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Abstract

This research investigated the blast performance of Glass-Fibre Reinforced Polymer (GFRP) V-
structures compared to equivalent mass steel V-structures. The blast performance was measured
in terms of three metrics, namely, impulse transferred, maximum mid-point deflection and

permanent damage/deformation.

A series of blast experiments were performed on manufactured GFRP and steel V-structures.
The GFRP V-structures were made using Vacuum Infusion (VI), using a 400 g m~? woven E-glass
and a Prime 20LV resin with a Low Viscosity (LV) slow hardener. The steel V-structures were
manufactured by laser cutting the flat panel profiles from a sheet of 2 mm thick DOMEX-700
MC sheet and then Computer Numerical Control (CNC) bending them to the desired profile.
Three panel configurations were experimentally blast tested, namely, a 105° V-angle with a
32mm V-tip radius, a 105° V-angle with a 62 mm V-tip radius and a 120° V-angle with a 32 mm
V-tip radius. Blast tests were performed by detonating PE4 charges ranging from 10g to 40 g at
a Stand-Off Distance (SOD) of 34 mm. Digital Image Correlation (DIC) was used to track the
transient deformation of the V-structures, while the final deformed profile of the V-structures

was determined using a 3D scanner.

A series of numerical simulations were also performed on the GFRP and steel V-structures. The
simulations used quarter symmetry models to utilise the symmetry of the experimental setup.
The material model parameters were obtained from a series of material tests carried out on
GFRP and steel specimens. The simulations were validated against the experimental results
for a number of test cases for impulse transfer, and transient and permanent deformation. The
simulations were then extended to look at a range of V-tip radii, V-angles and charge masses,
while the SOD was held constant.

For the steel V-structures, the blast experiments found that increasing the V-tip radius and V-
angle resulted in an increase in impulse transferred as well as transient and permanent mid-point
deflection. This result was confirmed when the set of V-tip radii investigated was increased
in the simulations. The trends in the results for the GFRP V-structures were similar to the
equivalent steel plates. The delamination and total crack length were observed to increase with
an increase in V-angle and charge mass. In general, the study found that GFRP V-structures
were inferior to their equivalent mass steel V-structures in terms of panel rupture threshold.
The GFRP V-structures exhibited lower transient deformation, but panel rupture on the rear
face was observed at a lower charge mass. No tearing or rupture was observed in the steel

V-structures tested at similar charge masses.
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Chapter 1
Introduction

1.1 Background and problem definition

Since the earliest days of war, soldiers and other military personnel have needed to be transported
in combat zones. Once motorised transportation was developed, this was done with vehicles
that used a standard car and truck chassis. The earliest example of a V-hulled Mine-Resistant
Ambush Protected vehicles (MRAPs) dates back to World War II (WWII) with the Swedish
SKPF/VKPF M/42 [1] shown in figure 1.1. These vehicles were developed to counter the threat
of landmine explosions by deflecting the blast pressure wave around from the crew compartment
and thus reducing the impulse imparted to the occupants and lowering the deformation of the
floor. While landmines had been used in warfare since the 16th century, there was a marked
increase in their usage during World War I (WWI) to combat the threat of tanks [2]. An
additional threat from Improvised Explosive Devices (IEDs) to military personnel has been seen
in the last two decades during the Afghanistan and Iraq wars [3]. Landmines and other forms of

buried or unburied IEDs usually lead to the generation of a blast wave and also to the projection

of primary and secondary fragments although this is outside the scope of the study.

. Ld

Figure 1.1: Photograph of an SKPF/VKPF M/42 Armoured Personnel Carrier (APC)
developed during WWII by the Swedes [4]

The early V-hulled MRAPs were developed using a standard vehicle chassis and suspension
arrangement, onto which a V-hull was attached. While this reduced the cost of design and

manufacture, the increase in mass affected the stability and speed of the MRAP. Later V-hulled
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MRAPs utilised a monocoque chassis [5], which allowed many critical components to be moved
inside the V-hull resulting in better protection in the event of a landmine explosion [5]. This
approach did come with an increase in the design and manufacturing costs due to the customised
layout of the chassis. Various grades of steel have been used to manufacture the V-hulls on
MRAPs due to its low cost, availability, and decent ballistic protection [6]. To achieve the desired
armour protection the plate thickness needed to be sufficiently large resulting in a significant
increase in the total mass of the MRAP. This compromised mobility and decreased fuel efficiency
which reduced its range [6]. In order to reduce the mass of these MRAPs and still retain the
same levels of armament, it is necessary to change either the design of the MRAP hull or the

materials used to construct the V-hull.

Fibre Reinforced Polymers (FRPs) have been extensively used in the automotive, aerospace
and maritime industries due to their high strength-to-weight ratios, good corrosion resistance
and design variability [6], but they have seen limited use on military personnel carriers due to
incompatibilities with the existing processes used to manufacture MRAPs [6]. Glass fibres have
a higher tensile strength and a lower stiffness than steel [7]; this suggests that FRP V-hulls will
deform elastically prior to fibre fracture. FRPs are usually lighter than steel, which would aid in
the mass reduction of the MRAP and thus improve performance, which is critical in a combat
zone environment. One limitation of FRP V-hulls is that it is not possible to manufacture them
with as tight a radius at the V-tip as the equivalent steel V-hulls. This might affect the ability
of the structure to deflect the blast wave from a landmine or IED. Although, at the scale of a

full-sized MRAP this manufacturing challenge is less likely to be significant.

The key terms used in the description of V-structures in this study are shown in figure 1.2 with
labels for the V-angle, V-tip, bend radius and panel height. Previous research has been done on
the blast response of steel V-structures subjected to air blasts. One of these studies looked at
the effects of varying the V-angle on the mid-point deflection and impulse of DOMEX-700 MC
steel V-structures [8]. It was found that decreasing the V-angle reduced the impulse transferred
and lowered the permanent deflection of the V-structures but would result in an increase in the
ride height of the MRAP. A few limited experiments were reported on composite V-structures
by Follett [9]. The composite V-structures experienced smaller permanent deflections than the
steel V-structures, although all the composites exhibited delamination, fibre failure and matrix
failure on the outer surface and delamination on the inner surface [9]. No impulse transfer
data was reported in the study. Due to the limited number of experiments in this study, it was
not possible to draw conclusions on the performance of these V-structures compared to the
equivalent mass and geometry steel counterparts. Langdon and Shekhar [10] showed using a
validated numerical model on rigid V-structures that the V-tip radius, and by extension, the

geometry of the V-structure was critical in controlling the impulse transferred to the V-structure.
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Figure 1.2: Side profile of a V-structure showing the V-tip, tip radius, V-angle and plate
height

Bend radius

Looking at the existing body of research, it is necessary to manufacture and test a sufficiently
large range of steel and GFRP V-structures with equivalent mass and geometry to characterise
their blast response characteristics. Furthermore, due to the high costs of blast test experiments,
it is necessary to develop numerical blast models for both the steel and GFRP V-structures.
These models will allow trends in impulse, transient and permanent deformation, and deformation
profiles to be determined for a range of V-structure geometries and blast loading conditions.
Additionally, it is necessary to ensure that the GFRP V-structures can be manufactured with
consistent V-tip radii to ensure that the deformation and impulse transferred can be accurately
compared with their steel counterparts. Finally, while the effect of the V-tip radius has been
studied for rigid V-structures, it has not been investigated for deformable steel and GFRP
V-structures. Investigation of these effects will increase the insight into the behaviour of these

V-structures with varying geometry and potentially aid in the design of V-hulled MRAPs.

