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Abstract 
Extreme loading threats arising from terrorism, war zones, natural disasters, and even 

accidents, require specialised protection in order to limit and prevent death and damage to 

infrastructure and vehicles. In particular, soil blast loading is of concern due to the increased 

loading imparted by the dual phase explosive/soil mix. Smart, more efficient structures are 

required to better protect against these kinds of threats. Auxetics, structures and materials 

with a negative Poisson’s ratio, are one such novel structure which have seen increasing 

research as protective structures. Their counterintuitive nature means they contract under a 

compressive load and vice versa. This phenomenon draws materials towards the point of 

impact and can lead to increased energy absorption, indentation resistance, and fracture 

toughness.  

This research investigates the auxetic oval structure for its protective capabilities with a focus 

on energy absorption. Quasi-static and dynamic testing was conducted on samples to quantify 

the response over strain rates ranging between 0.001-100 /s. It was found that the auxetic 

oval structure displayed the classic stress-strain response for energy absorption with a flat 

plateau stress region. However, fracture was present in the experiments and shown to 

negatively affect the energy absorption. A Hybrid design utilising another auxetic geometry, 

the re-entrant honeycomb, was developed to remedy this issue. Digital image correlation 

(DIC) was also used in the analysis of the experiments to confirm the presence of the rigid 

rotating square mechanism controlling the auxetic behaviour. 

Numerical models were then developed in finite element software LS-DYNA and validated 

against the stress-strain response and DIC analysis from the experiments. Further 

understanding of the energy absorption mechanisms were identified through the numerical 

models, including the locations of plastic energy dissipation. Parametric studies were then 

conducted from which different behaviour characteristics were tied to geometric features. 

Most results were intuitive, such as the plateau stress being tied to the thickness of the 

material between holes. However, additional insight was revealed about how the thickness 

negatively affected the Poisson’s ratio, i.e. thicker sections changed the load transfer response 

and thus negated the auxetic effect. Only one parameter, the oval ratio, was shown to directly 
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affect the densification strain, which was due to the available space the holes could collapse 

in. Finally, load rate studies showed how the auxetic oval structure was characterised by 

uniform crushing for load rates up to 10 m/s. Above 200 m/s the auxetic displayed localised 

crush band formation. 

Soil blast loading was quantified through flying plate tests conducted with 0.5 kg TNT 

charges buried within an unsaturated soil. The impulse imparted to the plates can be used to 

determine the loading imparted to a protective structure. It was also used to validate 

numerical models of soil blast events in LS-DYNA using the Arbitrary Lagrangian-Eulerian 

(ALE) method. The soil model was populated with data from soil characterisation tests. Good 

agreement between the experiments and models was generally achieved. Further work on 

understanding the loading mechanism of soil blast was then conducted. It was determined 

that ~63% of the impulse was from the soil alone. Furthermore, the spatial and temporal 

loading was determined through additional numerical models, highlighting the localised 

nature of soil blast events. 

The final body of research investigated the auxetic oval geometry with soil blast loading 

considered. Simplified localised loading on long auxetic sections showed the benefit of a 

negative Poisson’s ratio over conventional positive Poisson’s ratio equivalent structures. This 

included an increase in relative energy absorption due to the ability to draw material towards 

the load point. Loading was then simulated recreating the failure scenarios of a vehicle 

subject to a soil blast event. This was conducted using simplified load models (ConWep) on 

the auxetic structure, and ALE loading on homogenised foam material models representing 

the auxetics. Both methods highlighted the benefits of the auxetic oval structure over 

conventional protective structures, including; reduced stress transmission, increased energy 

absorption, and decreased global body acceleration.  

In conclusion, the auxetic oval structure displays an ideal response for energy absorption, 

and the localised nature of soil blast is ideal for activating the main benefits of an auxetic 

structure though material densification and load redistribution. 
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Chapter 1 

Introduction 
This chapter introduces the need for more efficient protective structures to protect against extreme 

loading events such as blast and impact. The main threats are discussed and how they have been 

increasing in lethality over recent years. Auxetics are also presented for their increased protective 

capabilities. The research objectives, layout, and chapter previews all set the scope of the research 

conducted and why it is important to pursue. 
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1. Introduction 

1.1. Motivation and Background 

The rise of terrorism, threats in war, and increasing rate of natural disasters due to climate change 

are changing the ways humanity must protect and defend against extreme loading events. Blast 

and impact loading can cause catastrophic damage to people, vehicles, and infrastructure alike. In 

particular, blast loading is a complex phenomenon which requires a detailed understanding of the 

physics behind the loading to effectively protect against it. Even accidents can result in extreme 

loading events that take hundreds of lives and destroy infrastructure.  

Design philosophies for blast resistant design highlight the importance of increasing the standoff 

distance to minimise the threat for both building and vehicle design. However, this is not always 

achievable, especially for vehicle design where the vehicle is in close proximity to the explosive 

device. Of these threats, blast related causes have been the predominate cause of death of US 

personnel in the Iraq and Afghanistan wars, with 39% of all fatalities a result of improvised 

explosive devices (IEDs) [1]. Figure 1.1 shows the rise of all IED fatalities in the Afghanistan war, 

however it does not make the distinction between types of attacks (buried, suicide bombers, etc.). 

 

Figure 1.1: Rise of IED deaths in Afghanistan from 2001-2019 [1]. 
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The Global Terrorism Database has information on worldwide terrorist attacks dating from 1970 

through to 2018 [2]. Bombings and explosions are the predominate form of terrorist attacks 

attributing for 48% of all attacks. Explosives, bombs and dynamite are the main weapons used in 

attacks, even outnumbering firearms by 46%. The main targets are private citizens and property 

(28%), military (16%), police (14%), Government (general) (12%), and business (12%). These 

attacks had been rapidly rising until recently, but the number of terrorist attacks still numbers over 

9,000 per year. In the US, there were 17,968 explosive related incidents in 2018, of which 706 

were actual explosions [3]. 289 bomb threats were made (a 32% increase from 2017), with the 

main targets being education, office/business buildings, residential, and assembly areas. Bombings 

have a wide variety of targets ranging from private, to Government and military infrastructure. 

Major terrorist attacks are disproportionally weighted towards bombings and make up the majority 

of attacks with over 100 fatalities. The 1995 Oklahoma City bombings took 168 lives and through 

the destruction of columns in the Alfred P. Murrah Federal Building, disproportionate collapse of 

the building resulted in additional lives lost and damage. The Pan Am Flight 103 bombing took 

270 lives in 1988, the London bombing 56 in 2005, and the Bali bombing took 202 in 2002. In 

addition to the fatalities, hundreds, and if not thousands, of more people are injured in these events. 

Even accidents, such as the Halifax explosion which killed 1,950 people, cause catastrophic 

damage when blast is involved. 

Casualties and fatalities will depend on the environment the explosion takes place within. A study 

of 29 bombings between 1966-2002 found that bombings resulting in structural collapse were the 

cause of significantly more immediate fatalities than bombings in confined spaces and open air 

[4]. While larger bombs were noted in the cases which resulted in structural collapse, the main 

injury mechanisms are fracture, which may be attributed injury from the collapsing building. In 

comparison, confined space blast results in pulmonary injuries and open air in soft tissue injury 

from penetration of shrapnel. Another study of 1970-2014 terrorist bombings found that bombings 

resulted in 32 deaths per incident, while bombings with structural collapse saw 189 deaths on 

average [5]. There is a disproportionate number of deaths associated with bombings resulting in 

structural collapse. The Oklahoma City bombing is one case where partial collapse of the building 

resulted in significant death. Of the 361 people inside the building, 319 were injured (88%) and 

163 died (45%) [6]. It was found that 87% of people within collapsed parts of the building died, 
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compared to 5% in other parts. Fatalities were present even among the people located on the upper 

floors furthest away from the blast. While it was not determined whether death was a result of blast 

effects or building collapse, there is a clear trend that when building collapse does take place, 

significantly more lives are lost. 

Soil blast from IEDs or landmines can be categorised as a subset of blast events whereby additional 

loading takes place from the soil ejecta. This changes the type of loading experienced by a target 

or armour system compared to traditional air blast or underwater blast. As the additional effects of 

soil blast are seldom considered in research on vehicle armour design (i.e. some cases may just 

consider air blast loading), the full characterisation and understanding of how soil blast loading 

interacts with an armour system is required.  

There is a need to protect against these extreme threats arising from blast loading. Deliberate 

attacks in war zones, the bombing of infrastructure, and even accidental explosions all contribute 

to a significant and disproportionate number of fatalities. Additionally, the methods used to protect 

buildings can form the structural concepts for the protection of vehicles [7]. New and effective 

systems must be developed to protect these structures against extreme blast loading. Furthermore, 

consideration must be taken into account for the unique requirements of different systems which 

need blast proofing, whether it be weight, size, materials, etc. 

Solid monolithic plates with high toughness are typically used to protect vehicles against blast 

loading [8]. Improvements can be made to these structures through composite sandwich panels. 

Sandwich panels continuously show improved performance over equivalent areal density 

monolithic plates. They have been proven to increase the energy absorption and reduce back face 

deflection under blast loading. The design of the core of the structure can be modified to improve 

the energy absorption capability of the sandwich panel.  

Auxetics are smart structures with a negative Poisson’s ratio which will densify under an applied 

load. They typically take the form of cellular structures (foams, honeycombs, trusses, etc.) in which 

the structure compresses to fill the internal void space. An auxetic structure would take the place 

of a core in a sandwich panel. In this case, the auxetic can draw additional material in towards the 

centre of the load and offer increased protective capabilities. Auxetics have been shown to have 

improved indentation resistance [9], greater fracture toughness [9, 10], energy absorption [11], and 
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pullout resistance [12]. Auxetics have been researched under air blast loading [13-16], but their 

response to other loading types of blast, such as soil blast, are yet to be investigated. 

1.2. Research Motivation 

Armour systems for soil blast typically use geometrical designs in order to redirect and reduce the 

blast pressure and soil ejecta loading. This may take form as a V-shaped hull, built using 

monolithic blast resistant steel. However, limitations exist for these armour types, including the 

need to increase vehicle height to maintain the necessary clearance off the ground to further reduce 

loading and maintain movement capability. Vehicle height will also become an issue due to a 

higher visible profile, and higher centre of gravity increasing the risk of turnover. Fitting of a V-

shaped hull onto existing vehicles is also difficult as it requires extensive modifications to a 

vehicle’s underbelly, chassis, and other systems. Therefore, the ability to utilise a flat armour 

system is of interest.  

As for all cases in armour design, light-weighting is a major concern for vehicle armour in order 

to maintain lower vehicle mass and reduce fuel consumption and increase maneuverability. A 

cellular auxetic structure would offer the benefits of a lightweight structure, furthermore, through 

the smart response of drawing material towards to load point, additional material can be utilised 

to resist the blast. Therefore, additional weight savings could be achieved through this mechanism.  

Development of large scale auxetics has proved elusive to researchers. Additive manufacturing 

has been utilised for auxetic prototypes, however this is still unfeasible for large scale applications. 

This research will be conducted with an alternative manufacturing method in place but will not 

thoroughly investigate these options.  

Additional research in the field of soil blast loading is also desired due to the complexity that arises 

from the presence of soil. An in-depth understanding of the loading mechanisms and how they 

differ to conventional air blast will be required to load the protective auxetic panels.  

These findings will not be limited to soil blast only. The fundamental energy absorbing behaviour 

of the auxetic core is applicable to other extreme loading cases including air blast. It is hoped that 

the findings of this research can be applied to infrastructure which needs to reduce blast loading 

on critical load bearing elements (e.g. columns).  
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1.3. Research Objectives 

This research has the objective to advance the knowledge of auxetic structures under extreme 

loading conditions. In particular, the case of soil blast loading and vehicle under-armour has been 

chosen for further investigation. This provides a real-world scenario in which the auxetics can be 

examined for their performance, instead of a generic analysis under air blast loading. The auxetic 

structure will be examined for its non-standard behaviour under soil blast loading. This includes 

material densification at the point of impact as well as the distribution of pressure on a rear 

structure. The main aims to be explored are the: 

1. Evaluation and analysis of the performance of an auxetic structure in order to understand 

its energy absorption and negative Poisson’s ratio behaviour characteristics. 

2. Investigation and development of soil blast modelling techniques based on experiments for 

the use in numerical simulation. 

3. Development and refinement of the methods used to analyse the auxetic structure for the 

purpose of resisting soil blast loading.  

These aims are to be investigated in two concurrent streams, which are ultimately combined 

together to assess the potential of a novel auxetic energy absorbing core for resisting soil blast 

loading.  

1.4. Research Outline 

The research will be approached according to the following structure outlined in Figure 1.2. The 

literature review will cover the history of auxetics, blast loading, and armour design in Chapter 2.  

Chapters 3 and 4 will address Aim 1 and explore a specific auxetic design, the auxetic oval 

geometry. Experiments and numerical studies will be used to gain an understanding of its 

behaviour and how it can be used for protective purposes. Aim 2 is explored in Chapters 5 and 6 

and covers the characterisation of soil blast loading. The mechanisms of loading are then further 

examined using the developed numerical models. Finally, Chapter 7 will address Aim 3 and make 

the final conclusions about the auxetic oval geometry as an energy absorbing structure and how it 

can resist soil blast loading. 
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Figure 1.2: Structure of the work presented in this thesis. Chapters 3 and 4 focus on the 

development of the auxetic designs including experimental testing and numerical model 

development. Chapters 5 and 6 focus on the loading condition and methods to simulate it. 

Chapter 7 then incorporates the findings of the two streams to simulate the auxetics under soil 

blast loading. 
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Chapter 1:  

An introduction to the problems of extreme loads experienced in the world today and the 

subsequent challenges which must be overcome to limit the damage caused by blast events. The 

objectives of this research will be covered here. 

Chapter 2:   

The literature review on current auxetic practices and future capabilities which may be explored 

as part of this research. Additionally, the loading cases they will be subject to and the physics 

behind them and current armour practices to resist these loads will be explored. 

Chapter 3:  

This chapter is an experimental investigation into an auxetic structures, specifically an auxetic with 

an alternating oval arrangement. Different forms of the auxetic oval design were investigated to 

gain a greater understanding of the mechanisms which define the auxetic’s behaviour. Digital 

image correlation (DIC) was used in the analysis of the experimental results. Clear auxetic 

behaviour was observed as material was drawn inwards towards centre of the auxetic and a 

classical energy absorption stress-strain curve was achieved. As part of the analysis, an alternative 

approach to the energy efficiency method was developed to determine the densification strain. 

Quasi-static and dynamic tests were conducted from which it could be seen that there was no 

change in the auxetic’s behaviour under the different strain rates (0.001 /s to 100 /s). A modified 

design was developed to help mitigate one of the issues identified with the auxetic oval design, i.e. 

early fracture of the top and bottom rows. Work from this chapter will be the basis for the 

numerical investigations conducted in Chapters 4 and 7. 

Chapter 4:  

This chapter is a numerical investigation into the auxetic oval structure. Building on Chapter 3, 

numerical models were developed and validated against the experiments showing good correlation 

between the stress-strain curves, DIC displacement and strain fields, and negative Poisson’s ratio 

response. Additional analysis was then conducted to gain further understanding of where energy 

absorption was taking place by examining the area of material which had to yield. It was confirmed 

that the rigid rotating squares did not contribute to the energy absorption prior to densification. 
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Instead, the arms connecting the rigid rotating squares would bend and dissipate energy during 

compression. Furthermore, a series of parametric studies were conducted examining the 

geometrical parameters; the number of rows/columns, thickness between ovals, oval size, and oval 

ratio. These can be used to determine how the structure absorbs energy and what changes can be 

made to make it more efficient. For example, the oval ratio was found to directly affect the 

densification strain, resulting in a more efficient design using a small ratio nearing 1.0. 

Chapter 5:  

This chapter covers the experimental and numerical work on soil blast loading, which has been 

submitted as a published work titled Unsaturated Soil Blast: Flying Plate Experiment and 

Numerical Investigations [17]. This research covers the phenomenon of soil blast loading which 

is a highly destructive threat military vehicles are commonly subject to. A series of flying plate 

tests were conducted from which numerical models were developed using the Arbitrary 

Lagrangian-Eulerian formulation in LS-DYNA. The impulse imparted to the plate was used to 

quantify the output of the soil blast event. Soil material characterisation also took place which was 

used to populate the FHWA material model. The numerical models developed were validated 

against the experiments and the first of two main findings about soil blast was confirmed; that 

approximately 63% of the impulse is due to soil impacting the plate. 

Chapter 6:  

Extending the findings from Chapter 5, this piece of research examines the FHWA material model 

in further detail as well as additional analysis of soil blast using different numerical models. 

Experiments conducted in the area of soil blast have highlighted how different material parameters 

can affect the loading imparted by the blast. The effect these parameters have when incorporated 

into the FHWA model has been further studied. A parametric study was conducted investigating 

how the different parameters affect the impulse in a flying plate test. Both physical and non-

physical phenomenon are considered in this study. One of the main findings was that the shear 

modulus would simulate realistic soil behaviour for low values (<50 MPa) and unrealistic 

behaviour for high values (>50 MPa). Finally, the second main finding was identified through the 

use of a concentric ring model which showed the spatial variation of the soil blast model and how 
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it is a localised load in the centre directly above the charge. This is significantly different to free 

air blast which does not exhibit this focusing effect. 

