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SUMMARY�

Civil and military structures, such as helicopters, aircrafts, navies, tanks or 

buildings are exposed more and more to blast threats as both terroristic 

attacks in Western World and guerrilla warfare scenarios in Middle East are 

increasing. 

During an explosion the peak pressure produced by shock wave is much 

greater than the static collapse pressure. Metallic structures usually undergo 

large plastic deformations absorbing blast energy before reaching 

equilibrium. Due to their high specific properties, fibre-reinforced polymers 

are being considered for energy absorption applications in Armoured 

Fighting Vehicles (AFVs), where improved strategic and operational air 

mobility are key requirements. 

A deep insight into the relationship between explosion loads, composite 

architecture and deformation/fracture behaviour will offer the possibility to 

design structures with significantly enhanced energy absorption and blast 

resistance performance. 

This study examines the performance of both metallic and composite plates 

subjected to blast loads using commercial Finite Element Method (FEM) 

explicit code LS-DYNA with a particular attention to hybrid composite 

panels. The thesis deals with numerical 3D simulations of response caused 

by air blast waves generated by C-4 charges on fully clamped rectangular 

targets. 

Two different approaches have been used to simulate the blast load. Firstly 

CONWEP load function was applied in order to generate the blast 

equivalent pressure distribution on the Lagrangian plate model. The second 

approach considered Multi Materials Arbitrary Lagrangian Eulerian 

(MMALE) formulation to simulate the shock phenomenon. Numerical 

results have been presented and compared with the tests performed by the 

EUROPA Research Technology Programme (RTP) military consortium and 

kindly provided by QinetiQ® showing an acceptable agreement. 
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OUTCOME�

The thesis deals with FEM numerical 3D simulations of the effects that 

induce air blast waves generated by C-4 charges on fully clamped 

rectangular targets made of steel and composite material. 

For the steel model simulations excellent results were obtained in terms of 

both dynamic and residual deflection. 

Regarding the composite models, assuming the composite matrix failure as 

the damage criterion, these very well simulated the CFRP armour tests, 

while in the case of hybrid targets the capability to predict the experimental 

results is slightly less reliable, probably due to the insufficient availability of 

experimental data. A reasonably good agreement between numerical and 

experimental results was also found in terms of fracture morphology. 
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CHAPTER 1�

Introduction 

1.1 Literature review - structural material analysis under blast load 

Structural materials behaviour under blast load is a relatively recent issue 

that during the last years has been concerning more and more both academic 

world and military industry as terroristic attacks [1] and guerrilla warfare 

contexts are becoming more and more frequent. In this scenario, studies 

regarding protection against landmine threats of army vehicles, buildings 

and personnel have been having an increasing role in Defence research. 

Since the costs of experimental trials are usually very high [2, 3] numerical 

FEM analysis can be an useful tool in order to minimize the number of 

experiments and, also, to understand general phenomenological aspects. 

The first studies regarding the response of structural components to blast 

loads concerned homogenous metal beams and plates [4-14] were focused on 

the effect of boundary, load and material properties in order to understand 

the physical phenomenon and to classify the failure morphologies. 

Initially three failure modes on fully clamped aluminium beams subjected to 

increasing uniform impulsive loads were identified [6] (Figure 1): 

- mode I “large ductile deformation”; 

- mode II “tensile-tearing and deformation”; 

- mode III “transverse shear. 

18�



Mode I – large ductile deformation 

Mode II – tensile-tearing and deformation 

Mode III – transverse shear 

Figure 1 - Failure modes of fully clamped aluminium beams subjected to increasing
uniform impulsive loads 

In the same load conditions, the failure modes of circular [9] and square [11, 

14] plates were found very similar to the beam ones. However, Nurick and 

Shave [14] observed three further phases for the failure mode II: 

- mode II* where the plate exhibits only partial tearing and the mid-

point deformation continues to increase with increasing impulse; 

- mode IIa where the plate is completely failed and the mid-point 

deformation continues to increase with increasing impulse; 

- mode IIb where the plate is totally torn but the mid-point 

deflection decreases with increasing impulse. 

They also compared the response of square and circular plate showing that 

mode IIa applies only to square plates. As observed by Shen and Jones these 

failure mode are obviously also related to boundary conditions [12, 15]. 

A certain number of studies concerned also the behaviour of structural 

components under localised blast load [16-21]. The response to this different 

load condition is not significantly different from the previous one. The 

principal difference is the comparison of a new failure mode, called “capping 

mode”, that is thinning and tearing of a central fragment or “cap”. This latter 

19�



failure mode was sub-divided by Nurick and Radford [17] in three further 

failure modes, that are: 

- mode Itc: large inelastic response with thinning in the central area; 

- mode II*c: partial tearing in the central area; 

- mode IIc: complete tearing in the central area “capping failure”. 

The mode IIc “capping failure” seems to be related to thermo-mechanical 

instability as Wiehahn et al. [19, 20] showed through a numerical model of 

circular plates with temperature-dependent material properties. 