1.2 Research questions

The research questions to be answered in this thesis are listed below:

1. Can GFRPs be used in place of steel in the construction of V-structures without altering

the protection of the V-structures?

2. What effect does the V-tip geometry (V-angle and V-tip radius) have on impulse transfer
and structural damage characteristics of GFRP and equivalent mass DOMEX-700 MC

steel V-structures?

3. How does charge mass influence impulse transfer, transient deformation and damage
progression in air-blast tested GFRP and equivalent mass DOMEX-700 MC steel V-

structures?
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1.3 Hypothesis

GFRP V-structures have a superior blast performance when compared to equivalent mass
armoured steel V-structures, measured in terms of impulse transfer and structural response, for

a range of air-blast loading scenarios.

1.4 Thesis overview

A literature review is provided in the Chapter 2. This includes a brief history of landmines
and MRAPs, followed by a description of composite materials and the manufacture of Fibre
Reinforced Polymers (FRPs). Finally, a selection of previous experimental and numerical studies
performed on steel and GFRP panels with different geometries are discussed. The manufacturing
of the steel and GFRP V-structures is presented next in Chapter 3. This includes the chosen

V-structure geometries and the advantages and limitations of the chosen manufacturing methods.

The remaining chapters discuss the results of the various experimental testing and numerical
simulations performed as part of the study. The quasistatic materials testing of steel and GFRP
specimens is presented in Chapter 4. These tests were performed to gain insight into the material
properties that are needed for the numerical blast models and as a check for consistency in the
materials and manufacturing methods used in this study. Chapters 5 to 7 describe the design
of the blast test experiments and then present and discuss the blast test results for the steel
and GFRP V-structures. Included in these chapters are details of the impulse measurements,
permanent deformation and damage, and the transient deformation behaviour of the V-structures.
The numerical blast simulations performed on the steel and GFRP V-structures are presented in
Chapters 8 and 9. These chapters start with the validation of the models with experimental
results and then investigate trends in the blast performance of the V-structures when the design
parameters are varied. Finally, the results of the steel and GFRP V-structures are compared
with one another in Chapter 10 before the conclusions of the research and recommendations for

future studies are presented in Chapter 11.
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Chapter 2

Literature review

This literature review begins with a short background on landmines and APCs and aims to
provide an explanation for the potential benefits of using a FRP composite V-hull on APCs.
This is followed by a description of what constitutes a FRP composite material and the various
manufacturing techniques available to produce these V-structures from FRPs. Next, a review of
previous studies performed on steel and FRP structures subjected to localised air-blast loads is
presented. A description of the techniques used to measure the transient deformation of blast
loaded structures is then provided. Lastly, the published literature on the numerical modelling

of blast loaded structures is detailed.

2.1 History of Armoured Personnel Carriers and landmines

Landmines can be defined as explosive devices that are either placed in the ground or fixed to
objects above ground [11] and which detonate or explode when in proximity to their intended
target, whether that is a person or a vehicle [12]. Landmines have been used as a means of
attack since the 16th century when troops would tunnel under the position of their enemies and
detonate explosives [1], while the first pressure-sensitive landmine was used during the Crimean
War in the 1850s [13]. This design was copied and reused during the American Civil War and
this fuse design is still in use today [13]. Landmines became an integral part of military strategy
at the end of World War I (WWI) to combat the first battle tanks [2]. It is estimated that
there are around 84 million landmines still buried underground, while between 2 and 5 million
landmines are planted each year [12]. Additionally, approximately 12000 individuals are injured

or killed each year from a landmine detonation [12].

A landmine usually contains an amount of explosive enclosed in a casing made from wood, metal
or plastic and a trigger mechanism which allows the charge to be detonated [11]. Landmines can
be split into two categories [12] based on the mass of explosives used and their intended target.
These are Anti-Personnel mines (AP-mines) which are designed to target people and Anti-Tank
mines (AT-mines) which target tanks or other armoured vehicles [14]. AP-mines can be further
categorised based on their method of injury [11]. These categories are blast, fragmentation,
bounding fragmentation and directional fragmentation [11, 14]. Blast mines are typically small
in size and use the effect of the blast to injure the target, while fragmentation mines use the
shock wave and its transmission of impulse to the fragments to propel them into the target.
This increases the area of the target structure damaged in the explosion [14]. As AT-mines
were developed to counter the threat of assault tanks, they are larger (and hence contain more
explosive) than AP-mines [11]. An AT-mine typically contains 2kg to 9kg of explosive and
requires a pressure of 100 kg to 300 kg to be triggered, while an AP-mine contains 10g to 250 g
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of explosives and requires a pressure of 5kg to 50kg to detonate [12]. While landmines are
still being deployed, IEDs are becoming a more widespread threat, most notably in the recent
conflicts in Iraq and Afghanistan [15]. An IED is a low-technology, home-made explosive mine,
that uses either commercial or military grade explosives and is usually remotely triggered [3].
Occupants of MRAPs subjected to landmine blasts have been found to experience accelerations
of up to 670kms~2 [16] with injuries including fractures in the spine, feet, and elbows [17]. The
reported maximum forces were found to be around 3.5kN in the tibia and 2kN in the spine [18].
Additional studies found that the use of a double V-hull can reduce the peak force experienced

in the tibia [19], however this was not investigated as part of this study.

APCs are not a recent invention and have been used in conflicts for many centuries as a means
of transporting troops onto the battlefield [20]. The development of armoured vehicles increased
rapidly upon the invention of the internal combustion engine. The first major development of the
APC happened at the end of World War I when the British Army commissioned an armoured
vehicle based on an assault tank [20]. MRAPs are a type of APC that utilise a V-hull or armour
plating to protect its occupants from exploding landmines and IEDs. V-hulled APCs have been
around since the end of WWII, although the USA only started major development of MRAPs in
2006, due to the threat of IEDs [21].

Shneck [5] summarised the development of MRAPs into four categories based on the armour

used and how the vehicle was designed:
o Generation 1 - Improvised kits manufactured in the field by soldiers
e Generation 2 - Kits designed and manufactured for field installation

e Generation 3 - Vehicles that use a standard chassis, onto which a mine-resistant hull was

mounted

o Generation 4 - Vehicles which use a monocoque chassis which incorporated the mine-

resistant hull

The SKPF/VKPF M/42 APC first used in 1944 is the earliest example of a third generation
MRAP and incorporated a V-shaped hull [1], which deflected the blast wave outwards and away
from the crew compartment. During the Rhodesian Bush War, there was a significant increase
in the development of landmine protected APCs due to the large scale use of AT-mines as a
means of attack by the guerrilla soldiers [1]. A substantial amount of development was done by
the South African Defence Research Unit (DRU), who developed the Camel, which was based
on a Ford F-250 chassis [1]. It had a V-shaped hull with a sharp V-angle of 43° that meant that
these vehicles had a tendency to topple over, due to the high centre of gravity, while also limiting
the space inside the crew compartment for personnel or equipment [1]. Pakulski et al. [22] found
that 56% of the total accident costs from MRAP accidents came from rollovers. While these
third generation MRAPs provided good protection for troops and had lower manufacturing costs,

they suffered from reduced performance in the field, due to the greater mass of the vehicles [5].