Chapter 7:  

This research utilises the numerical models developed in Chapters 4 and 5 to subject an auxetic 

panel to a soil blast loading. This answers the questions of whether the auxetic oval structure is 

suited for protection against soil blast loading. The benefits of a negative Poisson’s ratio have been 

highlighted, improving the specific energy absorption capability under localised loading.  Different 

armour arrangements have been investigated mimicking current armour systems to examine how 

to best utilise the auxetic oval structure against soil blast loading and the typical failure mechanism 

of a vehicle. The auxetic structures were effectively able to improve the performance of an armour 

system by reducing transmitted stresses, reduced panel deflection, and reduced rigid body 

acceleration. 

Chapter 8: 

The final chapter covers the conclusions and future recommendations. This chapter discusses how 

to approach soil blast events as a loading condition, the main findings from the research on the 

auxetic oval structure, and future considerations to build upon this research. 
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Chapter 2 

Literature Review 
This chapter covers the three main background topics of this research. The threat of blast loading 

is examined with focus on soil blast loading and how it differs from conventional free air blast. 

Current armour systems and practices are then discussed to set the scope for the potential benefit 

of a new armour system. The history of auxetics and how they can be used for protection is 

examined providing a detailed background of their development and in the context of extreme 

loading and as an armour system. The gaps in the current research addressing these three topics is 

then highlighted as the basis of this research. Specifically, the need to better understand the loading 

characteristics of soil blast loading and the response of an auxetic structure for protection. 
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2. Literature Review 

2.1. Blast and Extreme Loading 

Blast loading can occur due to intentional (terrorism, war threats) and unintentional (natural 

disasters, accidents) events, and the mechanisms and physics of these events must be understood 

to properly protect against them. Specifically, blast loading imparts forces well beyond the 

conventional static loading a structure may be designed for. Failure of a protective system can 

result in the loss of life, severe damage or failure of a vehicle or building, injury, as well as 

economic losses. Explosions are physical, chemical or nuclear events characterised by a sudden 

large-scale, rapid release of energy [1]. They can come in many forms in solid, liquid or gaseous 

states, and include trinitrotoluene (TNT), ANFO, and improvised explosive devices (IEDs).  

2.1.1. General Blast 

Blast loading takes the form of high overpressures, followed by a longer duration but lower 

magnitude negative pressure (less than ambient conditions). Pressures can reach in the order of 30 

GPa and temperatures in the order of 3000-4000°C [2] and take the form described by the 

Friedlander Equation  [3]: 

𝑃(𝑡) = 𝑃𝑠𝑒−
𝑡

𝑡∗ (1 −
𝑡

𝑡∗
),                                                 (𝐸𝑞 2.1) 

where 𝑃𝑠 is the peak overpressure and 𝑡∗ is the duration of the positive phase. An example of the 

pressure-time history from the Friedlander Equation is shown in Figure 2.1. The blast wave 

develops due to the expanding detonation products, pushing the surrounding medium back [4]. In 

this case, note the short duration of the positive phase, occurring in less than 1 ms. The initial 

positive phase can be simplified to a triangular pressure pulse of duration 𝑡𝑑 where the specific 

impulse, 𝑖𝑠, is equal to: 

𝑖𝑠 =
1

2
𝑃𝑠𝑡𝑑 = ∫ 𝑃(𝑡)𝑑𝑡.

𝑡∗

0

                                              (𝐸𝑞 2.2) 
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Figure 2.1: Typical blast wave pressure profile versus time (Friedlander Equation) [3]. 

Kingery and Bulmash [5] conducted extensive testing to develop empirical formulas for blast 

loading under different conditions, including free-air blast and surface blast. These equations have 

been adopted by UFC-3-340-02 [6], with the chart for the positive phase parameters of free air 

burst shown in Figure 2.2. This data includes the reflected pressure 𝑃𝑟, incident pressure 𝑃𝑠𝑜, as 

well as other parameters describing the impulse and timeframe of the blast. A scaled distance, 𝑍, 

is used as a dimensional distance: 

𝑍 =
𝑅

𝑊1/3
,                                                                   (𝐸𝑞 2.3) 

where 𝑅 is the distance from the charge centre, and 𝑊 is the charge mass in TNT equivalence. 

This allows the simplified comparison and characterisation of different blast events. Determination 

of the TNT equivalence can be a different task due to the different ways to scale explosive outputs 

against each other [2], e.g. peak pressure, impulse, etc. Other formulas describing blast 

phenomenon have also been developed by Brode [7] for spherical blast in the near- and medium-

field: 
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𝑃𝑠𝑜 =

6.7

𝑍3
+ 1𝑏𝑎𝑟, 𝑃𝑠𝑜 > 10 𝑏𝑎𝑟,

0.975

𝑍
+

1.455

𝑍2
+

5.85

𝑍3
− 0.019 𝑏𝑎𝑟, 0.1 𝑏𝑎𝑟 < 𝑃𝑠𝑜 < 10 𝑏𝑎𝑟,

 (𝐸𝑞 2.4 𝑎 𝑎𝑛𝑑 𝑏) 

Newmark and Hansen [8] for surface blast: 

𝑃𝑠𝑜 = 6784
𝑊

𝑅3
+ 93 (

𝑊

𝑅3
)

1/2

,                                           (𝐸𝑞 2.5) 

and Mills [9]: 

𝑃𝑠𝑜 =
1772

𝑍3
−

114

𝑍2
+

108

𝑍
,                                              (𝐸𝑞 2.6) 

Blast pressures will diminish according to the third root scaling law for a free-air blast. However, 

changes in environment (surface blast, near surface blast) can drastically change the behaviour of 

blast pressures. Mach stems can form increasing the pressure drastically compared to a free-air 

blast [10]. Other effects such as confinement arising from cities and buildings or in dense mediums 

such as soil will also result in focusing of a blast wave thus severely increasing its lethality [11]. 

Furthermore, when a blast reflects off a structure, the maximum overpressure can increase many 

times higher than the standard incident pressure. The overpressure of a weak shock may be twice 

that of the incident pressure, and up to 8 times that for very strong shocks [4]. This has been 

characterised by Rankine and Hugoniot [12] as: 

𝑃𝑟 = 2𝑃𝑠𝑜 [
7𝑃𝑜 + 4𝑃𝑠𝑜

7𝑃𝑜 + 𝑃𝑠𝑜
] ,                                                (𝐸𝑞 2.7) 

where 𝑃𝑜 is the atmospheric pressure. In the case of hemispherical surface blast, the expected blast 

amplification over a spherical free air blast due to reflection off the ground surface is expected to 

be 2. However, due to energy loss in the formation of the crater, empirical data places this factor 

closer to 1.8 [2]. 
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Figure 2.2: Spherical TNT free air burst positive phase shock wave parameters [6]. 

Underwater blast is similar to air blast, where instead of the pressure wave travelling through the 

air as the medium, it instead travels through the water. The difference in density between the water 
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and explosive gases means a gas bubble can form, which during its collapse can impart additional 

loading. However, different mechanisms are also at play which can reduce loading (e.g. 

cavitation). Finally, the near-field and far-field loading of a blast can vary significantly [13]. In the 

near-field, that is in the fireball generated, a target is subject to more severe loading due to the 

immediate presence of the high pressure detonation product gases and the high speed expansion 

of the fireball. This can significantly increase the overpressure compared to the air shock only.  

2.1.2. Soil Blast 

Soil blast is a unique case of blast which drastically changes the behaviour of the explosion. This 

occurs when a landmine or IED is shallowly buried below the ground surface. The combination of 

the explosive and surrounding soil medium modifies the loading to a dual phase mechanism. If the 

charge is buried too deep, a camouflet will instead form. 

Physics of Soil Blast 

The phenomenon of a soil blast event is significantly different to the processes which define a 

standard air blast [14]. As the blast occurs the shockwave compresses the soil material, and due to 

the soil-air interface mismatch, it is mainly reflected back downwards as a tensile wave, fracturing 

the soil cap. This allows the high pressure gases to begin to escape through the surface, and 

subsequently eject the soil cap in the path of least resistance (i.e. upwards). Soil ejecta can then 

travel at speeds of 400-900 m/s [15]. The detonation gases will also move upwards with the soil 

ejecta. Gas expansion will depend on soil properties (e.g. density and moisture content) and can 

reflect more of the detonation products as the compressibility of the soil decreases [16]. The 

combined detonation products and soil ejecta then interact with any structures located above them. 

Similar to an air blast, the reflection of the waves off the soil below the charge will drastically 

increase the loading of the soil blast as it is ejected upwards. 

It can be characterised by the four main events: 

• Explosive interaction with the soil, 

• Gas expansion to the surface, 

• Soil ejecta interaction with the vehicle, 

• Interaction of explosive products with the vehicle. 
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The blast and soil ejecta form together to create a cone-shaped plume of mixed phase products, 

including the shock wave [17]. This is bounded by a slipstream, below which weak pressures and 

insignificant ejecta interact with a target and has been called the ‘shadow zone’. The cone, or 

focused section of the blast, becomes narrower with increasing burial depth. The focusing effect 

of the blast wave directly onto the above structure due to the dense confining soil medium will 

severely increase the loading and lethality of the blast [11].  

In order to characterise the output from a soil blast test, a flying plate test will typically be used. 

This involves placing a (typically) flat plate over a buried charge with a certain standoff distance 

and recording the behaviour of the plate post blast. Weckert and Anderson [18] reported on the 

plate deformation, plate height (which can be used to calculate impulse), and crater size of buried 

TNT and PE4 charges. Saleh and Edwards [19] extended upon this work through numerical 

studies, using different soil material models in LS-DYNA to recreate the experiments. The FHWA 

model outperformed the Soil_and_Foam and Pseudo_Tensor models in recreating realistic physics 

of the soil ejecta. The impulse is a function of charge mass, burial depth, and standoff distance, 

but not the nature of the plate (deformable vs rigid) [20]. Plate area is also an important factor and 

it has been estimated that a plate size: charge diameter ratio between 11.6 to 16.3 is sufficient to 

capture most of the load from a soil blast event [21, 22]. Beyond this region and within the ‘shadow 

zone’ very little loading will occur. 

The nature of soil blast means that momentum transfer can be nearly three times that of an unburied 

charge [23]. Finally, the addition of the soil ejecta is similar to combined blast and fragment 

loading, which can increase the damage imparted on a structure more than the sum of the individual 

loading components [24]. 

Mechanisms of Injury in Soil Blast 

Vehicle failure under soil blast loading can occur in one (or more) of the four predominate ways 

shown in Figure 2.3 [25]. This includes the loss of structural integrity of the vehicle. Perforation 

of the hull, which can let high overpressures and ejecta products into the vehicle and result in 

injury and death [17]. Deformation of the hull, which imparts high accelerations to the above 

structures such as a seat and the occupant above, resulting in leg and spinal injuries [17]. Finally, 

the momentum of the blast event can launch the vehicle into the air resulting in global accelerations 

of the vehicle and internal impacts against the vehicle and flying objects. These can be mitigated 
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in the various ways described in Table 2.1 [14]. Standoff distance is the most efficient way to 

reduce loading but is not always the simplest. This is because there is a tradeoff between 

maneuverability and payload for increased protection [17]. Reducing the energy transfer through 

blast mitigating materials can also be used to reduce the shockwave. Fragments and soil ejecta 

require armour protection on the floor of the vehicle. Local acceleration and deformation of the 

floor plate requires an increase in standoff or mass, or alternatively, an improvement in armour 

performance. The same is true for the global acceleration of the vehicle. Finally, thermal injuries 

require fire resistant materials to be used in the vehicle. 

 

Figure 2.3: Vehicle failure mechanisms under soil blast loading [25]. Loss of structural integrity 

(a), floor plate perforation (b), floor plate deformation (c), and global vehicle movement/lift (d). 
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Table 2.1: Vehicle blast mechanisms of injury and mitigation requirements [14]. 

Blast injury Mechanism of 

injury 

Mitigation 

requirement 

Vehicle mitigation 

Primary Blast shockwave Reduce energy 

transfer 

Increased standoff 

Blast mitigating materials 

Secondary Fragments from 

mine products 

Soil ejecta and 

vehicle fragments 

Reduce fragments or 

protect against them 

Improved armour protection of 

vehicle floor 

Tertiary Global - vehicle 

acceleration 

Local - Floor plate 

deformation 

Reduce vehicle 

acceleration 

Reduce capture of 

pressure wave  

Increase standoff 

V-shaped hull design 

Increase resistance of floor 

plate 

Increase mass 

Quaternary Thermal Protection against 

burns 

Fire resistant materials in 

vehicles 

 

2.2. Armour and Protective Systems 

Armour design will vary drastically depending on the threat they are intended to protect against. 

For vehicles these threats can be reduced into two main categories, blast and ballistic loading. The 

design, purpose, and location of each armour system will change according to the threats from 

these types of loading. That is to say, there is no one best solution to all problems and good 

performance against one threat does not necessitate good performance against a different threat. 

2.2.1. Armour Design and History 

An example vehicle is shown in Figure 2.4 with the anticipated threats and location of armour 

required to defeat these threats. On the main hull sides, ballistic projectiles and air blast are the 
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main concerns. Below the vehicle, soil blast is the main threat and can arise from IEDs and buried 

mines. It is necessary for the armour system below the vehicle to defeat both the blast pressure 

wave as well as the projectile loading from the soil ejecta. Different forms of armour are available 

(passive, reactive, active/smart, electromagnetic). Passive systems, which will be the focus of this 

research, are made from metals such as steel, aluminium, titanium, and magnesium, as well as 

ceramics and composites [25, 26]. In the case of soil blast, the geometry of the armour also plays 

an important role and has also seen the development of laminated and spaced systems. 

 

Figure 2.4: Potential loading conditions and armour locations on a vehicle. 

The brief history of mine blast protection has seen several iterations of design concepts to defeat 

the different aspects of blast loading [14]. Efforts date back to World War II in the North African 

Campaign. Specially designed flails were used to detonate mines away from the more vulnerable 

tank body (utilising increased standoff distance). Sandbags were used to protect against secondary 

fragments from the mine blast and increase vehicle mass to limit accelerations. Water filled tyres 

reduced temperatures and thus blast pressures. One of the biggest changes was the implementation 

of angled blast deflectors above the wheel, the location most likely to receive the majority of the 

soil blast loading. These deflectors vented the detonation gases and secondary fragments away 

from the cabin and saw a large decrease in fatalities. This naturally led to the development of the 

V-shaped hull with increased ground clearance. Pressures were reduced compared to a flat hull, 

reducing the jump height of a vehicle. Venting has since become a popular mechanism to direct 
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blast energy and debris away from the cabin through specially design channels. Two main features 

arose from these developments; an increase in standoff distance and a decrease in loading on the 

vehicle itself. 

2.2.2. Blast Protection 

Vehicle protection against blast is a complex problem. Threats include IEDs and landmines and 

are typically near-field blast events significantly increasing the loading experienced by the vehicle. 

Armour performance can be measured by its resistance to deformation and prevention of 

rupture/brittle failure (Figure 2.3 failure modes (c) and (b)/(a) respectively) [26]. Secondary threats 

such as soil ejecta and fragments from bomb casings can further exacerbate these problems. 

The simplest (but still effective) armour systems for blast consist of metallic plates. To control 

rupture failure, high toughness steels with high ductility are used and dissipate energy through 

plastic deformation [26]. DEF(AUST) 8030 [27] specifies that steel blast armour has a 

comparatively low hardness rating. A common armour type is rolled homogeneous armour (RHA), 

which can receive higher tempering for thicker, tougher plates [25]. Ductility and a high specific 

energy to tensile fracture (or energy absorption capacity) are desirable traits for blast armour 

materials (e.g. mild steel MS3, mild steel MS4, GFRP, Al 5083 H116, Armox 370T) [28]. 

Furthermore, a high yield stress can lower the strains experienced in the armour and result in 

delayed rupture compared to equivalently ductile materials [29]. Strain hardening and strain rate 

effects must also be considered when using metal armours. The failure of monolithic armour will 

change depending on the intensity of the blast load. Three damage modes have been identified 

describing the response of beams subjected to increasing blast loads [30]: 

• Mode I: Large inelastic deformation. 

• Mode II: Tearing (tensile failure) at the supports. 

• Mode III: Transverse shear failure at the supports. 

These failure modes include the localised failure of plates (known as petalling) [31], and the 

inclusion of stiffeners can lead to premature rupture of a steel plate [32]. Failure due to these effects 

can allow blast pressure and soil ejecta ingress, compromising the safety of the occupants insides. 