The first studies regarding the effects of blast loads on composite structures 

were driven by maritime defence engineering demand. A fairly wide 

number of studies, in fact, concerned the effects of underwater blast shock 

on fibre-reinforced polymer matrix composites. Mouritz and co-workers 

investigated their influence on the fatigue life, damage, failure and bending 

properties [22-26]. They showed that glass reinforced plastic (GRP) panels 

backed by air and loaded by underwater blast wave at low overpressure 

exhibit only matrix cracking, while, as load increases, the damage appears in 

form of fibre failure and delamination. These damages imply reduction of 

both tensile and compressive strength, elastic modulus [22], fatigue life [23] 

and bending strength and modulus [26]. Further studies [25] demonstrated 

that for composites produced by resin transfer moulding the damage 

produced by blast load starts from original composite defects. Mouritz also 

verified the positive role of stitching in increasing the resistance capability of 

polymer composite against both ballistic and explosive threats. Composites 

stitched in the through-thickness direction with thin Kevlar®-49 yarn 

exhibited an increasing Mode I inter-laminar fracture toughness improving 

the damage resistance to explosive blast loading. However, in this case, 

additional localised damages in the GRP close to the stitches as well as lower 

tensile strength at higher shock load were found [24]. 

Comtois et al. [27] analysed the effect of explosives on polymer matrix 

composite laminates focusing on the effect of the joining methods applied 

on the composite panel. They also studied the effect of two kind of 

attachment, bonded and clamped, revealing that the joining method is the 

main factor influencing the pattern of damage. The damage found in 

adhesively bonded samples was less than that produced in clamped 
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structures and this is proportional to the applied impulse. Furthermore, 

carbon fibre composite panels exhibited a higher fibre resistance than the 

lower strength glass fibre. 

In 2002 Franz [28] published a work regarding experimental investigation 

into the response of glass-fibre chopped-strand mat laminates subjected to 

air blast pressure. In this work the author indentified three different damage 

modes: 

- matrix cracking (incipient damage); 

- delamination/debonding; 

- penetration (final damage). 

The damage endurance of each mode, damage propagation with increasing 

pressure impulse, damage distribution in the thickness direction of the 

targets and the way the blast attenuation and large-area support change the 

target resistance were analysed at relatively small charges. Laminated 

strength was found to improve by increasing the thickness, although 

delamination/debonding resistance decreased with increasing thickness and 

areal density. Moreover the impulse thresholds for the onset of delamination 

and perforation were found that increased with areal density. This study 

suggested the use of composite with different mechanical properties through 

the thickness that is high energy absorbing for the external layer in front of 

the charge and rear layer with high flexural rigidity. Since thermosetting-

based fibre metal laminates (FML) such as GLARE have a certain number of 

disadvantage like long processing cycles, low inter-laminar fracture 

toughness and lack of reparability, Langdon et co-workers [29] investigated 

the response under blast impact of thermoplastic FML based on 

unidirectional glass fibre reinforced polypropylene (GFPP). Energy 

absorbing capability was found through delamination at the 0°/90° interface 

(Figure 2), debonding between aluminium and composite (Figure 3 - a), 

perforation of the panels and spalling/petalling of the rear surface 

aluminium layer (Figure 3 - b). In order to classify the failure mode for 

laminated materials, the authors also stated new failure modes (Table 1) [29] 

that are the traditional failure modes [4-14] adapted and expanded to 

include the failure morphologies observed in these 2/1 (that is 2 layers of 

aluminium and 1 of composite) laminated materials. 
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Figure 2 – Delamination, petalling and fibre fracture of thermoplastic FML based on�
GFPP under blast impact [29]�

a b 

Figure 3 – Debonding (a) and spalling/petalling (b) of the rear surface aluminium layer [29]�

Table 1 - Failure mode for laminated materials under blast impact [29]�

In Mode I failure category 

Mode Idb Large inelastic deformation with debonding evident in the cross-section 

Mode Idl Large inelastic deformation with delamination of the composite plies 

Mode Idbdl Large inelastic deformation with debonding and delamination 

In Mode II* failure category 

Mode IIdb Partial tearing (no petals) with debonding evident in the cross-section 

In Mode II failure category 

Mode IIsp Symmetric petalling of the panel 

Mode IIspr Symmetric petalling of the rear surface of the laminated panel 

Mode IIspf Symmetric petalling of the front surface of the laminated panel 

Mode II sprf Symmetric petalling of the rear and front surfaces of the laminated panel 

Mode II spe Symmetric petalling with the petals elongated in one direction 

Mode II spre Symmetric petalling of the panel rear surface, elongated in one direction 

The influence of the thickness and material distribution on FML blast 

response was examined by Lemansky [30]. No important difference between 
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different plates of similar overall thickness and increasing number of layers 

was found, suggesting that debonding does not absorb a significant amount 

of explosion energy. Moreover, thicker and thinner panels have different 

front and rear layer deformations. Because thicker panels have a higher 

bending stiffness they show larger debonded area. This is because for thick 

panels’ debonding is a less energetic failure mechanism compared to plate 

bending. 

The response under blast load of FMLs manufactured using 2024-O 

aluminium and woven glass fibre-reinforced polyamide 6,6 (GFPA) was also 

studied [31]. Aluminium/GFPA interlaminar fracture toughness was found 

significantly lower (940 J/m2) than aluminium/GFPP fracture resistance but 

greater than that measured on other thermosetting composites. On the back 

face the damage exhibited diamond and circular shape dependent upon the 

panel thickness (Figure 4). 

Figure 4 – Back face damage increasing thickness and impulse [31] 
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Thin panels showed diamond damage while thicker (>10 mm) panels had a 

less defined damage shape. On the front face different damages, such as 

pitting (Figure 5), global displacement and tearing were observed. Cross 

section inspection also showed multiple debonding and delamination, large 

plastic displacement and fibre breakage (Figure 6). 

Figure 5 – Pitting on the front face [31] 

Figure 6 - Cross section debonding, delamination, large plastic deformation and fibre breakage [31] 
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