Generation 4 MRAPs had excellent mine resistance and performance [20], as it was possible

to move critical components inside the V-hull for better protection from a landmine or IED
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explosion [1]. The main drawback of these vehicles was a greater cost of manufacture due to
the custom nature of their designs [1]. The South African Casspir APC, shown in figure 2.1,
was developed in 1979 and had a shallower V-angle of approximately 95° which reduced the
centre of gravity and hence improved the performance of the vehicle [1]. Further development
(Armour plating and engine) of the Casspir has since been performed by the DRU, although
the basic design remained the same. Ramasamy et al. [23] investigated the effect of different
modifications to the design of landmine protected vehicles on the blast protection offered by
these vehicles using data from the Rhodesian bush war. In total, seventeen vehicles used during
the Rhodesian war were investigated and some of the key metrics studied included the effect
of the V-shaped hull, the ground clearance and the vehicle mass. Ramasamy et al. [23] found
that all modifications resulted in a reduction of the occupants killed, while the V-shaped hull
and vehicle ground clearance also resulted in a reduction in the number of vehicle occupants
injured by the blast. These findings confirm the benefits of using a V-shaped hull on landmine

protected vehicles as a simple way to improve their blast protection characteristics.

Figure 2.1: Photograph of a Casspir V-hulled APC [24]

In more recent years there has been an increase in the number of APCs utilising composite
materials for armour protection due to their high strength-to-weight ratios [6]. The Navistar
International MaxxPro was developed in 2007 and is one of the most used MRAPs by the US
Army [21]. The composite armour used was bolted together to allow for easy maintenance [21].
Another MRAP that utilises composite armour is the BAE Caiman which was also developed in
2007 [21]. The BAE Caiman Light was also developed soon after and was significantly lighter
than the full-sized Caiman while retaining similar blast and ballistic protection [21]. Both the
Caiman and the MaxxPro utilise V-shaped hulls, although these hulls are manufactured from
armoured steel, while the composite armour is simply attached to the body [21]. The MaxxPro

and the Caiman have a gross mass of 19.73t and 22.96 t respectively, with a maximum speed
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of 104kmh~! [21]. This means that they actually weigh significantly more and only have a
slightly improved top speed compared to the Casspir APC, which has a mass of 12.58t and a
top speed of 90kmh~! [25]. Additionally, the Casspir is capable of withstanding a blast from a
TM-57 landmine (which contains 14 kg of TNT) [8] while the BAE Caiman is only capable of
withstanding a 13kg TNT equivalent blast [21]. This suggests that there is a need to perform
experiments and further develop FRP composite V-hulls for APCs.

2.2 Composite materials

A composite can be defined as a material that is manufactured from at least two constituent
materials [26-28]. The resulting composite material has more useful properties than the
constituent materials [26, 28], while the constituent materials used are typically insoluble in
one another [26]. Unlike metallic alloys, composites are inherently heterogeneous, with the

constituent materials retaining their respective chemical and mechanical properties [28].

Composites normally contain some type of reinforcement, which may be particles, flakes or fibres,
embedded in a softer material or matrix [27, 28]. Three examples of such composites are shown
in figure 2.2. Particulate reinforcements include aluminium particles and silicon carbide particles,
while typical examples of flake materials include glass, aluminium and silver [29]. Typical fibre
reinforcement materials include glass, aramids, carbon, and boron fibres [30]. The matrix is

usually polymer based, although ceramics and metals are also used [27].
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Flake composites

Fiber composites

Figure 2.2: Schematic of three different reinforcements, i.e. particles, flakes and fibres [29]

Particulate composites are usually considered to be generally isotropic due to the random
distribution of the particles in the matrix, although they tend to be weaker than continuous
fibre composites [28]. Particulate composites are often less expensive to manufacture than fibre
composites but contain a smaller percentage of reinforcement [28]. Flake composites have the
additional benefit of a higher flexural modulus compared to particulate composites, making
them more resistant to bending stresses [29]. Flake composites are also cheaper than fibre
composites but can be challenging to manufacture due to difficulties in orientating the flakes in

the matrix [29].

Fibre composites can be classed as either fibre-reinforced or fabric-reinforced composites [26].
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Fibre-reinforced composites can be further categorised based on whether the fibres are continuous
or discontinuous [26, 28]. Examples of each type of fibre are shown in figure 2.3. Continuous
fibres have long aspect ratios and a preferred orientation, resulting in anisotropic mechanical
properties [29]. However, discontinuous fibres have a short aspect ratio and a random orientation,
which results in reduced strength and stiffness but more isotropic properties [28]. Unidirectional
and helically wound fibres are examples of continuous fibre reinforcements, while whiskers
and chopped fibres are examples of discontinuous fibre reinforcements [26]. Fabric-reinforced

composites are made using long continuous fibres that are braided, woven or knitted [26].
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Figure 2.3: Schematic showing the differences between continuous and discontinuous
fibres [28]

The matrix used in a particular composite must be chosen such that it has good adhesion with
the reinforcement used. Additionally, it must have a sufficient stiffness that results in the load
being distributed uniformly across the reinforcements [31]. The functions of the matrix are to
hold the reinforcements in their correct orientation, to distribute the load to them and to protect
the fibres from corrosion and the environment [31]. Polymer matrices are very common and
can be broadly classed as either thermoset or thermoplastic. Thermoset polymers are polymers
that form an insoluble and infusible solid when cured, with strong covalent bonds between
the polymer chains [26, 29]. Thermoplastic polymers can be repeatedly softened using high

temperatures and pressures and then reshaped using moulds or via extrusion [26, 29]. Unlike
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thermoplastics, thermoset polymers cannot be reheated and reshaped due to the strong covalent
bonds [29]. Examples of thermoset polymers include epoxies and polyesters while polypropylene

and nylon are examples of thermoplastics [29, 31].

Fibre reinforced polymers are popular because they are relatively simple to manufacture, with
high strength at relatively low cost [29]. One drawback of FRPs is their low resistance at high
temperatures [31]. Metal matrices cost significantly more than polymer matrices as they need
very high temperatures and pressures for processing [28, 29], although metal matrix composites
(MMCs) have several advantages over FRPs. These include higher operating temperatures,
better wear and fatigue resistance and higher strength and elastic stiffness [27, 29]. Typical
examples of metal matrices include aluminium and titanium [29]. Similarly to metal matrices,
ceramic matrices also require high temperatures and pressures for processing [28] and ceramic
matrix composites (CMCs) have even higher strength and temperature resistance than MMCs,
meaning that they often find use as cutting tool inserts [29]. Alumina and Calcium Alumino

Silicate are typical examples of ceramic matrices [29].