Worth noting is the difference in armour design for the different types of blast loading, i.e. air, 

underwater, and soil. Air and underwater blast have different loading mechanisms compared to 
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soil blast [33-35]. Thin front sheets are used to protect against underwater blast to reduce impulse 

transfer by 50% due to cavitation occurring adjacent to the plate [36]. The tensile waves generated 

under loading form cavitation bubbles which can temporarily halt blast wave loading on the 

structure [13]. However, this cannot occur in soil blast, which is a combination of blast products 

and soil ejecta [33]. Despite the difference in design for different types of blast loading, there are 

still similarities between protective designs which can be utilised [37].  

Other threats include the transmission of stress through different materials [25], which can be 

mitigated through impedance mismatch of adjacent materials and can be tuned for increased 

performance [38]. However, cellular structures such as foams have been shown to be able to 

attenuate stress waves [39], reducing this threat. 

Geometric Armours 

The benefits of vehicle hull geometry have been explored since their first use to mitigate blast 

loading [14]. This works by redirecting the blast load away from the vehicle and along the slopes 

of the V-shaped hull. Comparisons between flat and V-shaped hulls have shown their immediate 

benefit at reducing impulse transfer in flying plate tests [40] and restrained plates [41, 42] alike. 

The same increases in performance have been observed in air blast tests, where additional bending 

deformation of a curved panel took place further improving its performance [43]. The shape of the 

hull is important, such that a V-shaped hull will redirect blast loading, while a U-shaped hull, with 

a flatter bottom, cannot achieve the same reductions [44]. Further studies on different curvatures 

have also shown that V-shaped hulls are the best at reducing peak head-on impulse, while concave 

and convex panels can be used to reduce side-on impulse [45]. Therefore, not only can the shape 

of the hull reduce vertical impulse transfer, but also redirect blast flow away from the side of the 

vehicle, making geometry a powerful tool in the mitigation of soil blast loading. However, this 

does come at the cost of increased vehicle height and other negative attributes as discussed 

previously [17]. Optimisation of shaped hulls, including the trade-off between a shaped hull and 

decreased standoff distance, have been studied, highlighting the need for a proper design of the 

hull as opposed to a simple shaped applique armour being attached [46]. Other armour 

configurations are also used, such as W-shaped hulls which have a lower profile than a V-shaped 

hull. 
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Sandwich Structures 

Sandwich structures with a soft compressible core have the capability to absorb large amounts of 

energy through the plastic deformation of the core structure [25]. Examples of cores include foams 

(ideally metallic for extreme loading applications), honeycomb, diamond-shaped, corrugated, and 

pyramidal shapes, and have shown to have enhanced capability compared to monolithic plates [47-

50]. The response of a sandwich structure under blast loading can be idealised in three stages [51]: 

• Stage 1: Fluid structure interaction from the blast induces a uniform velocity in the outer 

face sheet. 

• Stage 2: Core crushing, where the velocity of the core and outer face sheet are equalised as 

momentum is shared. 

• Stage 3: Sandwich beam is brought to rest through plastic bending. 

The behaviour of the front plate, core, and back plate all contribute to the overall energy absorption 

of the sandwich panel. Figure 2.5 shows the response of a sandwich panel under blast loading. 

Note the stretching of the plates and core compression as energy absorbing mechanisms. 

Additional energy absorption performance can be achieved compared to a monolithic plate due to 

the presence of the core. Applications include blast [50, 52-57] and impact [58-62] loading. For 

example, research has shown that an aluminium foam-filled sandwich panel can dissipate up to 

80% of the blast energy in the core alone [56].  

Energy absorption of the core is defined by its stress-strain response under compression. 

Eventually densification will take place and the core will act as a monolithic material. Up until 

that point, a long and high plateau stress is desirable to absorb more energy (see Section 2.2.4 

Assessment Techniques and Criteria). Thicker cores will result in smaller backface deflections and 

increase the energy absorption [63]. Furthermore, foams such as aluminium have been shown to 

attenuate stress waves propagating to subsequent layers [39], but direct contact against the 

protected structure can lead to stress amplification instead [64]. Hence, separation between the 

sandwich panel and protected structure may be necessary. Different types of cores will perform 

differently from one another and their use will depend on the intended application (e.g. maximising 

energy absorption or minimising deflection and force transfer) [50]. 
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Figure 2.5: Response of a sandwich panel to blast loading [65]. 

The behaviour of the core is also important. Asides from high energy absorption being desired, the 

behaviour of the cellular structure will dictate its application. Stretching and bending dominated 

cellular structures behave in different ways such that struts either stretch or bend during 

deformation. Stretching dominated behaviour is ideal of structural applications where a high 

strength-to-weight ratio is desired, while bending is ideal for energy absorption with long, flat 

plateau regions [66]. Stretching and bending dominated behaviour has been characterised by 

relative Young’s modulus and relative yield stress for different cellular structures (Figure 2.6) [67]. 

Honeycombs loaded parallel to the axis show a stretching dominated response, while foams show 

bending dominated behaviour. Furthermore, a link has been found between structures with a 

negative Poisson’s ratio and bending dominated behaviour [68]. A comparison between positive 

and negative Poisson’s ratio cores in sandwich structures found that the positive Poisson’s ratio 
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core was ideal for structural components with high flexural stiffness and strength, while the 

negative Poisson’s ratio core significantly improved energy absorption [69]. Further discussion on 

negative Poisson’s ratio structures can be found in Section 2.3 Auxetic Structures and Properties. 

 

 

Figure 2.6: Stretching and bending properties of different cellular structures [67]. 
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Foam as an energy absorbing material has been studied extensively for both sandwich panel 

applications, among others. Functionally graded foams [70], strain-rate effects in foams [71, 72] 

are just some of the designs and properties which must be considered for these applications. In 

addition to the cellular core, the sandwich structure utilises a front and back face plate, which also 

contribute to the performance of the sandwich panel [73]. Parameters such as face thickness and 

core thickness (including the bonding between layers) [43] and core density [55, 65] all play 

important roles in the performance of a sandwich panel. In addition, different core topologies 

change the behaviour of a sandwich panel, such that a diamond folder core was able to dissipate 

over twice as much energy as a hexagonal honeycomb core loaded axially [50]. The research by 

Alberdi et al. [50] highlights the different performance of cores for different applications 

(front/back plate deflection, energy absorption, and force transfer). Compared to spaced structures, 

sandwich panels with an energy absorbing core have been shown to decrease deformation of the 

back plate [74]. 

Research on cellular structures for soil blast resistance has been conducted. Holloman et al. 

compared soil blast loading on cellular structures [34] and solid blocks [33] with the same volume, 

and determined the impulse could be reduced by 10-15% for the cellular structure. Similar 

improvements were achieved by Rimoli et al. [35] comparing sandwich panels with a corrugated 

core to an equivalent areal density monolithic plate of the same material. Liu et al. [75] highlighted 

the importance of core strength in their study of foam supported plates and the reduction in impulse 

transfer to a weighted object above (i.e. representative of a vehicle global velocity). This includes 

the effect of a high strength core which had a rigid response and no impulse mitigation. However, 

a low core strength can result in a face slap mechanism due to full densification of the core resulting 

in increased momentum transfer. By arresting the shock wave in the core before full densification 

a reduction in impulse of 10% could be achieved.  

Composite Systems 

Composites are used for their high specific strength and stiffness, high thermal resistance, and 

ability to be tailored to specific applications [76]. Typically they would be used as external coatings 

to mitigate blast loading [26]. Examples include polymer composite laminates (carbon and glass 

fibre laminates), fibre-metal laminates (GLARE aluminium alloy and S2 glass fibre), and glass 

fibre reinforced polymer (GFRP). GFRP has been shown to have a lower rupture impulse 
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compared to equivalent areal density aluminium and steel plates [28]. The progressive failure of 

glass fibres with a high flexural strain energy density also outperforms the more brittle carbon fibre 

[77]. Highly ductile long chain polymers such as polyurea and polyurethane have also been used 

as blast coatings [26] and seen success in protecting structures for small increases in mass [78]. 

Fibre type, length, volume content, and weight, as well as ply orientation, grading of laminates, 

etc., are all important properties to consider to improve the blast resistance of composites [79]. 

Other 

Other forms of blast protection have used pre-stressed metal plates to reduce plate deformation 

and deflect blast loading due to the curvature of the plate [80]. Water filled containers placed on 

top of an armour system have also been able to reduce deformation [81]. A 65% reduction in peak 

dynamic deformation was achieved, twice the performance of an equivalent areal density steel 

applique panel. Similar to how a V-shaped hull deflects blast pressures way from the hull, the 

containers mitigation mechanisms utilise shadowing and rarefactions of waves to lower the blast 

pressures and delay loading, and is dependent on container geometry, not the presence of the fluid. 

2.2.3. Modelling of Materials 

As previously highlighted, a wide range of materials can be used in the protection against blast 

loading (e.g. monolithic steel plates, aluminium core sandwich panels, composites, etc.). The 

behaviour of the macroscopic material can be defined by the internal constitution of the material, 

using equations of the stress, strain, and deformation relationships of the material [82]. Other 

methods include the use of stress-strain curves directly from experiments to model the material 

response. This is a common method used in the modelling of foams and homogenised material 

models [83]. As many of the problems involved in extreme loading events occur at high strain 

rates, the effects of strain rate dependence must also be accounted for. 

Material Models 

Several material models exist within finite element software like LS-DYNA which are able to 

incorporate the strain rate effects of metals. These include the Johnson-Cook [84, 85], Cowper 

Symonds [86], and Zerilli-Armstrong [87] methods. Parameters for strain rate effects can be 

obtained from tests such as the Split-Hopkinson Pressure Bar [88]. 
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The Johnson-Cook material model incorporate strain rate, strain hardening, and temperature 

effects (such as material softening), as well as damage. Within LS-DYNA [89], the flow stress 𝜎𝑦 

is defined by: 

𝜎𝑦 = (𝐴 + 𝐵𝜖𝑝
𝑛)(1 + 𝐶𝑙𝑛𝜖 ∗̇)(1 − 𝑇∗𝑚),                                   (𝐸𝑞 2.8) 

where 𝐴 is the yield stress, 𝐵 and 𝑛 are the strain hardening parameters, 𝐶 is the strain rate constant, 

and 𝑇∗ and 𝑚 are the temperature parameters. These parameters will affect the stress-strain curve 

and behaviour of a material under different conditions. These effects are multiplicative, meaning 

they do not necessarily take into account combined effects which can be a shortcoming of this 

model. Damage is described by: 

𝜀𝑓 = 𝑚𝑎𝑥([𝐷1 + 𝐷2𝑒𝑥𝑝𝐷3𝜎∗][1 + 𝐷4𝑙𝑛𝜖 ∗̇][1 + 𝐷5𝑇∗], 𝐸𝐹𝑀𝐼𝑁),           (𝐸𝑞 2.9) 

where 𝐷1 to 𝐷5 are constants in which the second set of brackets account for strain rate effects, the 

third set temperature effects, and 𝐸𝐹𝑀𝐼𝑁 is the lower bound for strain at fracture. A linear 

polynomial equation of state is also required for the initialisation of the thermodynamic state where 

the pressure 𝑃 is given by: 

𝑃 = 𝐶0 + 𝐶1𝜇 + 𝐶2𝜇2 + 𝐶3𝜇3 + (𝐶4 + 𝐶5𝜇 + 𝐶6𝜇2)𝐸,                     (𝐸𝑞 2.10) 

where 𝐶0 to 𝐶6 are coefficients describing the pressure, 𝜇 accounts for the change in density, and 

𝐸 is the initial internal energy per unit reference volume. 

The Cowper-Symonds model scales the yield stress according to the following factor [89]: 

1 + (
𝜀

𝐶

̇
)

1/𝑃

,                                                            (𝐸𝑞 2.11) 

where 𝑃 and 𝐶 are the strain rate parameters and 𝜀̇ is the strain rate. 

The Zerilli-Armstrong model accounts for strain rate and temperature effects, where the flow stress 

is defined by [89]:  

𝜎𝑦 = 𝐶1 + {𝐶2(𝜀𝑝)1/2[𝑒(−𝐶3+𝐶4 ln(𝜀∗̇)𝑇)] + 𝐶5} [
𝜇(𝑇)

𝜇(293)
],                   (𝐸𝑞 2.12) 

where 𝐶1 to 𝐶5 are flow stress coefficients, 𝜀𝑝 is the effective plastic strain, 𝜀 ∗̇ is the effective 

plastic strain rate, and 𝑇 the temperature in Kelvin. 



30 

 

The simulation of periodic cellular materials can be achieved through the use of homogenised 

foam material models [90]. Aluminium foams have been characterised and modelled in LS-

DYNA, with a review of the different material models available [91]. These material models [89] 

include the Crushable_Foam material model, which takes inputs of density, Young’s modulus, 

Poisson’s ration, and the yield stress-volumetric strain curve. The Modified_Crushable_Foam 

model also allows strain rate effects to be considered through the definition of several stress-strain 

curves at different strain rates. Other material models include the Honeycomb, 

Low_Density_Foam and Fu_Chang models [89].  

2.2.4. Assessment Techniques and Criteria 

The pressures and impulses resulting from a blast can be mitigated following several design 

principles. First and foremost, increasing the standoff distance is the easiest way to reduce pressure 

loading and can be achieved through the use of walls, bollards, and sacrificial elements in buildings 

[10], and increased height in vehicles [17]. However, given the limited space often available to 

achieve this, and the likelihood a blast is to occur near a structure to maximise damage, this can 

be difficult to achieve. Alternative methods include increasing the mass, 𝑚, of the impacted object. 

Based on the equations for impulse (𝐼) and kinetic energy (𝐾𝐸): 

𝐼 = ∫ 𝐹(𝑡)𝑑𝑡
𝑡1

𝑡0

= 𝑚𝑣,                                                 (𝐸𝑞 2.13) 

𝐾𝐸 =
1

2
𝑚𝑣2,                                                          (𝐸𝑞 2.14) 

𝐾𝐸 =
1

2

 𝐼2

𝑚
,                                                           (𝐸𝑞 2.15) 

it can be seen that an increase in mass will reduce the velocity, 𝑣, and kinetic energy for the same 

impulsive loading, thus reducing the amount of strain energy which needs to be dissipated by the 

blast mitigating components [92].In the design of buildings, it is said that when a “structure is well 

tied together” it can fully utilise its inertia and better resist localised damage without compromising 

its structural integrity [10]. In Eq 1.13, 𝐹(𝑡) is the force-time response between times 𝑡1 and 𝑡0. 

Increasing the mass of a structure or vehicle is not always a viable solution and can hinder other 
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design criteria (e.g. manoeuvrability). Therefore, alternative solutions which do not necessarily 

rely on mass mitigation techniques also need to be investigated. 

Another important blast mitigation concept (for façades, but also applicable to vehicles) is to 

separate the blast wave and high overpressures from the protected side [92]. For example, a blast 

on a civilian bus saw passengers exposed to prolonged direct blast pressures who suffered injuries 

including: perforated ear drums, lung injury, abdominal injury, burns, head trauma, and ultimately 

death [93]. The structure itself is also vulnerable to the effects of internal blast loading, placing 

loading on elements that they were not designed for (e.g. upwards pressures on a slab), thus 

increasing the probability of failure [92].  

The assessment of the armour system will change depending on the load and application. This 

includes maximising energy absorption, minimising backface deformation and acceleration, and 

reducing stress transmission. The general principles to be followed for maximising energy 

absorption of structures are as follows [94, 95]: 

• Increased plastic deformation of the material. 

• Low reaction force (and at a constant level). 

• Large stroke/displacement. 

• Light-weight. 

Cellular structures are ideal to achieve these principles as they have low relative densities 

compared to their solid material counterparts. They also generate lower peak forces for an 

equivalent level of energy absorption compared to their solid equivalents [73, 95]. This allows 

them to respond well to loading which can be characterised by their three-stage nature of 

deformation (Figure 2.7). This is the initial linear elastic range, a stress plateau region, and the 

final densification of the structure and rapid increase in stress with strain [94]. It is desirable for 

the cellular structure to deform up to, but not beyond, its densification strain [96]. Not all cellular 

structures display an idealised stress-strain response and instead may display high initial peaks and 

softening effects during compression [66, 97]. The densification strain can be determined using 

mathematical methods such as the energy efficiency method [98], which can then be used to 

calculate the energy absorption: 
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𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑏𝑠𝑜𝑟𝑡𝑖𝑜𝑛 (𝐸𝐴) = ∫ 𝐹(𝑥)𝑑𝑥
𝜀𝑑

𝜀𝑦𝑠

,                                    (𝐸𝑞 2.16) 

where 𝐹(𝑥)𝑑𝑥 describes the force-displacement curve, and 𝜀𝑑 is the densification strain, and 𝜀𝑦𝑠 

is the strain at yield. The energy absorption can be normalised based on mass (M), the specific 

energy absorption (SEA), or volume, the volumetric energy absorption. The peak crush force is 

also important to consider for energy absorption. Other common assessment criteria are thus: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 (𝑆𝐸𝐴) =
𝐸𝐴

𝑀
,                                (𝐸𝑞 2.17) 

𝑀𝑒𝑎𝑛 𝐶𝑟𝑢𝑠ℎ𝑖𝑛𝑔 𝐹𝑜𝑟𝑐𝑒 (𝑀𝐶𝐹) =
𝐸𝐴

𝑑
,                                    (𝐸𝑞 2.18) 

𝐶𝑟𝑢𝑠ℎ 𝐹𝑜𝑟𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐶𝐹𝐸) =
𝑀𝐶𝐹

𝑃𝐶𝐹
.                                   (𝐸𝑞 2.19) 

Vehicle and other collision events will require the peak force or acceleration to be minimised, 

which can be measured by the CFE [99]. This is also the case for loading from soil blast, where 

accelerations of the occupant above need to be maintained as low as possible, over a long duration. 

