, 

pp. 163–194. doi: 10.1201/b12768-7. 

[24] M. Mokhtari and A. Alavi Nia, “The application 

of CFRP to strengthen buried steel pipelines 

against subsurface explosion,” Soil Dynamics and 

Earthquake Engineering, vol. 87, 2016, doi: 

10.1016/j.soildyn.2016.04.009. 

[25] X. Li, R. Kang, C. Li, Z. Zhang, Z. Zhao, and T. 

Jian Lu, “Dynamic responses of ultralight all-

metallic honeycomb sandwich panels under fully 

confined blast loading,” Compos Struct, vol. 311, 

2023, doi: 10.1016/j.compstruct.2023.116791. 

[26] Y. Z. Liu et al., “Dynamic response of composite 

tube reinforced porous polyurethane structures 

under underwater blast loading,” Int J Impact 

Eng, vol. 173, 2023, doi: 

10.1016/j.ijimpeng.2022.104483. 

[27] W. P. Fox, J. Vesecky, and K. Laws, “Sensing and 

Identifying the Improvised Explosive Device 

Suicide Bombers: People Carrying Wires on their 

Body,” Journal of Defense Modeling and 

Simulation, vol. 8, no. 1, 2011, doi: 

10.1177/1548512910384604. 

[28] Z. U. H. Usmani, F. A. Alghamdi, and D. Kirk, 

“BlastSim- Multi agent simulation of suicide 

bombing,” in IEEE Symposium on Computational 

Intelligence for Security and Defense 

Applications, CISDA 2009, 2009. doi: 

10.1109/CISDA.2009.5356529. 

[29] Z. U. H. Usmani, E. Y. Imana, and D. Kirk, 

“Virtual iraq - Simulation of insurgent attacks,” in 

2009 IEEE Workshop on Computational 

Intelligence in Virtual Environments, CIVE 2009 

- Proceedings, 2009. doi: 

10.1109/CIVE.2009.4926318. 

[30] Z. U. H. Usmani and D. Kirk, “Modeling and 

Simulation of Explosion Effectiveness as a 

Function of Blast and Crowd Characteristics,” 

The Journal of Defense Modeling and Simulation: 

Applications, Methodology, Technology, vol. 6, 

no. 2, 2009, doi: 10.1177/1548512909347476. 

[31] D. Johnson and A. Ali, “Modeling and simulation 

of landmine and improvised explosive device 

detection with multiple loops,” Journal of 

Defense Modeling and Simulation, vol. 12, no. 3, 

2015, doi: 10.1177/1548512912457886. 

[32] J. Guo, J. Armstrong, and D. Unrau, “Predicting 

emplacements of improvised explosive devices,” 

2013. doi: 10.1177/1548512912439951. 

[33] ABAQUS, “Abaqus User’s Manual version 

2022,” 2022. 

[34] A. Giam, W. Toh, and V. B. C. Tan, “Numerical 

review of Jones-Wilkins-Lee parameters for 

trinitrotoluene explosive in free-air blast,” 2020. 

doi: 10.1115/1.4046243. 

[35] M. H. Mussa, A. A. Mutalib, R. Hamid, S. R. 

Naidu, N. A. M. Radzi, and M. Abedini, 

“Assessment of damage to an underground box 

tunnel by a surface explosion,” Tunnelling and 

Underground Space Technology, vol. 66, 2017, 

doi: 10.1016/j.tust.2017.04.001. 

[36] P. W. Sielicki and M. Stachowski, 

“Implementation of sapper-blast-module, a rapid 

prediction software for blast wave properties,” 

Central European Journal of Energetic 

Materials, vol. 12, no. 3, 2015. 

[37] M. D. Botez and L. A. Bredean, “Numerical 

Study of a RC Slab Subjected to Blast: A Coupled 

Eulerian-Lagrangian Approach,” in IOP 

Conference Series: Materials Science and 

Engineering, 2019. doi: 10.1088/1757-

899X/471/5/052036. 



Assal Hussein, Paul Heyliger/ Diyala Journal of Engineering Sciences Vol (18) No 1, 2025: 249-258 

258 

 

[38] M. Kumar, U. Deep, and P. M. Dixt, “Simulation 

and Analysis of Ballistic Impact Using 

Continuum Damage Mechanics (CDM) Model,” 

in Procedia Engineering, 2017. doi: 

10.1016/j.proeng.2016.12.057. 

[39] Federal Emergency Management Agency, 

“Design Guidance for Shelters and Safe Rooms,” 

FEMA 453. 

 

 