Many composites are described as anisotropic. An anisotropic material is one that has dif-
ferent mechanical properties in all directions at a point [28]. More specifically, there are 21
independent elastic constants at a point in the 3D stiffness matrix [29]. Single lamina continuous
fibre-reinforced composites are a special example of anisotropic materials, called orthotropic
materials [28, 29]. A lamina is a special class of composite that is made up of one or more
adjacent plies that have the same orientation and are made of the same material [26]. These
materials have three mutually perpendicular planes of material symmetry, which means that

loads applied in any of these three directions produce only normal strains [28, 29].

Unidirectional laminae are strong in the direction of the fibres but are very weak in the perpen-
dicular directions as the load is taken up by the significantly weaker matrix [28]. One method
to improve the strength properties in other directions is to create a laminate. When laminae
are stacked in different orientations, the resulting composite is referred to as a laminate [26,
29]. The stack of plies in a particular sequence and orientation is referred to as the lay-up [26].
Each layer is identified by its location, its material and angle of orientation with respect to a
reference axis [29]. A lay-up code can then be given for the composite, which is an abbreviation
of the stacking sequence [26]. If the plies above and below the mid-surface are mirror images
of one another, the laminate is referred to as symmetric [29]. A balanced laminate is one that
contains an equal number of plies with an angle of plus and minus theta, where theta is the
acute angle with respect to the reference direction [26]. If a laminate is both balanced and
symmetric, then it is said to be quasi-isotropic and display near isotropic behaviour in the plane
of the laminate [26].

Composites have seen limited use on MRAPSs due to incompatibilities with the existing processes
used to design and manufacture them with metal V-hulls [6]. One major advantage of FRPs for
V-hull design is that they should be lighter than steel V-hulls. This reduction of mass would
result in an improvement in the performance and mobility of the MRAPs. Finally, there have
been improvements in the strength and impact resistance of composites which has resulted in an

increase in their potential for use in V-hulls [6].
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2.3 Manufacturing Fibre Reinforced Polymers (FRPs)

There are a number of different ways to manufacture FRP composite laminates. The method
used for the manufacture of a composite is based on the type of FRP, the quality required, the
allowable cost and the number of parts to be made. The manufacturing methods for FRPs
using thermosetting resins can be split into three broad categories, namely, Liquid Composite
Moulding (LCM), the use of resin pre-pregs, and Sheet Moulding Compound (SMC) or Dough
Moulding Compound (DMC) [27]. The main objectives of the manufacturing process are to make
sure that all the fibres are wetted by the resin, aligned in the correct directions and uniformly
distributed [27].

The most basic techniques involve impregnating the dry fibres with low viscosity liquid resin [27].
Broadly speaking, these techniques are known as LCM. These include hand laminating, Resin
Transfer Moulding (RTM), filament winding and pultrusion. Hand laminating (i.e. wet lay-up),
is the simplest and oldest technique for manufacturing composites [32]. The main advantages of
this process are that any shape can be produced and the capital costs are low, although a mould
is required [27]. The limitations of wet lay-up are that the process is labour intensive and quality
control is challenging [27, 32]. Furthermore, it can be difficult to accurately control the part
thickness, the fibre content and the surface quality [32]. This means that wet lay-up is commonly
used for low volume production or prototyping [32]. Quality can be improved through the use
of vacuum bagging after the lay-up and wetting out of the dry materials. This compaction

improves the fibre volume fraction and results in a part with a more consistent thickness [33].

RTM is another form of manufacturing, in which the dry fibres are placed in a mould and then
the resin is injected into or drawn through the mould [33]. The process can be split up into four
stages, shown in figure 2.4. The first step is the preforming stage, which involves laying dry
fibres onto a mould in the shape of the final part [32]. The next step involves the infusion of

resin into the mould. The last two steps are the curing and de-moulding phases [27, 32].

The basic approach of RTM involves using pressure to force the resin into the mould and
infuse the dry fibres. Vacuum Assisted Resin Transfer Moulding (VARTM) is similar to RTM,
except the process is vacuum driven instead of pressure driven [33]. Vacuum Infusion (VI) and
Seaman Composite Resin Infusion Moulding Process (SCRIMP) are specific examples of VARTM
processes that use a flexible membrane for the top half of the mould [32]. The moulds required
for VARTM are lightweight and low cost and VARTM is cost-effective for mid-range production
volumes. A couple of disadvantages include the possibility of void formation or resin rich or dry
areas during manufacture due to air entrapment during resin impregnation and the difficulty for
the resin to flow into the small gaps due to the lower pressures used that reduces the quality of
the part, along with the difficulty in determining the flow rate of liquid resin through the dry

products due to variations in the compression pressure [32].
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Figure 2.4: Schematic of the resin transfer moulding (RTM) process [33]

The second category of thermoset FRP manufacture involves the use of pressure and heat to
consolidate pre-pregs [27]. Pre-pregs are sheets of fibres that are pre-impregnated with resin
and then partially cured [27]. Layers of pre-preg are stacked in a mould and then placed in an
autoclave or oven under vacuum bags at high pressures and temperatures in order to produce
the final part. The mould needs to be designed to handle the high temperatures in the autoclave
(and hence can be quite costly) and there is also the possibility of moisture being introduced
into the resin when thawing out the pre-preg from the freezer [32]. Additionally, pre-pregs have
a limited shelf life which can be costly if they are not used in the time window [32]. Pre-pregs
are generally not suitable for the manufacture of MRAPs V-hulls due to their size. This would

require a large autoclave to cure the panels which would be cost prohibitive.
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The third category is similar to the use of pre-pregs, but instead, it uses SMC or DMC [27].
SMCs are made by combining resin containing thickening agents and particulate fillers with
chopped fibres to create a slurry. The slurry is then pushed through a set of rollers to create
a sheet. DMCs are similar to SMCs but the mixing is done using a blender at high shear
rates, which reduces the fibre length and makes the fibre orientation more random [27]. Both
SMCs and DMCs use hot press moulding to form the final shape and to cure [27]. While these
manufacturing approaches can be used to produce composite structures with complex shapes,
they are typically used to manufacture smaller components with a low fibre volume fraction
(15-40%) and lower strength [27].

2.4 Experimental studies into the blast response of steel struc-

tures to localised air blasts from cylindrical charges

2.4.1 Blast testing of flat and curved steel panels

Several studies have been conducted on the blast performance of flat steel panels with a circular
exposed area [34-36]. These studies investigated the failure modes observed in steel panels
subjected to localised blast loads from cylindrical PE4 charges. Three failure modes were found.
Namely, mode I - large inelastic deformation, mode II - tearing at the clamped edge, and mode
III - shear failure at the clamped edge [34]. Nurick and Radford [36] extended this research by
varying the explosive charge diameter. In this study, additional failure modes were identified for
flat panels with a circular exposed area. Two of these failure modes were, mode IT*c - partial
tearing in the central area and mode Ilc - capping (complete tearing in the central area of the

structure) [36]. A selection of these failure modes are shown in figure 2.5.