 

Figure 2.7: Force-displacement curve for a cellular structure showing the three stages of 

deformation. 
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Characterisation of the energy absorption behaviour of foams is common, including for properties 

such as the plateau stress and densification strain [73, 100]. Performance can then be based on the 

relative density of the foams, allowing for an easy assessment for required properties. Energy-

absorption diagrams have been used in the assessment of foams to maximise energy absorption, 

minimise peak stress, and ensure the energy absorbing region of the foam is fully utilised [96]. 

This is also applicable to other cellular structures with similar energy absorbing stress-strain 

curves. 

Sandwich panels are also assessed for plate deflections, both front and back face. Different 

boundary conditions are used to represent clamped and fixed supports to represent the range of 

conditions which may be experienced in reality [50]. 

The final improvements to a design can be made through parametric studies and optimisation 

techniques. Parametric studies, typically conducted numerically, allow the different parameters of 

a design (geometric, material, loading) to be assessed and the output can be directly related to the 

input. This allows the effect of the different parameters to be quantified and can be used in the 

design of optimal structures for a specific purpose. Parametric studies have looked into parameters 

such as wall thickness of honeycombs for crashworthiness performance and assessed it against 

EA, SEA, PCF, and CFE [99, 101]. This allows the relationship between the parameter and 

performance to be better understood. An optimisation can then be performed against these criteria 

for the various parameters assessed to find the best performing design. Parameters can include 

material properties, geometries, as well as changes in the structure (e.g. change in design, addition 

of in-fill material) [102, 103]. Various auxetic structures have also been investigated using 

parametric studies to assess their energy absorption [104]. 

Topology optimisation looks at the refinement of a structure for a certain performance, and 

includes various techniques such as the homogenisation method [105], the solid isotropic material 

with penalisation (SIMP) method [106], evolutionary structural optimisation method [107], and 

bi-directional evolutionary structural optimisation (BESO) method [108]. While these methods 

deal with the iterative removal and addition of material that is deemed unnecessary and necessary 

respectively (e.g. removal of non-loading bearing material) and its often used for quasi-static loads. 

Topology optimisation of truss structures has been performed for different Poisson’s ratios, 

including negative ones, over a range of strains using the SIMP method [109, 110] and BESO 
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method [111]. The shape optimisation of a vehicle hull has been performed using these methods 

[45], however it was for the simpler case where dynamic deformations and energy absorption were 

not required for assessment. For dynamic loads, parametric optimisation can be used. The results 

from a parametric study are used to populate data for the desired problem based on the inputs (e.g. 

cell size, thickness, etc.) and outputs (e.g. energy absorption, force transfer, etc.). A response 

surface (e.g. linear, quadratic, and cubic polynomials) is used to fit the data for assessment, from 

which the optimal parameters can be chosen. Single and multiobjective optimisation can take 

place, which is necessary for protective systems which have multiple design criteria. Fang et al. 

[101] used such a technique in the optimisation of a functionally graded foam-filled tube using the 

yield stress and thickness of the tube and density of the foam as the inputs and maximum force 

and SEA as the design criteria. The use of this method requires extensive data in order to accurately 

represent the response surface across all desired inputs. 

2.2.5. Blast Testing and Modelling 

Experimental tests are known to be more expensive and time consuming than their numerical and 

analytical counterparts, and this is no truer than for blast testing. Detailed analysis can be 

performed using numerical models which would otherwise be limited due to the need of expensive 

equipment, short time frames, and dangerous and difficult to manage environments. Numerical 

modelling of blast within finite element software such as LS-DYNA can instead be performed in 

several ways. Empirical methods are the fastest to run but are incapable of simulating more 

complex scenarios (e.g. reflection and shadowing) and are limited to their range of interpolated 

values. Fluid-structure interaction can be modelled using methods such as the Arbitrary 

Lagrangian-Eulerian (ALE) method, which allows for a more comprehensive analysis of a 

problem.   

Experiments 

Physical blast tests are conducted in a variety of ways, including the outputs to be measured (e.g. 

impulse [112]). This includes use of an actual explosive charge which provides the realistic loading 

case, but is the most difficult to repeat due to the large innate variations in explosions. On the other 

hand, shock tubes use high pressure gases to load structure in a controlled and repeatable way with 

a planar shock wave [113]. Examples for blast tests are: 
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• High explosive charges, e.g. TNT, suspended charges [78], ballistic pendulums [55]. 

• Shock tubes [114]. 

Soil blast experiments require the use of an explosive charge, but the method in which the soil is 

accounted for changes. Examples include: 

• Buried charges [18]. 

• Covered charges [11, 35]. 

Buried charges are representative of field conditions but require extensive preparation and display 

potential large variation in soil properties across the pit. Even in highly controlled cases, large 

impulse variations up to 16.6% have been observed in soil blast tests [115]. Flying plate tests are 

often conducted using this method. 

Empirical 

The empirical methods within LS-DYNA includes the ConWep method to model air blast [116] 

(keyword Load_Blast_Enhanced) and Initial_Impulse_Mine (IIM) method to simulate soil blast. 

ConWep applies an evolving pressure to a structure but does not consider the surrounding 

environment it is found within. This is based on the empirical models of Kingery and Bulmash [5, 

6].It has data for hemispherical surface blast, spherical air blast, air blast with ground reflection, 

etc., but cannot account for buried charges. Both methods have been used in the investigation of 

soil blast loading on vehicles, where it was found they substantially underestimated the damage 

imparted to the vehicle [117]. 

ConWep has been described as adequate for modelling land mines and vehicle response [118]. 

However the fundamental issue is that it is applying a blast pressure reminiscent of air blast and 

not soil blast, and scaling factors (e.g. 2.3 times the explosive mass [19]) have been necessary to 

recreate experimental results. Furthermore, ConWep is unable to account for the confinement 

effect of the soil, and the approximate setup of a surface laid charge cannot recreate the focusing 

mechanisms of the soil [119]. Additionally, while scaling can be used to give better agreement, 

there is no guarantee the loading distribution will be correct. 

Alternatively, the IIM method is used to simulate landmine blast based on the experiments 

conducted by Westine et al. [120] and further developed by Tremblay [121]. These equations take 

into account the soil density, burial depth, charge dimensions, and spatial configuration of the 
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loaded structure. An instantaneous velocity is applied to the nodes of the loaded structure based 

on the conservation of momentum (i.e. the mass of the structure). However, the instantaneous 

velocity method has been shown to have shortcomings when used for air blast loading, including 

overestimating the energy absorption [53]. The IIM method is only valid for a certain range of 

parameters [121]. Furthermore, the predictions of the IIM method have been found to be inaccurate 

and also require scaling factors [122]. The predictions for a 0.5 kg TNT charge significantly 

overestimated the experimental findings of the author [123]. 

Fluid Dynamics – ALE 

The Arbitrary Lagrangian-Eulerian method has been successfully used to model both free air blast 

[124, 125] as well as soil blast [19, 126-129]. It is a fluid structure interaction method which 

models the explosive and other relevant materials (e.g. air, soil) as Eulerian elements. This 

decouples the material from the mesh and allows it to expand and handle large deformations which 

would otherwise cause errors. The Lagrangian element tie the material to the mesh and is widely 

used in structural mechanics for its ability to handle interfaces between materials [130]. Figure 2.8 

depicts the mesh and particle motion for the three methods, Lagrangian, Eulerian, and ALE. The 

ALE equations for mass, momentum, and energy are as follows [130]: 

𝑀𝑎𝑠𝑠:    
𝜕𝜌

𝜕𝑡
 |

𝝌
+ 𝒄 ∙ 𝛁𝜌 = −𝜌𝛁 ∙ 𝒗                                        (𝐸𝑞 2.20) 

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚:    𝜌 (
𝜕𝒗

𝜕𝑡
 |

𝝌
+ (𝒄 ∙ 𝛁)𝒗) = 𝛁 ∙ 𝝈 + 𝜌𝒃                         (𝐸𝑞 2.21) 

𝐸𝑛𝑒𝑟𝑔𝑦:    𝜌 (
𝜕𝐸

𝜕𝑡
 |

𝝌
+ 𝒄 ∙ 𝛁E) = 𝛁 ∙ (𝝈 ∙ 𝒗) + 𝒗 ∙ 𝜌𝒃                        (𝐸𝑞 2.22) 

where 𝜌 is the density, 𝒗 the material velocity vector, 𝝈 the Cauchy stress tensor, 𝒃 the specific 

body force vector, E the specific total energy, and 𝝌 denotes the reference coordinates. 
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Figure 2.8: Lagrangian, Eulerian and ALE mesh and particle motion in one dimension [130]. 

Reflection and shadowing can be accounted for, as well as the evolution of loading with time. In 

order for the blast to travel towards a structure it must travel through a material domain (e.g. air). 

This can result in large domain sizes to capture the complete flow of the blast towards and around 

a structure. The pros and cons of the Lagrangian, Eulerian, and ALE methods are discussed in 

Table 2.2 [131].  
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Table 2.2: Pros and cons of methods for modelling high explosives. 

Pros Cons 

Lagrangian 

Efficient, fewer computations per time step Element distortion and small timestep 

Simple to use code Susceptible to grid tangling and inaccuracies 

Good strength modelling  

Eulerian 

Static grid with no distortions Longer computation times 

Capable of handling large deformations Fine zoning required for accuracy 

Material mixing within cells Diffusion of material boundaries (leakage) 

 Void cells required for areas where material 

may flow, thus requiring very large meshes 

ALE 

Wide range of applications Longer computation times 

Clearly defined boundaries Fine zoning required for accuracy 

Material mixing within cells Diffusion of material boundaries (leakage) 

 Void cells required for areas where material 

may flow, thus requiring very large meshes 

 

The ALE method combines the best of the Lagrangian and Eulerian solvers, providing an easily 

deformable mesh with strength modelling for structures subjected to blast loading. The Eulerian 

elements allow multiple fluids to exist in one element, e.g. explosive, air, and soil, however it is 

recommended to not have any more than three materials in one element at any time [89]. LS-

DYNA works by calculating the history variables based on a Lagrangian mesh before mapping the 

new solution onto the old configuration, hence retaining the Eulerian mesh [132]. This is known 

as the advection step and has different formulations available (1st order accurate Donor Cell 
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scheme [133] or 2nd order accurate van Leer scheme [134]). The stresses of the element are 

determined by the volume fraction of each material such that the composite stress is [132]: 

𝜎∗ = ∑ 𝜂𝑘𝜎𝑘

𝑛𝑚𝑎𝑡

𝑘=1

,       ∑ 𝜂𝑘 = 1,

𝑛𝑚𝑎𝑡

𝑘=1

                                       (𝐸𝑞 2.23) 

where 𝜂 is the volume fraction and 𝜎 is the individual material stresses. 

The use of the ALE method requires specific material models and equations of states to model the 

explosives, such as the High_Explosive_Burn material in LS-DYNA [89]. The required inputs are 

the density of the explosive, the detonation velocity and the Chapman-Jouguet pressure. The 

detonation velocity will determine the detonation time for each element based on the initial time 

of explosive [89] and determines the type of explosion that will occur. Detonation occurs for 

materials which ignites at rates above the material’s speed of sound, resulting in an instantaneous 

detonation accompanied by high pressures and temperatures at the shock wave front, while 

deflagration is the other type of explosion and commonly seen in vapour cloud explosions [10]. 

The Chapman-Jouguet pressure defines the pressure required for steady state detonation [135]. 

The Jones-Wilkins-Lee (JWL) equation of state for adiabatic expansion of high explosive [136] is 

used to define the pressure, 𝑝, of the detonation products based on: 

𝑝 = 𝐴 (1 −
𝜔

𝑅1𝑉
) 𝑒−𝑅1𝑉 + 𝐵 (1 −

𝜔

𝑅2𝑉
) 𝑒−𝑅2𝑉 +

𝜔𝐸

𝑉
,                   (𝐸𝑞 2.24) 

where 𝑉 is the relative volume and 𝐸 the internal energy per initial volume, and 𝐴, 𝐵, 𝑅1, 𝑅2, and 

𝜔 are material constants [89]. Finally, it is important to consider the mesh size in ALE formations. 

For example, the pressures from a blast have been reported to increase by 50% through an element 

height reduction of the air mesh from 6.275 mm to 2.23 mm [137]. 

SPH 

Finally, the smoothed particle hydrodynamics (SPH) method has been used to model soil blast 

loading [128, 129, 138] and similar scenarios [139] modelling both the soil and explosive using 

SPH, and the loaded structure with Lagrangian elements. Research comparing the ALE and SPH 

methods found that SPH method simulated soil blast loading slightly better than the ALE method 

(5% vs 9.7% error respectively), but that ALE was better for air blast loading [128]. Meanwhile, 
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other research has shown the SPH method overpredicting the impulse from soil blast and ALE 

underpredicting it, with the SPH results ultimately closer [129].  

The origin of the SPH modelling technique dates back to 1977, when Lucy [140] and Gingold and 

Monaghan [141] developed the method to be able to work with the large deformation problems 

encountered in astrophysics. SPH has since been expanded to deal with a wide variety of 

applications, including but not limited to hypervelocity impact [142]. 

SPH is a mesh free method and has several advantages over traditional finite element modelling 

techniques, including the ALE method. The modelling of blast requires expansive void domains 

to account for material propagation [131]. This is not the case for SPH as the blast energy travels 

with the particles themselves through a free domain, saving computational resources and time 

[128, 129]. Other advantages over the ConWep method have also been demonstrated. ConWep 

blasts will interact with several parts simultaneously (e.g. multiple layers of a laminate), while the 

SPH particles only interact with the affected surface until erosion takes place, being both more 

accurate and realistic [143]. SPH does suffer from the same drawbacks as ConWep regarding blast 

flow around structures which cannot be properly recreated. 

SPH does not use a conventional grid for the mesh as the nodes also define the integration points. 

Instead the particles make up the computational framework, and is governed by the following 

calculation method [89]: 

𝜫𝒉𝒇(𝒙) = ∫ 𝒇(𝒚)𝑾(𝒙 − 𝒚, 𝒉)𝒅𝒚,                                     (𝐸𝑞 2.25) 

𝑊(𝐱, h) =
1

ℎ(𝐱)𝑑
𝜃(𝐱),                                                (𝐸𝑞 2.26) 

where 𝜫𝒉𝒇(𝒙) is the particle approximate according to the kernel function 𝑊. Additionally, 𝑑 is 

the number of space dimensions, ℎ the smoothing length, and 𝜃(𝒙) is a function describing the 

kernel’s smoothing. The kernel, also called a shape function, is used to approximate a solution 

between nodal points. While a low-order function (linear) may be sufficient for finite element 

problems, SPH requires a higher-order function (Gauss, cubic B-spline) in order to properly 

integrate a solution [144]. Further information about the SPH method (e.g. the need for a uniform 

particle spacing) can be found in [89]. 
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2.3. Auxetic Structures and Properties 

The Poisson’s ratio (𝜈) of a material defines the ratio of the transverse (𝜀𝑥) and axial (𝜀𝑦) strain of 

a material: 

𝜈 = −
𝜀𝑥

𝜀𝑦
,                                                               (𝐸𝑞 2.27) 

and is a general elastic property of materials. Typically materials will exhibit a positive Poisson’s 

ratio, however it is also possible for materials to display a negative Poisson’s ratio [145]. Cellular 

materials used in protective structures such as foams and lattice structures also display an effective 

Poisson’s ratio. They usually display a positive Poisson’s ratio like material they are made from, 

however they can also be independent on the material and instead the Poisson’s ratio is a function 

of their geometry. This allows the geometry of certain cellular structures to display a negative 

Poisson’s ratio and are of interest for their novel behaviour for energy absorption properties. 

2.3.1. History and Review of Auxetics 

Auxetics are structures and materials with a negative Poisson’s ratio, meaning they contract 

laterally under axial compression and expand under tension. This phenomenon will result in mass 

being drawn towards the point of a compressive load (see Figure 2.9) [146], resulting in localised 

densification and enhanced protective capabilities [147]. The term auxetic originates from the 

Greek word auxetos, meaning ‘that which may be increased’, and was first used by Evans et al. 

[148, 149]. The concept of auxetic materials dates back to 1944, where Love considered the case 

where the Poisson’s ratio of a material was less than zero [145]. Following classical elasticity 

theory [145], an isotropic material can theoretically have a Poisson’s ratio that falls within the 

following range: 

−1 ≤  𝜈 ≤  0.5, 

though most materials are found within the positive range (0 for cork and 0.5 for incompressible 

materials such as rubber). However, as auxetic are typically cellular structures (i.e. the geometry 

dictates the Poisson’s ratio, not the material), they do not have isotropic properties. The anisotropy 

of auxetics means their Poisson’s ratio can decrease below -1 in certain directions. 
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Love [145] also described the equations of classical elasticity theory, which governs a materials’ 

stiffness (Young’s modulus – 𝐸), rigidity (shear modulus – 𝐺), and compressibility (bulk modulus 

– 𝐾), which are related as follows: 

𝐺 =
𝐸

2(1 + 𝜈)
,                                                            (𝐸𝑞 2.28) 

𝐾 =
𝐸

3(1 − 2𝜈)
.                                                           (𝐸𝑞 2.29) 

Following equations 2.28 and 2.29, it can be seen that for a Poisson’s ratio of -1, the shear modulus 

will increase towards infinity as the denominator approaches zero, creating a material with strong 

shear resistance. Other benefits of auxetics are improved indentation resistance [150], greater 

fracture toughness [150, 151], energy absorption [152], and pullout resistance [153], some of 

which can be described below as: 

𝐼𝑛𝑑𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 ∝
1 − 𝜈2

𝐸
,                                                    (𝐸𝑞 2.30) 

𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠, 𝜎 = √
𝜋𝐸𝑇

2𝑟(1 − 𝜈2)
.                                             (𝐸𝑞 2.31) 

The properties described in equations 2.30 and 2.31 all display favourable performance due to their 

negative Poisson’s ratios. Furthermore, following the principle of increased inertia to resist 

damage [10], auxetics are able to achieve a similar result by drawing mass towards the point of 

loading [147].  
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Figure 2.9: Mechanism of auxetic behaviour where material flows towards the point of impact 

[146]. 

Originally, auxetics were not thought to exist in nature, but they have been observed in α-

cristobalite [154], cancellous bone [155], cow teat [156], cat skin [157], the cytoskeleton of red 

blood cells [158], and the stem cell nuclei of mice [159, 160]. Recent efforts have been mimic the 

α-cristobalite lattice for energy absorption purposes [161]. The creation of auxetic foams in 1987 

[150] initiated the development of man-made auxetics. Since then a series of auxetic review 

articles have been published covering the development of auxetics over the years. Initially work 

focused on the fundamental basics of auxetics, identifying different types of auxetics and how they 

affect conventional material properties [162-164]. From there a greater understanding of the 

mechanisms defining auxetic behaviour was explored [165-168]. Topology optimisation has been 

discussed [164], as well as the limits on the fabrication and production (or lack of) for auxetics 

[168, 169], and how auxetics can be used to design structures using different parameters and 

properties [169]. Finally, the potential applications of auxetics have been discussed, with a main 

focus on biomedical, automotive, defence, aerospace, and sports applications [165-167, 169]. 

Presently, it is reported that current applications are still in the early stages of development [168] 

and more research is required on impact application research [166]. Furthermore, most research is 

on a certain type of auxetic (re-entrant structures) and other structures (rigid rotating) have not 

been fully explored, and data on large deflections is scarce [169]. 
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2.3.2. Auxetic Structures 

Evans and Alderson have described the ranged of auxetic structures and materials available which 

includes molecular auxetics, cellular materials (honeycombs and foams), microporous polymers, 

composites, and ceramics [147]. The cellular structures can be defined through an auxetic 

mechanism resulting in the negative Poisson’s ratio [170, 171]. This includes re-entrant, chiral, 

and rigid rotating structures. As they are defined by their geometry and deformation mechanisms, 

auxetics are scale-independent and show the same response at the macro- to nano-level [170]. 

Figure 2.10 shows several different mechanisms from left to right including the rigid rotating 

square model for perforated sheets and isolated rigid squares, the anti-tetrachiral model, missing 

rib model, and re-entrant model. 

  

Figure 2.10: Different auxetic mechanism in expansion (top) and contraction (bottom) [171]. 

Cellular Structures 

Modifications to the structures of conventional cellular structures (honeycombs and lattices) can 

result in a negative Poisson’s ratio response. The most commonly researched of these being the 

re-entrant honeycomb, however they do exist in many different forms (Figure 2.10 [171]). These 

structures are characterised by periodic geometries and low densities. Behaviour within a sandwich 

panel is the same as for a conventional structure, except for the negative Poisson’s ratio response 

of the core. Cellular structures are commonly found in 2D and 3D versions. A 2D version (e.g. re-

entrant honeycomb [172]) is anisotropic and material densification only occurs in one direction. 

Alternatively, the 3D truss [173] can display a negative Poisson’s ratio in the transverse and 
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longitudinal directions under an axial load. Due to their complex geometry, additive manufacturing 

is often used in their construction. Structural applications have been considered [174], highlighting 

their potential in sandwich structures for their increase indentation strength and shear resistance. 

However, due to their porous nature and bending dominated behaviour [68], there are limitations 

to their load bearing capabilities in structures [165]. Among these structures, the rigid rotating 

structures have been reported to have a relatively high Young’s modulus compared to the re-entrant 

and chiral structures, and are by far the least studied of the three [169]. It is one of the structures 

available which can be utilised as the core of a sandwich panel for energy absorption. 

Research into porous structures with circular holes [175] identified the auxetic properties of these 

types of geometries through an elastic instability [176]. The 2D alternating oval (or auxetic oval) 

design uses the rigid rotating group deformation mechanism with alternating rotational directions 

[171]. Modifications to the geometry were shown to affect the properties (negative Poisson’ ratio) 

of the geometry, including the aspect ratio and length of material between the holes [177]. Other 

studies have also investigated the performance of sheets with alternating oval shaped cuts [178], 

and introduced hierarchy into the design [179]. Despite these parametric studies being carried out, 

the research has focused on general elastic properties of the auxetics and the energy absorption 

performance has not been assessed. Digital image correlation has also been used to investigate the 

behaviour of the auxetic oval geometry in the past to help analyse deformation behaviour [177, 

180]. Ren et al. [181] investigated buckling induced auxetic ovals in rubber and brass as well as 

tubular auxetic sheets [182]. These are the 3D and 2D versions of an alternating oval geometry 

arrangement which induces auxetic behaviour, and have shown to have a material dependency on 

how the auxetic behaviour initiates (i.e. buckling for soft materials). The performance of the 

auxetic oval was investigated through the energy efficiency method, however a detailed 

investigation into the energy absorption properties has not been conducted yet [181]. 

Foams 

Foams are commonly used for their energy absorbing capabilities, showing the ideal response for 

energy absorption with low relative densities [73]. Auxetic foams were first produced in 1987 and 

were created through the inward buckling of the cell ribs creating a re-entrant structure [150]. The 

process requires triaxial compression in a mould, heating to the softening temperature of the foam, 

and removal and cooling of the foam at room temperature. This process has been performed on 
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both polymer and metal foams, with conversion process refined over the years [151, 183-186]. 

However, it is still a time-consuming process with the risk of reconversion to a positive Poisson’s 

ratio over time. Bianchi et al. [187] found a general trend that the energy dissipation of auxetic 

open cell polyurethane foam increased with the negative Poisson’s ratio. Conventional foams are 

effective energy absorbers for their light-weight, making them ideal for sandwich panel cores [73, 

188], and comparisons in literature to auxetic foams have highlighted the benefits of a negative 

Poisson’s ratio. Scarpa et al. [152] were able to show an increase in normalised energy absorption 

by a factor of 2.1. Crashworthiness has also been assessed of auxetic foam-filled tubes showing 

increased SEA at the cost of a higher peak reaction force [189]. Optimisation of aluminium auxetic 

foam-filled tubes found an optimal value between -0.60 to -0.62 for energy absorption depending 

on the tube’s geometry [190]. While the conversion process increases the density of the foam, 

several studies have shown that the increase in performance is not tied to just the density [189, 

191]. For example, this includes increases in performance due to interaction effects between the 

foam and surrounding structure  [189, 192]. 

Other 

Other types of auxetics have been developed including fibres and composites. While these are not 

suitable as the core of a sandwich panel, they still exhibit the beneficial properties for protective 

purposes. Alderson et al. [193] were able to overcome the previous limits of auxetic fibres (large 

sizes and problematic production techniques) using a novel melt spinning technique to create 

polypropylene fibres with diameters of 0.28 mm and a Poisson’s ratio of -0.60. These auxetics 

have been used in composites and were shown to have enhanced anchoring and pullout resistance, 

including an increase of 100% in de-bonding force and requiring over three times the energy to do 

so [153]. This increase in pullout resistance can be attributed to the tendency of the auxetic fibre 

to expand when pulled axially, increasing their hold in the matrix. This technique has been used 

in the research of novel auxetic items, such as an auxetic nail [194]. However, current limitations 

exist in the types of fibres that can be manufactured and the lack of necessary strength and Young’s 

modulus of conventional fibres for high strength applications [195]. Regardless, comparisons 

between conventional and auxetic polypropylene fibres under impact has shown improved energy 

absorption (1.60 to 2.57 J compared to 1.27 to 2.21 J) as well as a lower tendency to crack [196]. 
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2.3.3. Auxetic Protective Systems 

A fairly substantial body of work has been conducted on the research of auxetics for protective 

purposes and energy absorption, however it is by no means complete. The research is limited by 

the type of auxetic studied, the extreme loading scenario, and how the load was applied.  

Imbalzano et al. studied two re-entrant structures, a 3D truss [173, 197] and 2D re-entrant 

honeycomb [172]. These studies investigated the two structures under air blast loading using 

ConWep and impact loading on the 3D truss. All auxetics showed increased performance 

compared to either a monolithic plate with equivalent areal density [173, 197], and an equivalent 

positive Poisson’s ratio honeycomb structure [172]. Benefits of the auxetics included load 

spreading over the protected structure due to the densification effect. Other work using numerical 

impact tests on the re-entrant honeycomb geometry and conventional honeycomb found that the 

indentation resistance was generally improved for the auxetic design, but it was dependent on a 

critical value of the Poisson’s ratio for this effect to take place [198]. Considerable work has been 

conducted on the re-entrant honeycomb under air blast loading using analytical methods [199], 

numerical ALE models [200], and impact loading [201]. Multiobjective parametric optimisation 

has been successfully performed on the double arrowhead model for air blast loading in sandwich 

panel applications, displaying benefits over solid plates and lightweighting potential compared to 

square honeycomb cores [202]. This is one of the few studies on 3D auxetics, as most research is 

conducted on the anisotropic 2D geometries. Qi et al. [203] conducted experimental blast and 

impact tests on a re-entrant honeycomb panel, demonstrating the auxetic effect under close contact 

charges and localised loading effectively. This was supported by numerical models and 

comparisons to steel plates and conventional honeycomb cores. Dampers for blast resistant frames, 

including functionally graded design of re-entrant honeycombs have also been investigated [204]. 

Other studies include the analysis of a 3D chiral auxetic core, which showed improved 

performance over a conventional core with the same porosity and mass [205]. Ma et al. [206] 

studied the re-entrant arrow structure under ballistic and blast loading experimentally. Some of the 

more important findings regarding auxetics are the presence of material concentration under a 

ballistic projectile and a bulging effect for blast wave deflection. This bulging effect creates a 

convex surface to the blast load, which is able to deflect blast waves away from the structure, 

similar to a V-shaped hull. Blast tube testing showed that a concave face would instead be created 
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for a conventional core structure. The concave deformation of sandwich panels (or dishing) has 

been reported to confine the blast load and increase imparted impulse [207]. Sports applications 

and padding [208, 209] have also been considered as well as blast curtains [210, 211] and 

indentation resistance structures [174, 212, 213]. 

The majority of research on armour and protective structures has focused on the re-entrant 

honeycomb. Even the auxetic oval structure has only briefly been analysed for energy absorption 

by Ren et al. [181], and not with specific loading scenarios in mind. Furthermore, the loading the 

auxetics have been subject to has varied from planar to localised air blast, and ballistic impact. No 

work has been conducted investigating the soil blast response of auxetics despite several author’s 

making mention of vehicle underbelly armour as an application [172, 203]. 

2.4. Summary 

2.4.1. Main Findings and Observations 

Research on blast loading can be sorted into three main categories; air blast, underwater blast, and 

soil blast. The medium in which the blast occurs can drastically alter the physics and loading 

phenomenon of the blast. Soil blast loading is a multiphase event with the detonation products and 

soil ejecta simultaneously impacting an adjacent structure and can be characterised as a momentum 

transfer event. Hence, different protective design philosophies must be utilised to most efficiently 

protect against these loads. In particular, vehicles are most often subject to soil blast loading and 

will fail in one of four main ways during the blast event. These failure modes include structural, 

deformation, penetration, and global movement; each of these failure types requires a different 

understanding of soil blast-structure interaction. 

Common blast protective structure design philosophies utilise high toughness metals which are 

able to deform to absorb energy, as well as sandwich structures. The stronger outer layers and 

softer compressible core can increase the energy absorption compared to an equivalent areal 

density monolithic plate. One type of structure which can be used as the core is auxetics. Auxetics 

are characterised by their negative Poisson’s ratio, meaning they contract under a compressive 

load and vice versa. It is often reported that a negative Poisson’s ratio can lead to increased energy 

absorption, indentation resistance, and other favourable mechanical properties. This behaviour is 

generally dictated by the geometry of the structure and includes re-entrant, rigid rotating, and chiral 
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and anti-chiral structures. Even though these structures all fall under the same umbrella of auxetics, 

their individual response to compressive loadings all differ. The re-entrant honeycomb is the most 

commonly researched auxetic structure for extreme loading, while the rigid rotating structures 

have not been studied in any depth. 

Testing of blast protective structures is a complex field, and numerical simulations are often used 

to simplify the process. Blast loads can be applied through empirical equations such as ConWep 

for air blast, and the Initial Impulse Mine model for soil blast. While these methods are effective 

at imparting loads to a structure, they are not the complete loading phenomenon and are only valid 

for a certain range of criteria. The Arbitrary Lagrangian-Eulerian (ALE) method is instead used to 

model more complex blast phenomenon includes pressure propagation and the inclusion of other 

media like the soil. Coupled with the blast load methods is the material models used to represent 

the protective structures. Strain rate effects are an important component to consider in highly 

impulsive blast events. The Johnson-Cook, Cowper Symonds, and Zerilli Armstrong methods are 

just some examples of material models which incorporate strain rate effects. 

2.4.2. Gaps in Research Knowledge 

Research on soil blast loading is not as well established as the more common air blast and 

underwater blast loading. Furthermore, conventional protective design practices cannot be carried 

over from the pressure dominated air/underwater blast loading due to the dual phase nature of soil 

blast loading. This means that the design of armours systems for soil blast must be tailored 

specifically for soil blast loading. To achieve this, a thorough understanding of soil blast loading 

is required with a specific focus on how an armour system will respond to it. 

Conventional armour design for soil blast loading utilises geometrical features such as V-shaped 

hulls. As the use of alternative armour systems is sometime necessary (e.g. limited vehicle 

standoff, to improve manoeuvrability, applique armour), a greater understanding of the response 

of sandwich panels must be obtained. While research is available for the response of sandwich 

panels to soil blast, utilisation of an auxetic core has not been investigation in any significant 

capacity. That is, research in this field makes use of findings from air blast loading (e.g. typically 

ConWep) and does not consider the loading from soil. These research efforts may provide generic 

results, but they will not be explicitly applicable to soil blast loading.  
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Auxetics have been identified as showing promise as protective structures due to their increased 

energy absorption, indentation resistance and other favourable properties. However, research in 

this field which looks at specific applications is disproportionate to the total body of work on 

auxetic structures. The benefits of auxetics for protective purposes is often discussed, but research 

on the topic is lacking. Furthermore, the range of geometries examined is currently limited, with 

more research covering the various auxetic structures and their deformation mechanisms. As it 

stands, the re-entrant honeycomb is by far the most popular auxetic design researched for extreme 

loading applications. The rigid rotating design (i.e. specifically the auxetic oval) has not been 

investigated for its protective capabilities. Research on this design has looked at parametric studies 

for elastic properties, and has only identified the stress-strain response as being favourable for 

energy absorption at this stage. This research will look at the auxetic oval geometry specifically 

for its energy absorption performance. 

Finally, the analysis of auxetic structures for protective purposes is lacking in a defined 

methodology. Specifically, comparisons with conventional positive Poisson’s ratio structures do 

not always highlight the benefits of the auxetic structure. New analysis methods are required to 

show what type of loads auxetics perform best against and how these may be conducted. For 

example, the analysis of an auxetic under localised blast loading [172] is able to show the benefits 

of a negative Poisson’s ratio through mechanisms such as load spreading. Alternatively, auxetics 

which are fully crushed across their area do not always highlight these beneficial properties [204]. 
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Chapter 3 

Design and Analysis of Auxetic Oval 

Structure for Extreme Loading 
This chapter introduces the auxetic oval geometry to be investigated for soil blast resistance 

applications. A series of preliminary numerical models in LS-DYNA and experimental tests, 

not shown within the chapter, were used to gain an initial understanding of the auxetic oval’s 

behaviour. From here the external edge boundary conditions and thickness of material 

between hollow ovals were determined. Quasi-static tests were conducted on six designs 

total, the 3 Layer Oval, 5 Layer Oval, and 7 Layer Oval, and modified versions, the 3 Layer 

Hybrid, 5 Layer Hybrid, and 7 Layer Hybrid, at a strain rate of 0.001 /s. The Hybrid designs 

were developed after fracture was observed to occur along the top and bottom boundaries of 

the auxetics. This design prevented or delayed the onset of fracture. A more efficient plateau 

stress, i.e. perfectly plastic, was created, albeit at a reduction in stress and hence energy 

absorption. Basic observations in performance were observed for the 3, 5, and 7 Layer Oval 

designs. As the number of layers increased, so too did the plateau stress. Dynamic testing 

was then conducted at a strain rate of 100 /s on the samples. Similar behaviour to the quasi-

static testing was observed for the dynamic tests. Stress amplification for some designs was 

present due to inertia effects. Digital image correlation was conducted on the experimental 

results for additional analysis of the auxetic oval and future numerical model validation. 