Figure 2.5: Blast tested flat panels tested by Jacob et al. [37] showing failure modes I and
IIc
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Nurick et al. [38] investigated the effect of changing the shape of the explosive charge on the
measured impulse and the permanent mid-point deflection of flat steel panels with a circular
exposed area. Three charge shapes were considered, namely, a cylinder, a truncated cone and
an inverted truncated cone while the explosive height, charge diameter, and charge mass were
also varied. The Stand-Off Distance (SOD) was fixed at 14 mm for all the tests. Mode I, mode
IT*c, and mode IIc were observed in the experiments, matching similar findings in previous
studies performed on localised blast loaded flat steel panels [34-36]. An analytical approach
was used to determine the effective charge mass of each charge geometry investigated. It was
found that depending on the shape, height, and diameter of the charge the shock profile varied
and resulted in a different distribution of explosive energy on the structure. Using this analysis,
it was found that the inverted truncated cone resulted in the highest measured impulse but
the lowest permanent mid-point deflection as the load was distributed over a larger area of the

target structure [38].

The blast response of flat steel panels with a quadrangular exposed area has also been extensively
studied with damage and failure propagation considered in the different investigations [39, 40].
Jacob et al. [37] investigated the response of cold rolled, quadrangular flat mild steel panels
subjected to blast loading from cylindrical Plastic Explosive No. 4 (PE4) charges. The plate
thicknesses (1.6 mm to 4.0 mm), charge heights (1.8 mm to 14 mm) and charge diameters (24 mm
to 64mm) were varied, while the Stand-Off Distance (SOD) was fixed at 12mm. The test
arrangement used for the experiments is shown in figure 2.6, which was mounted onto the
ballistic pendulum at the Blast Impact and Survivability Research Unit (BISRU) labs. Jacob
et al. [37] particularly examined the effects of charge height and plate thickness on mid-point

deflection and impulse transfer [37].
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Figure 2.6: Schematic of the clamp frame, flat panel and explosive arrangement used by
Jacob et al. [37]

Large plastic deformations were observed in all the tests, while the mid-point deflection was
observed to increase as the impulse increased. Additionally, the panels exhibited thinning,
followed by tearing as the impulse increased. Jacob et al. [37] found that, as expected, an
increase in charge height (and thus an increase in charge mass for a constant charge diameter)
resulted in an increase in impulse. A decrease in deflection was observed for an increase in plate
thickness, while the plate aspect ratio (i.e. the width to thickness ratio of the panels) did not

appear to influence the deformation of the panels [37].
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McDonald et al. [40] investigated the response of high-strength armour steels to localised blast
loads. In the study, four armour steels were considered with yield strengths in the range of
800 MPa to 1200 MPa. They had an exposed area of 400 mm x 400 mm and a thickness of
4mm and were fixed to the ballistic pendulum at BISRU. Two SODs were investigated, namely,
13 mm and 25 mm, while the charge mass was varied from 40g to 75g. The primary aim was
to determine the rupture threshold for each of the steels investigated. The armour steel with
the lowest yield strength required the largest charge mass at both SODs to rupture, while the

performance of the other three steels were similar at the lower SOD tested [40].

2.4.2 Blast loading of steel V-structures

The response of steel V-structures to localised blast loads has been investigated experimentally
in a few key studies which considered the influences of geometric variations such as V-angle and
V-structure shape, as well as effects of the SOD and charge mass used [8, 41, 42]. Chung Kim
Yuen et al. [8] looked into the effects of the internal V-angle on the response of scaled V-structures
to localised blast loading from cylindrical PE4 charges. Two manufacturing techniques (folded
and welded V-structures) were also investigated. The V-tip (bend) radius was fixed at 2.0 mm for
all the structures to ensure that it did not affect the V-structure performance. The V-structures
were manufactured from 2.0 mm thick DOMEX-700 MC steel that was folded to V-angles of
60°, 90°, 120°, 150° and 180° (a flat structure) were tested, while the welded structures were
manufactured with a V-angle of 120°. These configurations are shown in figure 2.7.

60°

120° folded
’ 150°
90°
120° Welded
180°

Figure 2.7: Schematics of the V-structures tested by Chung Kim Yuen et al. [8]

These tests were designed to reproduce a scaled version of the loading that may arise from a
landmine or TED detonation under a V-hulled APC, hence the charge mass and diameter were
scaled based on the dimensions and mass of a TM-57 AT-mine [43] using the Hopkinson-Cranz
blast scaling provided in equation (2.1), where R is the SOD, Z is the scaled distance, and W is
the scaled TNT weight parameter which is 1.3 for PE4-TNT. The width of the V-structures and
SOD were scaled based on the width and ground clearance of the Casspir APC MK II [25]. These
scaling laws produced a SOD of 50 mm. Additionally, the Casspir was designed to withstand a
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14 kg TNT equivalent blast, which corresponded to 19g of PE4. For the 120° V-structures, a
range of stand-off distances were investigated, ranging from 18 mm to 50 mm. A SOD of 50 mm
was found to produce negligible deflections and hence the SOD was reduced to 34 mm for most

of the remaining tests [8].

R

Chung Kim Yuen et al. [8] found that as the stand-off distance increased, the mid-point deflection
decreased, due to the loading becoming less localised, but the impulse transfer was unaffected.
Additionally, as expected, both mid-point deflection and impulse transferred increased as the
charge mass was increased for a fixed V-angle. As the V-angle was increased the impulse
transferred to the pendulum also increased and the smaller V-angles exhibited a lower mid-point
deflection. Although the smaller V-angles displayed superior performance characteristics, it was
also noted that the centre of gravity of a potential MRAP would be raised. Furthermore, as
noted previously, on early APCs such as the Camel, the sharp V-angle of 43° limited the space
within the crew compartment for troops and equipment, and increased the likelihood of the
vehicle toppling over [1]. It was also noted that the welded V-structures performed significantly
worse than their folded counterparts. Thus the study concluded that the best V-angle to use
was a 120° folded V-structure [8]. The best performing V-structures resulted in a vehicle with a
larger ride height, hence two additional approaches [41, 42] were considered as a means to reduce
the centre of gravity of the MRAP. In these two studies, the V-structures were manufactured
from 2.0 mm thick DOMEX-700 MC steel to allow for comparisons to be drawn with the tests
performed by Chung Kim Yuen et al. [8].

Figure 2.8: Schematics of the novel V-structure tested by Langdon et al. [41]

Following these experiments, Langdon et al. [41, 42] investigated novel V-structure designs, one
of which is shown in figure 2.8, in which a portion of the "V" was cut away to reduce the height
of the V-structure. The first approach involved removing the V-tip, by cutting off different
ratios as shown in figure 2.8. The cut-off ratio is defined as the percentage of the height of
the original V-structure that is replaced by the flat portion. Cut-off ratios of 20, 50, 75 and
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100% (i.e. a flat structure) were investigated, with V-angles of 60°, 90°, and 120°. These shallow
V-structures performed poorly when compared to the original V-structures and hence it was
concluded that removing the V-tip was not a suitable technique for reducing the total height
of the V-structures [41]. The second approach that was utilised involved combining a sharp
and a shallow V-angle to create a compound V-angle V-structure. This meant that the sharp
V-tip was still present which could deflect the blast pressure wave. In general, these novel
designs also performed worse than their single V-angle counterparts in terms of impulse transfer
but performed better in terms of measured permanent mid-point deflection at the V-tip [42].
Additionally, double-V or W-structures were tested. These performed poorly in terms of both

metrics investigated [42].