Deformation fields revealed the rigid rotating square mechanism was present for the designs, 

as has been reported in the literature. Negative Poisson’s ratios and regions of high strain 

were also observed in the analysis. These results are significant in that they show the chosen 

design has a suitable elastic-plateau-densification response under compression at strain rates 

from 0.001-100 /s, have a negative Poisson’s ratio across these strain rates, and will thus be 

used for the development of numerical models in the future. 
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3. Design and Analysis of Auxetic Oval Structure for Extreme 

Loading 

3.1. Abstract  

Auxetics are structures and materials with a negative Poisson’s ratio, meaning they contract 

in the direction perpendicular to the applied force under a compressive load. This 

phenomenon can lead to increased energy absorption, among other favourable parameters to 

protect against impulsive loadings. In this research, an alternating oval geometry is 

investigated which gives rise to an auxetic structure, referred to as an ‘auxetic oval’ design. 

Quasi-static (strain rate = 0.001 /s) and dynamic (strain rate = 100 /s) experiments have been 

conducted on small-scale specimens, manufactured using laser cutting. Different design 

criteria are examined to understand the mechanisms behind the energy absorption of the 

auxetic structures. A modified version of the energy efficiency method was developed to 

assess the densification strain of the auxetics. A shift from strain-softening to strain-

hardening behaviour is seen as the number of layers increases, which is ideal for energy 

absorbing structures. Inertia effects are present in the dynamic tests, showing an increase in 

strength for several of the designs. The quasi-static and dynamic responses are essentially 

identical, meaning that the performance of the auxetics do not change under the range of 

strain rates examined. 

Digital image correlation has been successfully utilised in the analysis process. This includes 

identification of the mechanism giving rise to the auxetic behaviour (rigid rotating squares) 

and the calculation of the negative Poisson’s ratio. Strain fields have been examined showing 

the regions of energy dissipation. Based on these results the auxetic oval design experiences 

bending dominated behaviour. Finally, a unique design has been developed, dubbed the 

‘Hybrid Auxetic Oval’, which shows favourable behaviour compared to the equivalent base 

auxetic oval design by mitigating the effects of fracture.  

3.2. Introduction 

Auxetics are materials and structures with a negative Poisson’s ratio, meaning they contract 

in the perpendicular direction under a compressive load and vice versa. First envisioned in 

1944 [1], a negative Poisson’s ratio has been shown to lead to improved mechanical 
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properties. This includes indentation resistance [2], fracture toughness [2, 3], and energy 

absorption [4], among other benefits to their performance. Under compression, the auxetic 

nature of a structure will draw material in towards the zone of impact. It is this phenomenon 

which can offer enhanced energy absorption when compared to a structure with a 

conventional positive Poisson’s ratio.  

The auxetic effect itself is generally dictated by the physical response of the structure. First 

identified by Grima et al. [5], the ‘rotating rigid units’ deformation mode is used to describe 

the auxetic behaviour of different geometries. The rotation of rigid sections about a node is 

what draws material in towards the centre, resulting in auxetic behaviour. Lim [6] expanded 

upon this with additional deformation mechanisms for auxetic designs. The rotating unit 

group describes the rotating square design, while sheet group instability-based auxetic 

behaviour can be assigned to perforated sheet groups which is useful for the analysis of 2D 

auxetic structures.  

Research into porous structures with circular holes [7] identified the auxetic properties of 

these types of geometries through an elastic instability [8]. Modifications to the geometry 

were shown to affect the properties (negative Poisson’s ratio) of the geometry, including the 

aspect ratio and length of material between the holes [9]. Other studies have also studied the 

performance of sheets with alternative oval shaped cuts [10]. The auxetic effect under tension 

can be maintained even with randomly oriented ovals as the rigid rotating square mechanism 

is still present [10]. The 2D alternating oval (or auxetic oval) design uses the rotating rigid 

group deformation mechanism with alternating rotational directions. DIC has also been used 

to investigate the behaviour of the auxetic oval geometry in the past [9, 11]. Ren et al. [12] 

investigated buckling induced auxetic ovals in rubber and brass as well as tubular auxetic 

sheets [13]. These are the 3D and 2D versions of an alternating oval geometry arrangement 

which induces auxetic behaviour. The performance of the auxetic was investigated through 

the use of the energy efficiency method [12], however a detailed investigation into the energy 

absorbing properties has not been conducted yet. The auxetic oval structure can be utilised 

for energy absorption under extreme loading as the core in a sandwich panel. 

Sandwich panels have been shown to have favourable performance under blast loading when 

compared to equivalent monolithic plates [14, 15]. This includes both reduced back face 
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deflection and increased energy absorption. The core of the sandwich structure contributes 

significantly to the energy absorption capability of the panel and can be made of numerous 

cellular materials (e.g. foams, honeycombs, and trusses). One example of a sandwich panel 

with a truss core has been investigated by Imbalzano et al. [16], who found that an auxetic 

core was able to increase the energy absorption and reduce the deflection of a sandwich panel 

under blast loading compared to an equivalent areal density monolithic panel. 

By quantifying the energy absorption of a structure, it is possible to assess different structures 

against each other. In order to measure the energy absorption the densification strain is often 

used, which signifies a shift in the behaviour of a cellular structure [17]. The determination 

of the densification strain can prove troublesome and a consistent way to do it is required for 

a fair comparison between materials and structures. The energy absorption efficiency 

technique is one such method that can be used, whereby the maximum of the efficiency curve 

is used to determine where the densification strain is located. This can subsequently be used 

to calculate the energy absorption. Furthermore, the energy efficiency has been shown to be 

sensitive to spatial variations in tests requiring smoothing of the curve to identify the 

maximum point [18]. 

The way a cellular structure deforms depends on the properties of the solid material, its 

topology and shape, and the relative density [19]. For lattice structures this has the 

consequence where a structure can be defined as stretch dominated or bending dominated 

based on its mechanical properties. A stretch dominated structure has a high stiffness with a 

low weight, ideal for situations where strength is important (e.g. an aircraft wing). Bending 

dominated structures are characterised by their low stiffness and strength but longer plateau 

stress regions and densification strains, ideal for energy absorbing applications. 

Optical techniques that track local points have been used to analyse the 3D buckling induced 

auxetic in order to calculate Poisson’s ratio over time [12]. However, this method can only 

track predefined local points. Speckle interferometry and digital image correlation (DIC) 

have been used to analyse a similar auxetic structure and both methods were found to provide 

good agreement with numerical models for deformation and other data types [9, 11, 20]. 

Other uses include the development of true stress-strain curves on tensile test samples [21]. 

DIC is a non-contact, non-destructive testing technique that is able to obtain sub-pixel 
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accuracy on displacement and strain measurements [22, 23]. Uses include material property 

characterisation, validation of numerical models, strain measurements and mapping, among 

many more. DIC works through the tracking of stochastic patterns between consecutive 

images. Changes in these patterns are tracked and converted into displacement and strain 

measurements. This can be performed through in-house software as well as commerical 

software such as GOM Correlate [24].  

This research investigates the 2D auxetic oval geometry for the purpose of energy absorption 

under compressive loading. The auxetic oval is designed for the use of the core of a sandwich 

structure. A preliminary study on its deformation and energy absorption mechanisms are 

explored in this Chapter, and how different design parameters affect its performance. Due to 

the complex geometry of the structure, an alternative manufacturing method is also explored 

with the potential for larger scale manufacturing. 

3.3. Methodology 

3.3.1. Laser Cutting 

Additive manufacturing lends itself well to the production of complex cellular structures such 

as auxetics, however this can be limited by cost and time. An alternative method was 

investigated for the fabrication of complex geometries (i.e. the auxetic oval) including small 

scale specimens and eventual panel design. Material removal was identified as a potential 

solution using laser cutting, water jet cutting, or CNC routing. Of these, laser cutting was 

selected using Melbourne based company Laser 3D. The cut blocks were then envisioned to 

be stacked together to form a complete core for use in a sandwich panel, which has been 

explored in this Chapter. 

Al6061-T651 with a density of 2700 kg/m3 was used in the laser cutting process, with the 

chemical composition shown in Table 3.1. The blocks tested had a thickness of 6.36 mm (as 

supplied). The nominal thickness of the solid material between ovals in the auxetic design 

was 1 mm. Upon inspection, the wall thickness was found to be tapered with the top surface 

(the surface facing the laser) being thinner than the bottom due to the kerf width of laser cut 

metals. This saw an overall reduction in thickness of approximately 20-35% for the different 

auxetic oval designs for a 1 mm thick section. Other manufacturing defects were also present 
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in some of the designs where the laser cut through the material between ovals. The effort was 

made to use the most complete auxetic blocks available for testing.  

Table 3.1: Aluminium 6061-T651 chemical composition. 

Element Si Fe Cu Mn Mg Cr Zn Ti Other 

Content 

(%) 

0.64 0.44 0.18 0.09 1.0 0.06 0.08 0.08 0.15 

 

3.3.2. Auxetic Design 

Three different initial designs were developed in the 50 mm × 50 mm area blocks for testing. 

All designs used a nominal thickness between ovals of 1 mm, with the main difference being 

the number of rows and columns in the design and the dimensions of the ovals. The aspect 

ratio of the ovals was kept consistent between 1.36 and 1.4. The auxetic blocks are labelled 

according to the number of rows of ovals in their design. From here the 3 Layer Oval, 5 Layer 

Oval and 7 Layer Oval designs were created. Three variations of these designs were created 

changing the top and bottom layers and have been labelled the 3 Layer Hybrid, 5 Layer 

Hybrid and 7 Layer Hybrid. For example, the 3 Layer Oval (with spray paint) and the 3 Layer 

Hybrid (without spray paint) are shown in Figure 3.1. A complete list of the main designs 

and basic parameters is shown in Table 3.2. A flat top and bottom section were used to 

provide a flush surface for compression testing. Furthermore, the flat design was chosen with 

the idea of developing large cores for implementation in a sandwich panel. This would ensure 

that the stiffer outside plates would have sufficient area to connect to the auxetic oval core. 

In the corner of each design (see Figure 3.1) are round holes which have been placed there 

to allow the stacking of the auxetic blocks. 
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Table 3.2: Design parameters for the different auxetic oval structures. Each design had an 

external volume of 50 mm × 50 mm × 6.36 mm. 

Design Oval Size (mm) Volume Fraction (%) Mass (grams) 

3 Layer Oval 15×11 46.0 19.16 

5 Layer Oval 8.80×6.30 48.6 20.48 

7 Layer Oval 6×4.30 52.3 21.46 

3 Layer Hybrid 15×11 42.1 17.42 

5 Layer Hybrid 8.80×6.30 46.2 19.21 

7 Layer Hybrid 6×4.30 50.6 20.62 

 

 

Figure 3.1: 3, 5 and 7 Layer Oval (top row) and 3, 5 and 7 Layer Hybrid (bottom row) 

designs. The 3 Layer Oval shows the spray pattern used for digital image correlation. 

Thickness between ovals, t, and oval long radius, a, and short radius, b. 

The different designs were tested to explore the effect the different parameters had on the 

behaviour and energy absorption of the auxetic oval. The blocks were designed on a level 
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between unit cells and representative volume elements. Hence, the purpose of these 

experiments is to confirm the auxetic behaviour of the blocks and gain an initial 

understanding of their behaviour. Numerical models can then be developed and validated 

against the range of designs tested. Furthermore, the factors which will influence the design 

of a representative volume element can be identified through these experiments. 

As these are small scale unit blocks, the different edge conditions will affect their behaviour 

under compression [25-27], including the Poisson’s ratio of the block. While this 

phenomenon will be less influential in the design of longer panels, it will contribute 

significantly to the response of the smaller designs. Thus, two preliminary 3 Layer Oval 

arrangements were manufactured to examine the influence of the edge conditions. A vertical 

oval or horizontal oval is located at the boundary of the top and bottom rows of the design. 

The vertical oval design was considered for further work due to favourable performance 

being achieved with this design, including well-defined auxetic behaviour and a reduced drop 

in stress due to fracture. Regardless, this was only chosen for the preliminary studies. 

Development of numerical models at later stages will be able to incorporate both designs for 

an in-depth analysis of the parameters of the auxetic oval design. 

3.3.3. Hybrid Design 

The Hybrid design was developed after preliminary numerical tests on the 3 Layer Oval were 

conducted. This will be discussed further in the following sections, but the presence of 

fracture resulted in significant drops in strength for the Oval designs. It was recognised that 

the large amount of rigid material in the top and bottom rows was preventing movement of 

the auxetic central core component. This ultimately led to the fracture of material along the 

top and bottom rows.  

In order to remedy this issue, the Oval design was modified based on another auxetic 

geometry, the re-entrant honeycomb. This was chosen in order to try and maintain the 

auxeticity of the auxetic oval design. The process can be seen in Figure 3.2 with the re-entrant 

design overlain on the vertical oval in the top row of the auxetic block. The top half of the 

re-entrant honeycomb is kept, and the remaining material removed along the curve of the 
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horizontal ovals. The final result is a bell-shaped exclusion along the top and bottom rows in 

place of the vertical ovals. 

 
 

Figure 3.2: Evolution of the Hybrid auxetic design based on the re-entrant honeycomb. 

3.3.4. Compression Testing 

Two series of tests were conducted to assess the performance of the six auxetic designs. Both 

quasi-static and dynamic tests were conducted to determine if there was any rate sensitivity 

in the designs. The compression tests were conducted as follows; quasi-static (load rate = 3 

mm/min, strain rate = 0.001 /s) and dynamic (load rate = 5 m/s, strain rate = 100 /s) loading 

using an Instron 5569A and Instron VHS 8800 respectively. The test setup schematic and 

dynamic test equipment are shown in Figure 3.3. The quasi-static tests were conducted up 

until 50% axial strain, while the dynamic tests were performed up to 30% axial strain due to 

limitations of the load cell capacity. These ranges ensured that densification was reached for 

each test and the energy absorption could be calculated. The surfaces of all samples were 

made flat and parallel using a grinding wheel. Force-displacement curves were obtained for 

each test and were filmed for subsequent analysis. A 3rd order low-pass Butterworth filter 

with a 5000 Hz cutoff frequency was used to filter the dynamic results. Repeat tests were 

conducted for the designs where possible. 



72 

 

 

Figure 3.3: Setup of the auxetic specimen in compression (a), and the Instron VHS 8800 

used for dynamic tests (b). 

3.3.5. Tensile Testing 

Material characterisation on the Al6061-T651 was also conducted using tensile dogbone 

specimens cut from the same laser cutting procedure based on ASTM 1391 (2007) [28]. 

Based on the limited thickness (6.36 mm) which the aluminium could be cut in, the width of 

the dogbone was 12.5 mm with a gauge length of 50 mm. These were tested on the Instron 

5569A at a rate of 0.5 mm/min (strain rate 1.67e-4 /s).  

3.3.6. Digital Image Correlation 

Digital image correlation (DIC) uses a speckled pattern in order to track the displacements 

and strains of a surface over time. It has been used for the purpose of analysis of the auxetic 

blocks and tensile test and can also be used for numerical validation at later stages. Black and 

white spray paint was applied to create the speckled pattern. Lens distortion was determined 

to be negligible for the setup used. Video footage was recorded of each test, from which 

individual frames were extracted for use in the software GOM Correlate [24]. Approximately 
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500 frames were used in the analysis of the quasi-static experiments up until the maximum 

axial strain was reached. 2D DIC was used as the auxetic block deformed in-plane only, up 

until densification. Displacement and strain fields were generated from which additional data 

such as the Poisson’s ratio of the auxetic blocks could be calculated. 

3.4. Auxetic Experimental Analysis and Results 

3.4.1. Quasi-static Results 

Force-displacement data was generated for each compression test. This was then converted 

into the stress-strain response for each design and was calculated based on the 50 mm × 6.36 

mm area and 50 mm height. All Oval and Hybrid results can be seen in Figure 3.4, showing 

both stress-strain curve and force-displacement curve. A plateau stress was present for each 

design before densification occurred. As the number of rows/columns increased (or the size 

of the ovals decreased), the magnitude of the plateau stress increased. Both the Oval and 

Hybrid designs displayed the same overall behaviour, however there was a decrease in the 

plateau stress for all Hybrid designs. The repeat tests showed similar if not the same results 

across all designs. 