2.5 Blast loading of composite structures

2.5.1 Blast response of flat and curved FRP composite structures

Numerous studies have investigated the response of FRPs to blast loads by considering the
effects of charge mass, SOD, fibre and resin materials, and panel thickness [44-49]. Mouritz [44]
reviewed multiple studies performed on blast loaded composite structures and noted that there
were limited studies performed on curved, tubular, and V-shaped structures that could be

considered in the review.

Comtois et al. [45] investigated the response of flat quasi-isotropic carbon and glass fibre laminates
to blast loads from cylindrical PE4 charges. Both were made using 16 plies of pre-preg material,
with the carbon fibre laminates manufactured using unidirectional sheets, and the glass fibre
ones were made using woven sheets. The charge masses used were 0.5¢g to 1.5 g and the SODs
tested were 54 mm to 500 mm. In general, increasing the charge mass resulted in an increase in
the percentage delaminated area. This matches the observations of similar research on chopped
strand mat E-glass fibre composite panels tested by Franz et al. [50]. It was found that the
amount of damage was determined by both the impulse and peak pressure and that the peak

pressure experienced by the target plate was a function of the SOD [45].

Yahya et al. [46] also studied the effect of localised blast loading on carbon and glass fibre
composite panels. In this study, the laminates were manufactured from woven pre-preg sheets,
with the thickness varying from 2 mm to 12 mm. Square panels with a circular exposed area were
mounted onto the ballistic pendulum at the BISRU labs, while the blast loading was created by
detonating cylindrical PE4 discs. The stand-off distance was fixed at 90 mm and the mass of
explosive used was between 1g to 13 g [46]. The glass fibre composite laminates suffered from
fibre breakage on the top surface and plastic deformation of the matrix at the lowest charge
masses. As the explosive mass increased, fibre buckling was observed on the top surface and
fibre breakage on the rear surface and along the clamped boundary although delamination was
not present. The amount of fibre fracture increased significantly as the charge mass was further
increased with fibre rupture observed on both the front and rear faces and through the thickness
of the laminate. Furthermore, localised delamination was observed in the tests with higher

charge masses. The minimal delamination was attributed to the high interlaminar fracture
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toughness of the carbon fibre composite laminates. The carbon fibre panels exhibited similar
failure modes to those observed for the glass fibre composite panels with additional delamination

present [46].

Tekalur et al. [47] investigated the response of FRP composite laminates to shock loading using
a shock tube and blast loading using a Controlled Explosive Tube (CET). The panels were
manufactured from woven E-glass using the VARTM process. In the experiments using the shock
tube, the permanent deformation of the panels was observed to increase as the applied load
increased. Additionally, below a pressure of 0.6 MPa, the panels exhibited minimal delamination
and no fibre failure [47]. At higher pressures, the panels experienced delamination in the centre
and along the clamped boundaries followed by fibre failure on the front face. In the blast loading
experiments, the panels experienced a large amount of delamination and fibre failure on the

front face and no external damage on the back face [47].

Gargano et al. [49] tested four different woven laminate composites under blast loads from
spherical PE4 charges. These were carbon-polyester, glass-polyester, carbon-vinyl ester, and
glass-vinyl ester composites and were chosen due to their use in ship structures. The different
laminates had between 7 and 10 layers to achieve the same thickness for all the panels tested.
The exposed area was 250 mm x 250 mm, the charge masses tested were varied from 100 g to
200 g, and the SOD was varied from 0.4m to 1.0 m. Pressure gauges were employed to capture
the peak pressure from the tests, while cameras arranged in a stereoscopic configuration were
used to measure the transient response. The damaged area was observed to increase with an
increase in impulse, with fairly linear trends observed for two of the specimen configurations
tested. The initiation points for the different failure modes in terms of impulse transferred were
also presented with complete rupture being the last failure mode observed [49]. This matches
the observations in studies performed on different flat composite laminates [45-47]. An example
of the observed rupture is shown in figure 2.9. In general, the fibre glass laminates absorbed
more energy before fibre breakage was observed, which the authors attributed to the higher

strain energy density compared to their carbon fibre counterparts [49].

- fibre rupture
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Figure 2.9: Rupture observed for the carbon fibre structures tested by Gargano et al. [49]

Kumar et al. [48] performed a series of shock tube loading experiments on curved carbon fibre
composite structures. The laminates were manufactured from 32 layers of unidirectional carbon
fibre. Three bend radii were tested, namely 112 mm, 305 mm and an infinite bend radius (i.e. a
flat structure). The shock loading was created using a shock tube and high-speed imaging was
used to measure the transient deformation of the structures [48]. The flat and 305 mm curved

structures showed interlaminar delamination and fibre breakage on the front face. Unlike the
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other two, the 112mm curved structures showed no visible damage at lower pressures. At a
pressure of 8.0 MPa they experienced large scale rupture and complete failure. Additionally, as
the bend radius was reduced, the mid-point deflection of the structures decreased [48]. This
suggests that structures with a smaller bend radius offer better blast protection. It is important
to note that the bend radii investigated in this study were significantly larger than those proposed

for the planned research on steel and GFRP V-structures.

2.5.2 Response of composite V-structures to blast loading

Follett [9] performed a series of experiments that are summarised in table 2.1, comparing the
structural response of steel and composite V-structures. Follett [9] defined the SOD as the
distance from the top of the hull to the top of the sand pit. The composite V-structures were
manufactured from S2-glass and E-glass with a width of 666 mm and a length of 1000 mm. The
V-tip radius was not reported by the author although using the schematic provided in the thesis
this can be estimated to be approximately 40 mm. The impulse transferred to the test equipment
was not measured in the experiments. For the composite V-structures, fibre failure, matrix
failure and delamination were observed on the outer surface, while delamination was visible on
the inner surface. Smaller permanent deformations were observed for the composite V-structures

when compared to the steel V-structures [9].

Table 2.1: Experiments reported by Follett [9]

. ) DOB SOD 1 SOD 2 Charge
Material V-angles (°) Thickness (mm)
(mm) (mm) (mm) mass (g)
E glass 90, 95, 101, 107 22 50 590 480 240
S2 glass 90, 95, 101, 107 22 50 590 480 240
ENS8 Steel 90, 95, 101, 107 5 50 590 480 240

Figure 2.10: Schematic of the V-structures tested by Follett [9] showing the estimated V-tip
radius
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2.6 Measurement of the transient response of blast loaded struc-

tures

A number of studies have attempted to determine the transient response of metallic and FRP
composite structures to blast loads. In early studies [51] metallic combs were used to measure
the peak deflection during the test. While in later studies [52-56], with the improvements seen
in high-speed camera technology, it became possible to track a portion of the structures and

measure its displacement time history.

Neuberger et al. [51] investigated the response of armour steel plates with a circular exposed area
to localised blast loads from spherical TNT charges ignited from their centre. The primary aim
was to determine the validity of the Hopkinson scaling laws for blast loading. A measuring comb
placed centrally behind the target plate was used to measure the peak mid-point deformation as
shown in figure 2.11. The study found a good correlation between experimental normalised peak
mid-point deflection and the numerical simulation results [51]. It should be noted that while the
measuring combs are a useful tool for tracking transient deformation, they only give a single

measurement point in a blast test, namely the peak deformation during the experiment.
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Figure 2.11: Experimental setup showing the measuring comb used by Neuberger et al. [51]

Tiwari et al. [52] employed a pair of high-speed digital cameras to measure the transient
deformation of plates subjected to 1g Pentaerythritol Tetranitrate (PETN) buried charge blast
loads using Digital Image Correlation (DIC). The cameras used had a frame rate of 2083 fps and
a sensor resolution of 800 x 600 pixels. In order to increase the frame rate, the resolution was
lowered to 256 x 256 pixels and 128 x 128 pixels. The lower resolution resulted in smaller fields
of view, namely, 150 mm X 150 mm and 75 mm x 75 mm respectively. The plates tested were
manufactured from 1.6 mm thick aluminium 6061 sheets and had an exposed area of 305 mm by
356 mm. The SOD was fixed at 28.7 mm for all the tests. The authors were able to track the
displacement, velocity and acceleration fields for the field of view imaged. The peak velocity
was seen in the first two imaged frames and had twice the magnitude for the tests performed at
the lower Depth of Burial (DOB) versus the tests performed at the higher DOB. It should be
noted that an increase in frame rate would allow for a better measurement of the initial velocity
of the centre of the target plates. The transient mid-point deflection was also found to be lower

for the tests performed at a higher DOB. The authors were also able to generate strain maps
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for the imaged area of the blast tested plates by spatially differentiating the displacement data
obtained from the cameras. They reported an estimated measurement error of 0.026 mm for the

out-of-plane deflection [52].

Zhao et al. [53, 54] extended the work performed in the previous study [52] by looking at scaling
effects for buried charge explosions and looking at the transient response of the target plates. A
similar setup to that used by Tiwari et al. [52] was used with two Vision Research Phantom
V12.1 cameras in a stereo configuration as shown in figure 2.12. The plates were also made
from aluminium 6061 sheet, with two different configurations considered. The smaller target
plates had a thickness of 1.0 mm and a diameter of 227.6 mm, while the larger target plate had
a thickness of 1.6 mm and a diameter of 355.6 mm. The charge mass, SOD, and DOB were also
varied to ensure that the tests were correctly scaled. The field of view of the tests was fixed
at 57mm X 184 mm. The authors found a reasonable correlation in the shapes of the scaled
mid-point displacement and velocity time histories although there were differences in the peak
magnitudes. Additionally, there was a reasonable correlation in the scaled transient plate profiles
obtained in terms of both peak magnitude and profile shape. The variations observed were
suggested to be due to the behaviour of the sand during the tests and the lack of strain rate

sensitivity in the aluminium tested.

Figure 2.12: Experimental setup showing the stereo cameras and target plate as tested by
Zhao et al. [53]

Aune et al. [55] investigated the response of flat steel and aluminium plates to air-blast loading.
The plates had an exposed area of 300 mm x 300 mm and a thickness of 0.8 mm and were fixed
to a rigid frame that was attached to the floor. The loading was provided by detonating a 30g
spherical charge of C-4, while the SOD was varied from 125 mm to 625 mm. Additionally, a rigid
target plate containing pressure transducers was used to measure the Fluid-Structure Interaction
(FSI) between the explosive pressure wave and the target plates. A pair of cameras with a frame
rate of 21000 fps were used to measure the transient deformation of the rear face of the target
plates as shown in figure 2.13. The authors noted that the steel plates showed primarily mode 1
failure with no tearing visible at the clamped boundaries. The transient plate response appeared
to be driven by the load intensity with the elastic response decreasing as the SOD was decreased.
Unlike the steel plates, the aluminium plates also showed mode IT and mode IT* failure at the
lower SODs tested and thus DIC was not used to ensure the cameras were not damaged. As
with the steel plates, a reduction in the SOD resulted in a reduction in the elastic response of

the aluminium plates [55]. Problems measuring transient mid-point displacement due to paint
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spalling were also reported for some of the tests conducted. Given that the planned tests will

also be conducted at low SODs, a similar limited elastic rebound would be expected.
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Figure 2.13: Schematic of the experimental setup showing the positions of stereo cameras
and the target plate as tested by Aune et al. [55]

Curry and Langdon [56] used a pair of IDT vision NR4 S3 high-speed cameras mounted inside
a ballistic pendulum to measure the transient response of flat 3.0 mm thick DOMEX-355MC
steel plates with a 300 mm diameter circular exposed area. The loading was provided by 38 mm
diameter cylindrical discs of PE4 placed at SODs of 40 mm and 50 mm with charge masses from
10g to 50 g. The frame rate was set at 30 000 fps with a field of view of 1024 x 76 pixels. The
authors noted that decreasing the SOD resulted in an increase in both the peak and permanent
mid-point deflection while the peak deflection was also observed to occur earlier in time for all
the charge masses investigated. The elastic vibration was found to be similar regardless of SOD
or charge mass, suggesting this is primarily a function of the target plate material and geometry.
It was also noted that the final deformed plate profiles varied when compared to the transient
plate profiles with these variations likely due to the transient elastic behaviour of the target
plates [56].

A few studies have also investigated the transient behaviour of flat composite panels [49, 57].
One such study performed by Gargano et al. [49] looked at the blast response of glass fibre and
carbon fibre composite panels subjected to localised blast loads. Photron SAX cameras were used
with a frame rate of 30000 fps. The authors presented the plate response from the detonation to
4 ms after the detonation. This enabled them to measure the peak deformation and most of the
first oscillation. A fairly linear trend was observed in the peak mid-point displacement versus
the measured impulse. All four test configurations considered showed similar transient vibration
behaviour in terms of the peak mid-point displacement with the glass-fibre panels having larger
vibration periods. It should be noted that due to the limited number of frames recorded, there

was no data available on the experimental free vibration response of the tested composite panels.

Gabriel et al. [57] studied the response of FRPs containing sustainable materials to uniform blast
loads. The materials tested included glass fibre, flax, and jute fibres with a Prime 20 epoxy resin,
and GFRPs with a Super Sap bio-based resin. The laminates were manufactured to ensure they

had a nominal mass of 1kg. The explosive loading was provided by cylindrical PE4 charges with
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masses of 5g to 11 g and placed 200 mm from the target structure. The setup used to measure
the transient deformation was identical to that used by Curry and Langdon [56] although, in
this study, the plates had a square exposed area with dimensions of 200mm x 200 mm. The
authors were generally able to measure the transient mid-point displacements for the GFRP
panels as these typically experienced delamination. The peak displacement was found to be
higher for the laminates that used a bio-based resin versus those that used the Prime 20 resin.
Additionally, some data was collected for the flax fibre laminates with these showing less elastic

vibration when compared to their glass fibre counterparts.