The Oval design specimens all fractured during the compression tests. This occurred at the 

top and bottom layers initially, with later stages of compression resulting in central 

connections breaking. This phenomenon was seen across the 3, 5 and 7 Layer Oval designs. 

However, as the number of layers increased, the loss in strength due to fracture was lessened. 

Failure first occurred at around 12-14% strain for all three designs. As fracture took place in 

the top and bottom rows, the 3 Layer Oval was most negatively affected by it. This is because 

approximately 50% of the load path material is located within these zones. As the number of 

rows increased, the percentage of material in the top and bottom rows decreased. Hence, 

when fracture did occur in the 5 and 7 Layer Ovals, the overall drop in strength was 

proportionally smaller. 

Strain softening (non-ideal behaviour for energy absorption) was evident in the 3 Layer Oval 

design, excluding any loss in strength due to fracture. As the number of layers was increased, 

the performance began to shift. The 5 Layer Oval design shows reduced strain softening with 

the 7 Layer Oval design displaying perfectly plastic behaviour. As noted in [17], perfectly 
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plastic behaviour can arise from the combined effect of individual strain softening cell 

behaviour. This is seen here where the increase in layers reduces the effect of individual cell 

failure, and the macroscopic behaviour of the block remains relatively steady.  

The introduction of the Hybrid design helped to fix the negative aspects of the designs 

discussed above. First, the more flexible connections at the top and bottom helped eliminate 

nearly all the fracture within the designs. In some cases (e.g. 3 Layer Hybrid) failure still 

occurred, but only after a strain of 30%. As before, an increase in the number of layers 

reduced the effect of fracture, where the 7 Layer Hybrid design does not exhibit any 

noticeable loss in strength during compression. Whenever there is a loss in strength, it is 

reduced in magnitude compared to the Oval designs.  

Looking at the 3 Layer Hybrid design in detail, there is a steeper initial decrease in strength 

before it begins to bottom out across the 10-20% strain range, after which it begins to densify 

at around 23.8% strain. The same is true for the 5 Layer Hybrid design. Different behaviour 

can be seen for the 7 Layer Hybrid design, where the absence of fracture changes how the 

structure responds. Unlike the perfectly plastic response of the 7 Layer Oval design, the 7 

Layer Hybrid exhibits strain hardening over the 15-25% strain range. This behaviour would 

still occur in the 7 Layer Oval design, however, it is likely masked by the loss in strength due 

to fracture within the same strain range. 
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Figure 3.4: Quasi-static stress-strain and force-displacement curves for all pure oval and 

hybrid designs. 

Comparing the Oval and Hybrid designs there is an overall loss in strength for the Hybrid 

designs. However, there is also a large reduction in fracture due to the more flexible 

connections at the top and bottom of the specimen. Central behaviour remains relatively 

similar between both designs, i.e. regardless of the top and bottom design, the centre rows of 

material behaved the same. Nevertheless, there is a tendency for the early stage fracture seen 

in the Oval designs to induce additional fracture in the central regions. This arose due to the 

now non-uniform loading within the structure as load paths changed to accommodate the 

fracture which had taken place. Global rotation of the centre can be seen in some tests, 

stretching one side more than other and ultimately resulting in failure. 

The main assessment of performance is the energy absorption of the different auxetic designs 

examined. As seen in Figure 3.4, the plateau stress increased with the number of layers. 

However, the densification strain, calculated according to the energy absorption efficiency 

[17], varies with each design. Two equations were used to calculate the energy absorption 

efficiency: 

𝜂(𝜀) =
1

𝜎(𝜀)
∫ 𝜎(𝜀)𝑑𝜀

𝜀

0

                                               (𝐸𝑞 3.1) 
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𝜂𝑎𝑙𝑡(𝜀) =
1

𝜎𝑚𝑎𝑥
∫ 𝜎(𝜀)𝑑𝜀

𝜀

0

                                             (𝐸𝑞 3.2) 

where 𝜂(𝜀) is the original definition and 𝜂𝑎𝑙𝑡(𝜀) is the newly developed alternative energy 

efficiency. 𝜎𝑚𝑎𝑥 is the maximum stress prior to the original definition of the densification 

strain. The original definition for the energy efficiency uses the current stress, while the 

alternative energy efficiency uses the maximum stress up until current strain being examined. 

The energy absorption was then calculated as the area under the force-displacement graph up 

until the densification strain. Figure 3.5 compares the results for the 3 Layer Oval design. 

The original definition of the energy efficiency calculated a densification strain of 17.3%. 

The energy efficiency steadily rose until fracture began. With each drop in stress due to 

fracture, the energy efficiency increased. Ultimately at 17.3% strain when the final fracture 

in the design took place, there was a large drop in strength. The strength fell to 0.6 MPa, at 

which time the load path was temporarily lost. As the block is further compressed, there was 

a sudden rise in force again. This response created a sudden spike in efficiency which gave 

the underpredicted value for the densification strain. Smoothing of the data was unable to 

resolve this issue. Using the alternative definition, this effect was ignored. Instead the energy 

efficiency peaked at a densification strain of 22.4%, which is located on the stress-strain 

curve when there is a sudden rise in stress from the average plateau stress. The alternative 

definition generally delays the densification strain and gives a more accurate reading for the 

energy absorbed for the strain-softening curves with fracture.  

Using these results the energy absorption and specific energy absorption (SEA) were 

calculated. As the number of layers increased, so too did the energy absorption. This outcome 

was expected as there was more material between ovals to dissipate energy with. The change 

to the Hybrid design saw a decrease in the energy absorption except in the case of the 7 Layer 

Hybrid. This was able to dissipate more energy due to its higher densification strain arising 

from its strain-hardening response. These results are also reflected in the SEA of each design. 
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Figure 3.5: 3 Layer Oval stress-strain curve, original and alternative energy efficiency and 

densification strains. 

Figure 3.6 and Table 3.3 show the average densification strains and SEA for each design 

using the two different energy absorption efficiency methods. As was the case for the 3 Layer 

oval, the original densification strain typically lies at a local minimum. The alternative 

densification strain was delayed for each design, sometimes significantly. However, the 7 

Layer Hybrid saw a small decrease in the alternative densification strain, once again due to 

how fracture affected the energy efficiency curves. Regardless, the new alternative 

densification strain increased the specific energy absorption for all designs except for the 7 

Layer Hybrid. Furthermore, while the Hybrid designs which did not experience fracture, the 

energy absorption efficiency method would still incorrectly identify local minimums as the 

densification strain. This resulted in an early estimate of the densification strain even when 

fracture was not present. This is more like a conventional stress-strain curve which does not 

see fluctuations in its plateau region. It is worth noting that any drop in stress would result in 

an increase in both definitions of the densification strain. Therefore, care must be taken when 

selecting the range of data examined to ensure delayed fracture (e.g. after 30% for the 3 Layer 

Hybrid) do not adversely affect the results. 
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Figure 3.6: Quasi-static stress-strain curves and densification strain and alternative 

densification strain results. 
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Table 3.3: Energy absorption using the two definitions for densification strain. 

Design Densification 

Strain (%) 

Specific Energy 

Absorption (J/kg) 

Alternative 

Densification 

Strain (%) 

Alternative 

Specific Energy 

Absorption 

(J/kg) 

3 Layer 

Oval 

17.3 831 22.4 977 

5 Layer 

Oval 

19.5 2190 22.5 2523 

7 Layer 

Oval 

19.6 3614 21.0 3893 

3 Layer 

Hybrid 

22.1 676 23.8 740 

5 Layer 

Hybrid 

18.7 1110 21.3 1258 

7 Layer 

Hybrid 

25.8 4290 24.5 3999 

 

Table 3.4 outlines the rest of the average results obtained from the experiments and the 

alternative energy efficiency results. The Young’s modulus for each design was taken as the 

maximum value of the initial response under loading. As the number of layers increased, so 

too did the Young’s modulus. This was true for both the Oval and Hybrid designs. In all cases 

the Hybrid designs had a lower Young’s modulus, with the 3 Layer Hybrid showing a 

substantial decrease. 

The peak and plateau stress followed the same trend as the Young’s modulus. Both design 

types saw an increase in stress with the number of layers increasing. Comparing the Oval to 

the Hybrid design plateau stress, the Hybrid design’s plateau stress was 65% that of the Oval 

design. The 5 Layer Hybrid was 49% and the 7 Layer Hybrid 84% of their equivalent Oval 

designs. The largest relative decrease in stress came from the 5 Layer designs. These designs 

also had the largest difference between peak stress, a reduction of approximately 53% for the 

Hybrid design. These changes were reflected in the energy absorption, which is directly 

proportional to the plateau stress. On the other hand, the densification strain did not vary as 

much as the plateau stress and did not affect the energy absorption. 
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Table 3.4: Quasi-static auxetic oval results for pure oval and hybrid designs (alternative 

energy efficiency). 

Design Young’s 

Modulus 

(MPa) 

Peak 

Stress 

(MPa) 

Plateau 

Stress 

(MPa) 

Densification 

Strain (%) 

Energy 

Absorption 

(J) 

Specific 

Energy 

Absorption 

(J/kg) 

3 Layer 

Oval 
3082 10.2 5.3 22.4 18.7 977 

5 Layer 

Oval 
3991 19.1 14.5 22.5 51.7 2523 

7 Layer 

Oval 
4841 30.7 25.1 21.0 83.6 3893 

3 Layer 

Hybrid 
841 6.8 3.4 23.8 12.9 740 

5 Layer 

Hybrid 
3166 10.0 7.1 21.3 24.2 1258 

7 Layer 

Hybrid 
3167 27.8 21.2 24.5 82.5 3999 

 

3.4.2. Dynamic Results 

Dynamic testing was performed to investigate the performance of the auxetic structures under 

a higher strain rate. The quasi-static tests took place at 0.001 /s, while the dynamic tests were 

compressed at a strain rate of 100 /s. This was achieved by compressing the samples at 5 m/s 

on an Instron VHS 8800 machine. Due to the load constraint on the machine the same level 

of compression could not be achieved for the dynamic tests. Regardless, all tests were 

conducted up to and beyond the densification strain allowing energy absorption data to be 

extracted. A Phantom High Speed Camera v2512 was used to film the events with a 

resolution between 896x800 to 1280x720 (depending on the test) and a frame rate of 25,000 

fps. Specimen placement was achieved using double sided tape attached to the top platen and 

load cell, with the bottom platen rising up at 5 m/s. The dynamic results were filtered with a 

3rd order Butterworth filter with a lowpass 5000 Hz cutoff frequency using MATLAB. At 

least two series of tests were conducted for each of the six auxetic designs. The data 

acquisition occurred at 126,000 to 200,000 Hz. 
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The results for each test are shown in Figure 3.7 and are compared to their quasi-static 

counterparts. The immediate observation made is that the responses for both the quasi-static 

and dynamic tests were consistent across the range of strain rates. The plateau stresses were 

similar and densification occurs at approximately the same strain. Furthermore, fracture 

occurred under both testing conditions at similar strains, although it is hidden by the filtering 

conducted on the dynamic tests. This is important considering the intended application for 

the auxetic structures are under high strain rates. Therefore, conclusions drawn from the 

quasi-static test results can be applied to the dynamic tests. This ensures the anticipated 

performance is maintained across strain rates between 0.001 /s and 100 /s. 

The major difference between the overall series of tests can be seen in the 3 and 5 Layer 

Ovals and 5 Layer Hybrid where stress amplification has taken place. An increase in the 

plateau stress up to 47% was achieved for the 3 Layer Oval design under dynamic loading. 

This was not present in the other designs. While strain rates are present in Al6061-T651, they 

have been reported to not be significant for strain rates below 103 /s [29, 30]. Inertia effects 

have been reported to increase the plateau stress in honeycomb cores by a factor of 1.2-1.5 

[31] and up to 1.74 [32]. A study into similar auxetic structures under dynamic load rates 

[33] used the following equations to quantify the stress enhancement of the plateau region: 

𝐹𝑡 = 𝑚𝑣, 𝐹 =
𝑚

𝑡
𝑣 =

𝜌0𝐴𝐿
𝐿𝜀𝑎

𝑣
= 𝐴

𝜌0𝑣2

𝜀𝑎
, 𝜎𝑖𝐴 = 𝐹,                        (𝐸𝑞 3.3) 

𝜎𝑖 =
𝜌0𝑣2

𝜀𝑎
,                                                         (𝐸𝑞 3.4) 

where 𝜎𝑖 is the stress enhancement due to inertia effects, 𝜌0 is the relative density, 𝑣 is the 

load rate, and 𝜀𝑎 is the strain dominated by inertia effects. These equations are based on the 

work of Reid et al. [34] and Harrigan et al. [35]. The inertia effect is present for early strain 

only and is assumed to be 0.01. This gives a stress enhancement of 3.4 MPa for a 50% relative 

density aluminium auxetic oval design under a 5 m/s compression velocity. This value is in 

line with the stress enhancement of the plateau stress from the designs affected by inertia. 

There is also a consistent trend where auxetic structures with higher Young’s moduli 
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experienced larger inertia effects, likely due to the immediate stress transfer through the 

stiffer structure. 

 

Figure 3.7: Comparison of quasi-static and dynamic results for the six designs. 

As seen from Figure 3.7, the general shapes of the stress strain curves are the same across all 

of the designs. However, difference arise in the analysis of the results. Table 3.5 shows the 

same results as Table 3.4 but for the dynamic results instead. The Young’s modulus must be 

examined carefully as the effect of filtering has artificially modified these results and 

therefore cannot be accurately compared. An increase in energy absorption was seen across 

nearly all designs which is attributed to the increased plateau stress. Furthermore, the 

densification strain for the dynamic results has increased for several of the tests. The dynamic 

3 Layer Oval saw an increase in plateau stress from 5.3 MPa to 7.7 MPa while retaining the 
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same densification strain, ultimately resulting in an increase in energy absorption by 46% of 

the quasi-static value. 

Table 3.5: Dynamic auxetic oval results for pure oval and hybrid designs 

Design Young’s 

Modulus 

(MPa) 

Peak 

Stress 

(MPa) 

Plateau 

Stress 

(MPa) 

Densification 

Strain (%) 

Energy 

Absorption 

(J) 

Specific 

Energy 

Absorption 

(J/kg) 

3 Layer 

Oval 
1712 15.2 7.7 22.2 27.4 1430 

5 Layer 

Oval 
3023 23.6 16.0 22.7 57.7 3012 

7 Layer 

Oval 
3614 32.3 27.2 20.9 90.5 4723 

3 Layer 

Hybrid 
877 7.9 3.7 23.2 13.8 718 

5 Layer 

Hybrid 
1554 14.0 9.7 21.4 33.0 1720 

7 Layer 

Hybrid 
2410 27.2 21.5 23.3 79.9 4173 

 

3.4.3. Alternative Designs 

Two new designs were developed making modifications to the 3 Layer Oval and Hybrid 

designs. This was based on the initial experimental work and preliminary numerical 

simulations. The original series of tests showed that the vertical and horizontal ovals did not 

collapse in the same manner. Figure 3.8 shows two stages of the 3 Layer Oval, the initial 

(left) and collapsed state (right). The red arrows indicate where the horizontal ovals have 

nearly fully collapsed under the axial compression load. However, the vertical ovals, 

highlighted within the blue zone, do not reach the same level of collapse. A method to 

improve the ability for the vertical ovals to fully collapse was investigated with the aim to 

enhance the auxetic effect and increase the energy absorbed. 
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Figure 3.8: Collapse of the horizontal ovals (axial compression) and the vertical ovals 

(transverse compression) prior (a) and post (b) compression. 

Looking closer at Figure 3.8(right), it can be seen that the centre of the vertical ovals has 

fully collapsed. This is due to the collapsed horizontal ovals which have pushed the centre of 

the short radii of the vertical ovals together, leaving the space highlighted in blue open. As 

the rigid rotating squares sections to not contribute significantly to the energy absorption, an 

alternative design with holes was developed. These holes were designed to be oval in shape 

to help with the collapse mechanism, similar to the main ovals which make up the auxetic as 

a whole. Due to the rotation of the rigid squares, they were design at a 45° slope, and the two 

designs tested are shown in Figure 3.9. One with the oval pattern forming an ‘O’ shape around 

the centre, and one with an ‘X’. The ‘O’ arrangement was designed so that the diagonal ovals 

would rotate and collapse as horizontal ovals in order to force the vertical ovals shut. Detailed 

information about the volume fraction and mass of the new designs can be seen in Table 3.6 

compared to their original 3 Layer Oval and Hybrid counterparts. 
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Figure 3.9: 3 Layer Oval elliptical holes models with ‘O’ (a) and ‘X’ (b) arrangements. 

Table 3.6: Design parameters for the alternative oval designs. All large ovals were 15 mm 

× 11 mm. 

Design Volume Fraction (%) Mass (grams) 

3 Layer Oval 46.0 19.16 

O-Holes, X-Holes 44.1 18.95 

3 Layer Hybrid 42.1 17.42 

O-Holes, X-Holes 40.3 17.28 

 

Figure 3.10 shows the results for the 3 Layer Oval and 3 Layer Hybrid alternative designs. 