2.7 Numerical simulations of blast tested structures

There are a number of commercially available Finite Element Analysis (FEA) software packages.
ABAQUS, AutoDyn, and LS-DYNA are three that have been used in previous research to
simulate the response of structures to blast loads [8, 10, 58-66]. LS-DYNA was used to conduct
the simulations in the research performed herein and hence this literature review focuses on the
blast modelling approaches available within this software package. In LS-DYNA there are a
number of approaches to model blast loads that can be considered. Tabatabaei and Volz [67]
compared the three of these approaches by investigating the pressure histories and comparing the
results with experimentally measured values. The first approach considered, computed the blast
pressure empirically (ConWep) [68] and is known as LOAD BLAST ENHANCED (LBE). In
this approach the air is not modelled using an Eulerian mesh and the loads are applied directly
to the Lagrangian elements of the target structure. In the second approach, the explosive is
modelled using the Multi-Material Arbitrary Lagrangian-Eulerian (MMALE) method. The air
around the target structure is modelled and a part of the air is assigned with the properties of
the explosive material. The explosive is allowed to detonate and the load is transferred to the
target structure through the Fluid-Structure Interaction (FSI) between the detonated explosive
and the plate. The third approach investigated looked at the coupling of the first two methods.

The test modelled by Tabatabaei and Volz [67] was a 36 kg spherical charge located 1.68 m from
a reinforced concrete structure. Two pressure transducers placed 1.68 m and 7.42m from the
centre of the explosive were used to measure the pressure time histories. Due to computational
times needed for the methods involving MMALE, the second pressure transducer time histories
were not considered for these methods investigated. The key observation was that the LBE used
the lowest computational time but resulted in an underestimation of the peak pressure at the
closer SOD and an overestimation of the pressure at the larger SOD. The most accurate results
were obtained from the MMALE approach although this did come with a significant penalty in
terms of the computational time of the numerical blast simulations [67]. This does suggest that
for the small SODs and localised nature of the loading used for blast tested V-structures, the
MMALE approach is probably the best way to correctly capture the blast load interaction with
the V-structures. Erdik et al. [66] numerically investigated the response of a full-scale MRAP.
MMALE was used and a study was conducted on the mesh and element topology comparing
the peak pressures with the ConWep approach. It was found that a greater number of Eulerian

elements per Lagrangian element resulted in better predictions of the peak overpressure and
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reflected impulse.

An alternative approach that can be considered for modelling the blast load is the use of
Smooth Particle Hydrodynamics (SPH). Barsotti et al. [65] modelled the mine blast experiments
performed by Anderson et al. [64] and compared the results obtained for the SPH model to
those predicted by using an ALE approach. LS-DYNA was used in both sets of simulations.
The momentum transferred to the V-structures was over-predicted by the SPH model and
under-predicted by the ALE simulations. The differences were approximately 15-20% of the
experimentally obtained measurements. Barsotti et al. [65] attributed the under-predicted
impulses in the ALE simulations to material leakage through the plate. The material leakage in
the simulations can be minimized through a careful selection of element sizes for the Eulerian

and Lagrangian components of the simulations.

In terms of modelling the target structure and material, solid and shell elements can be used
to model the structure with a number of possible material models available for both steel and
composite structures. Spranghers et al. [69] looked at the dynamic response of flat aluminium
target plates to blast loads. The authors utilised an LBE approach in LS-DYNA to model the
air blast loading in the study, while the element choice and size for the target plate were varied
to determine the optimal configuration to correctly capture the plate response. As expected,
decreasing the element size improved the solution accuracy but increased the computational
time. The solid and shell elements showed similar peak mid-point transient deformations with
the shell element model slightly under-predicting the peak deformation and capturing higher
vibration modes compared to solid element models. The primary advantage of the shell elements
was the significant reduction in computational time compared to the same size solid elements. In
the final model, the authors modelled the clamp frame using solid elements and the target plate
with shell elements with a Johnson-Cook material model was used for the target plate. The
boundary nodes of the target plate were tied to the clamp frame to allow forces to be transmitted
between the two components. The simulations were found to fairly accurately capture the peak
deformation plate profiles when compared to the experimental data. The shape of the plate
profile at other timesteps also closely matched the experimental results although the simulations
had a larger magnitude. This might be due to either the method chosen to model the blast load
or the material model for the target plate not correctly capturing the hardening response of the
plate material to the blast load [69].

A number of studies have numerically investigated the response of flat steel plates to blast
loads [60, 61]. Longere et al. [60] investigated the response of flat steel plates to localised blast
loads. ABAQUS was used to conduct the numerical simulations with the results compared
with experimental results. The explosive loading was modelled using the ConWep empirical
approach, while a modified Gurson microporous model developed by the author was used as
the material model for the plate. This damage model enabled both plastic deformation and
rupture of the steel plates to be captured by the numerical model. The various material model
parameters were adjusted to investigate their effects on rupture initiation. Determining this
rupture threshold in the numerical model proved to be challenging. This was attributed to the

strain rates considered in the model and the use of the ConWep approach for modelling the blast
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load and the limitations of this approach [60].

Mehreganian et al. [61] also used ABAQUS to model the response of flat steel plates to localised
blast loads. Unlike Longere et al. [60], the authors investigated both a coupled and an uncoupled
ALE approach to model the blast load. The target plates tested had thicknesses of 4.6 mm and
were subjected to blast loads from cylindrical PE4 charges placed at SODs of 25 mm, 38 mm,
and 50 mm. The target plates were modelled using four-node shell elements and a Johnson-Cook
material model with parameters fitted to experimental data from quasistatic and intermediate
strain-rate (1s~!) material characterisation tests. The numerically obtained impulse was found
to be close to, but always lower than, the experimentally measured values. It was also noted
that the uncoupled ALE model was less accurate than the coupled ALE model when it came
to the pressure-time histories. Additionally, the mid-point transient deflection was compared
with the experimental measurements, with both modelling approaches over-predicting the initial
peak, and a delayed time of arrival. When the maximum mid-point deflections were compared
between the coupled model and the experiments, the simulation results were almost always
greater than the experimentally obtained values with the variation increasing as the impulse
and thus the experimental deformation increased. The maximum percentage variation observed

in these results was around 10-30% depending on the test configuration [61].

2.7.1 Numerical blast modelling of metallic V-structures

Many studies [10, 58, 59, 62, 70, 71] have employed numerical approaches to investigate the
interaction between V-structures and blast loading. Paykani et al. [58] and Saeimi-Sadigh et
al. [59] performed numerical simulations on steel V-structures using ABAQUS. The V-structures
had an internal angle of 120° and were modelled with solid tetrahedral and hexahedral elements
with the mesh biased towards the centre. This was done to better capture the expected
deformation in the central region of the V-structures. The blast load was modelled as a pressure
load applied to the surface of the V-structures. In both studies, materials were added behind the
V-structure to reduce the deformation of the V-structures. Paykani et al. [58] varied the choice of
materials used to attenuate the displacements by considering aluminium, aluminium foam, and
balsa wood as energy absorbing materials, while Saeimi-Sadigh et al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>