Both the ‘O’ and ‘X’ design reduced the loss in strength due to fracture for the 3 Layer Oval 

and resulted in an overall higher plateau stress. However, the mechanism which was 

envisioned to enhance the auxetic effect did not take place. The rigid rotating squares are no 

longer rigid and fracture occurs as the top and bottom layers pierce through the now reduced 

section thickness. This piercing does introduce additional plastic deformation for the sections 

adding to the energy absorption of the structure. However, the addition of the diagonal oval 

holes does not achieve its intended effect of closing the vertical ovals to increase the effective 
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negative Poisson’s ratio. The 3 Layer Hybrid alternative designs also did not make any 

considerable difference to the results. The more ductile top and bottom rows follow the same 

deformation pattern as the original hybrid design. The results are summarised in Table 3.7. 

While the densification strain did not change for the alternative 3 Layer Oval designs, a 

higher plateau stress resulted in higher energy absorption. Furthermore, the slight reduction 

in mass increased the specific energy absorption for both the 3 Layer Oval and Hybrid 

alternative designs. Therefore, removal of material from the rigid rotating square sections 

can successfully improve the performance of the auxetic ovals. Furthermore, the removal of 

material does not significantly change the behaviour of the auxetic structure overall. 

Additional reductions in volume fraction in non-utilised areas should achieve similar 

increases in performance for all the auxetic structures studied. 

 

Figure 3.10: Stress-strain response of the 3 Layer Oval and alternative oval designs (a) and 

3 Layer Hybrid and alternative oval designs (b). 
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Table 3.7: Quasi-static response of the alternative holes models (alternative energy 

efficiency). 

Design Young’s 

Modulus 

(MPa) 

Peak 

Stress 

(MPa) 

Plateau 

Stress 

(MPa) 

Densification 

Strain (%) 

Energy 

Absorption 

(J) 

Specific 

Energy 

Absorption 

(J/kg) 

3 Layer 

Oval 
3082 10.2 5.3 22.4 18.7 977 

Oval 

Diag O 
2554 11.6 7.0 22.5 25.2 1328 

Oval 

Diag X 
2069 11.0 6.8 23.0 24.7 1305 

3 Layer 

Hybrid 
841 6.8 3.4 23.8 12.9 740 

Hybrid 

Diag O 
885 6.8 3.5 23.6 13.1 759 

Hybrid 

Diag X 
2245 7.0 3.5 23.1 12.7 738 

 

3.4.4. Connection Mechanism 

Similar to extrusion based layered 3D printing, the auxetic ovals have been developed in thin 

blocks, or sheets. A method to combine these sheets was required in order to develop a full 

panel, e.g. all thread rod, welding, or an epoxy between the layers. These sheets were stacked 

and fastened together using all thread rods running through the four corner holes cut for this 

purpose. Three 3 Layer Ovals were stacked together in this fashion and tested under quasi-

static and dynamic testing. 

Figure 3.11 shows the 3 Layer Oval post dynamic compression after being joined using the 

all thread rod method. It can be seen that the all thread rod provided adequate restraint against 

out-of-plane movement and the three blocks deformed simultaneously. No separation 

occurred along the top and bottom edges, with only minor separation in the middle side edge. 

Figure 3.12 compares the single and combined 3 Layer Oval results under dynamic 

compression. These curves matched up consistently throughout nearly the whole test 

duration. A slight increase in performance was achieved from approximately 12% axial 
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strain. Unlike the single block tests where out-of-plane movement began to take place at large 

strains, the three combined auxetics deform nearly perfectly in-plane. This allows the 

auxetics to reach their maximum potential energy absorption during compression.  

The all thread rod joining mechanism provided a straightforward method to join several 

sheets together to form a panel. With the uniform displacement of the rigid rotating squares, 

additional all thread rod connectors could be added to deliver extra restraints in the middle 

level of the blocks. Performance of the auxetic would not be hindered as seen in the 

alternative hole designs investigated. However, the rigid rotating squares would need to be 

large enough to allow all thread rod to be inserted while still maintaining the minimum 

necessary distance allowable for laser cutting to take place. 

 

 
Figure 3.11: 3 Layer Oval joined post dynamic test results. 

 

 



89 

 

 

Figure 3.12: Comparison between the single 3 Layer Oval and Combined 3 Layer Oval 

(x3 single) under dynamic loading. 

3.4.5. Digital Image Correlation 

Digital image correlation (DIC) has been used in the analysis of the displacement fields, 

strain fields, and the calculation of the Poisson’s ratio in order to better understand the 

behaviour of the auxetic structures. DIC was utilised for both the quasi-static and dynamic 

tests using a DSLR and high speed camera. The quasi-static tests were recorded at 24 fps 

with an image resolution of 1920x1080. 1 frame per second was extracted from the 

recordings for use in the DIC software, GOM Correlate (2D). A facet size of 9 pixels with 

point distance of 6 pixels was used. Facet matching took place against the definition stage. 

The tensile test was also examined using DIC and compared to an extensometer to verify the 

accuracy of the strains calculated using DIC. As seen in Figure 3.13, good correlation can be 

achieved between the extensometer and DIC analysis when used for strain based analysis. 

Six tensile tests were conducted, from which the yield stress (275 MPa) and Young’s 

modulus (68.9 GPa) of the Al6061-T651 was obtained. Based on the von Mises strain 

analysis of the tensile test, a true failure strain between 36-53% has been estimated. 
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Figure 3.13: DIC analysis of an Al6061 tensile test with extensometer and comparison 

between the extensometer and DIC axial strains (a) with inset showing the location of the 

extensometer on the tensile specimen, and typical measured stress-strain curve of the 

Al6061-T651 (b). 

Effective Poisson’s Ratio 

The main feature of the auxetic oval design is the negative Poisson’s ratio of the geometry. 

DIC analysis allows the effective Poisson’s ratio to be calculated and compared to the axial 

strain experienced by the different auxetic designs. The effective Poisson’s ratio was 

calculated using the deformation fields generated for the orthogonal axial and transverse 

directions. The strains were then calculated based on the strain for the axial direction, 𝜀𝑦, and 

transverse direction, 𝜀𝑥. The effective Poisson’s ratio was then calculated as: 

𝜈𝑦𝑥 = −
𝜀𝑥  

𝜀𝑦
.                                                          (𝐸𝑞 3.5) 

The transverse strain was calculated from the locations shown in Figure 3.14. These locations 

are at the centre of the external rigid rotating squares at the centre location. An average of 

the horizontal strains is then taken. This location gave the best estimate for the negative 

Poisson’s ratio over axial strain, and was consistent despite any slight variations in the 

geometry of the different designs. The effect of rotation was minimised by choosing the 

centre of the square, while still maintaining the most external boundary conditions possible. 

While the calculated negative Poisson’s ratio is representative of the whole block, it is not 

for an individual unit cell. 
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Figure 3.14: Chosen locations for the calculation of the negative Poisson’s ratio. 

Figure 3.15 shows the results for all the quasi-static tests and the Poisson’s ratios. Given the 

data available, the Poisson’s ratio remains negative up to and beyond 30-50% axial strain. 

The peak negative Poisson’s ratio occurred between 5% to 25% axial strain, with most 

occurring before 20%. Furthermore, the Oval designs had a greater negative Poisson’s ratio 

compared to the Hybrid designs. At later stages (>30% strain) the Poisson’s ratios tend to 

converge towards each other. Meanwhile, the Hybrid designs experience a continuously 

negative Poisson’s ratio for a longer period of time. Densification roughly occurred at around 

the same axial strain as when the transverse strain tends to the positive. That is, the transverse 

direction starts to expand once densification has been reached. 

The smaller negative Poisson’s ratio seen in the Hybrid designs is due to the inability of the 

centre ovals to collapse inwards. The top and bottom Hybrid sections collapse first but do 

not rotate like as seen in the Oval designs. This prevents the centre rigid rotating squares 

from rotating and subsequently they do not pull the more outward squares inwards towards 

themselves. Eventually the auxetic compresses enough and forces the centre squares to finish 

rotating and close, at which stage the behaviour is similar to the Oval designs.  
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Figure 3.15: All Poisson’s ratios vs axial strain for the quasi-static tests from DIC. 

Deformation Fields 

The deformation of the auxetic blocks can be used as a method to further analyse the 

compression of the auxetics. Shown in Figure 3.16 is the 3 Layer Oval collapsing under 

different levels of axial strain up to densification. The main thing to note is the auxetic 

mechanism in action, which shows the rigid rotating squares. Non-uniform displacement 

occurs in these squares shown by the gradient of displacement, thus confirming that the 

auxetic ovals utilise the rigid rotating square mechanism. These results can be used for further 

validation of future numerical models to be developed. 
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Figure 3.16: Displacement fields of the 3 Layer Oval using DIC at different stages of axial 

compression. 

Strain Fields 

An analysis of the strain fields was used to indicate which regions of the auxetics were 

utilised to absorb energy during the compression process. Using the strain fields, it was also 

possible to see the development of positive through to negative strains across the thin arms 

connecting the rigid rotating squares. This confirms the bending dominated behaviour of the 

auxetic oval blocks. As the blocks rotate, the arms bend as shown in Figure 3.17. Tension 

through to compression is seen across the thickness of the arms and the rigid blocks do not 

undergo any deformation.  
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Figure 3.17: Strain fields, x (left) and y (right), for the 3 Layer Oval. 

The areas which develop strain first have been examined using the von Mises strain. For the 

Oval designs the top and bottom rows develop strain first as they are more rigidly connected 

to the top and bottom sections. This is illustrated in Figure 3.18, where at 10% axial strain, 

the sections connected to the top and bottom rows have undergone the most strains. It is also 

possible to see the buckling of these sections at this time, which is a different deformation 

mechanism compared to the rest of the structure. Upon further compression the rest of the 

auxetic block was activated and began contributing to the energy absorption. Alternatively, 

the Hybrid designs do not suffer from the buckling and early fracture. This also leads to the 

reduced performance in the Hybrid designs. As the top and bottom rows began to undergo 

strain first, the strength developed was significantly less as the top and bottom rows fold over 

each other. These areas then collapsed throughout the densification stage, and while the 

internal core still behaved in an auxetic way, the top and bottom rows did not contribute to 

the energy absorption like the pure Oval designs did. However, as the number of rows 

increases, the amount of material removed for the Hybrid designs was reduced along the top 

and bottom rows. It was the 7 Layer Hybrid which allowed the folding mechanism to take 

place while still having enough strength to approach the 7 Layer Oval stress strain curve. 

Ultimately this resulted in better performance due to a perfectly plastic strain-hardening 

response with a delayed densification strain. After densification, the Oval and Hybrid designs 

began to follow the same stress-strain curves and behaviour was no longer dictated by the 

core mechanisms. 
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Figure 3.18: Strain field (von Mises) at 10% axial strain for the 3 Layer Oval. 

3.4.6. Stretching vs Bending Dominated Behaviour 

The behaviour of the auxetic Oval designs and their Hybrid counterparts can be simplified to 

rigid blocks which are connected via a series of struts. The rigid blocks themselves do not 

deform during the energy absorbing phase of the structure; they merely rotate based on the 

movement of the struts. This is near identical to the bending dominated mechanism which is 

the creation of four struts which have been prevented from rotating freely [36]. During the 

compression process, the behaviour of these struts will determine its potential as a stretching 

or bending dominated structure. Observing the collapse process, several deformation 

mechanisms take place simultaneously. At the top and bottom of the auxetics, the struts 

cannot freely move due to the rigid sections and instead buckle before eventually fracturing. 

This also leads to several of the struts being placed in tension to follow the rotation of the 

rigid squares. The internal struts bend with the rotation of the squares. The majority of struts 

are located within this region and thus contribute to bending dominated behaviour. While the 
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change to the Hybrid design is beneficial regarding reducing the fracture in the designs, it 

does not affect the behaviour of the design substantially. Ashby [19] developed curves for 

the relative modulus or strength plotted against the relative density. The auxetic structures 

act closer according to the bending dominated behaviour line, although they do not directly 

fall upon it. In the case of the relative modulus results, this is close to the behaviour of foam. 

Both the relative stiffness and relative strength are offset from the ideal line at higher relative 

densities. This is due to several reasons including the addition of the rigid sections on the top 

and bottom. These sections not only reduce the capability of the struts attached to them, but 

they also deform according to different mechanisms, i.e. a combination of stretching and 

buckling. The presence of the rigid squares also has the same effect, whereby larger volumes 

of material do not immediately contribute to the energy absorption process. This results in a 

larger increase in mass for the same stiffness and strength. Comparing the magnitude of the 

relative stiffness and strength, the auxetics fall towards the top half of the foams, making 

them comparable to a higher relative density foam. 

3.5. Conclusion 

The auxetic oval geometry was successfully shown to have a negative Poisson’s ratio up to 

and beyond the densification strain. The energy absorption was calculated based on the 

experimental tests, showing improved performance as the number of rows was increased, 

with the boundary conditions (both top/bottom and sides) being shown to influence the 

performance of the auxetics. Ultimately, the 7 Layer Hybrid was shown to give the highest 

specific energy absorption with its perfectly plastic strain-hardening response. The auxetics 

showed the same response under quasi-static and dynamic testing, ensuring their 

performance had not been compromised under the higher strain rate tested. 

The development of the Hybrid design was pursued to rectify an issue with fracture in the 

equivalent Oval design. The modification to the top and bottom rows were able to effectively 

prevent fracture from occurring. However, it did negatively affect the energy absorption 

performance due to a reduction in the stress-strain curve under compression. This has been 

attributed to the results identified in the DIC strain analysis. 
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The energy absorption efficiency method is meant to provide a fair comparison across all 

cellular stress-strain curves without needing to consider subjective definitions. However, 

limitations still exist for this method. An alternative definition of the energy absorption 

efficiency and densification strain has been used to account for the presence of fracture in 

the stress-strain curves. While effective for this case, it does not necessarily represent a fair 

comparison across all cellular structures which show similar densification curves. At this 

stage it has only been used for the identification of an alternative densification strain and may 

not be applicable for other curves. 

Further modifications to the design were able to remove redundant material from the rigid 

rotating squares while still maintaining equal if not better performance. While the additional 

intended purpose was not able to be achieved (i.e. closing of the still open sections), it was 

able to reduce the overall mass of the auxetics and increase their specific energy absorption. 
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Chapter 4 

Numerical Analysis of the Auxetic Oval 

Structure and Parametric Studies 
Numerical models of the auxetic oval geometry have been developed in finite element 

software LS-DYNA using the experimental results from Chapter 3. Digital image correlation 

proved to be a vital component of this validation process. The true strain at failure was 

identified from a tensile test conducted on the aluminium material, Al6061-T651. This was 

successfully added to the numerical models using the Mat_Add_Erosion keyword. 

Additional analysis on the numerical models confirmed the initial findings about the energy 

dissipation locations of the auxetic structures. From these models a series of parametric 

studies were conducted to investigate the effect of changing the geometry of the structure. 

The representative volume element was identified as being 8x8 rows and columns. This was 

used for subsequent studies into parameters including the thickness between ovals, oval size, 

and oval ratio. Laws were developed characterising the response parameters including 

densification strain, plateau stress, stress ratio, energy absorption and specific energy 

absorption. These findings can be used to choose a specific combination of parameters to 

absorb an anticipated load. One of the more interesting results from the parametric study was 

the identification of the oval ratio as controlling the densification strain, as it was the only 

parameter to do so. Finally, the load rate was also studied, showing a change in behaviour 

from uniform compression to localised crush band formation as the load rate increased. 
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4. Numerical Analysis of the Auxetic Oval Structure and 

Parametric Studies 

4.1. Abstract 

The design of novel energy absorbing systems for extreme loading applications is of interest 

to resist blast events. Negative Poisson’s ratio structures, or auxetics, have been shown to 

have enhanced energy absorption over structures with a conventional positive Poisson’s ratio. 

This chapter investigates the auxetic oval design through a geometric parametric study using 

finite element software LS-DYNA. Using models validated against previous experiments, a 

representative volume element has been generated based on the rows and columns of the 

auxetic oval. From here the thickness between ovals, oval size, and oval ratio have been 

investigated. These parameters have been shown to affect the densification strain, plateau 

stress, energy absorption, and specific energy absorption each in different ways. This has 

allowed the creation of basic predictive models for the various parameters. The load rate has 

also been investigated highlighting the transition from a quasi-static response at load rates 

below 10 m/s, a transitional response from 10 to 200 m/s, and localised crush band formation 

above 200 m/s. This information will be useful in optimising the design of the auxetic oval 

geometry to resist blast events. 

4.2. Introduction 

Auxetics are structures and materials with a negative Poisson’s ratio, meaning they contract 

laterally when a compressive load is applied (and vice versa). This has been shown to 

increase the mechanical properties of the structure, including the energy absorption [1]. The 

controlled response of an energy absorber is required to maximise its protective performance.  

Parametric studies have been conducted to better understand the response of various 

protective structures. Fang et al. [2] examined foam-filled square tubes subject to lateral 

impact using the foam-grading, density range, wall thickness, and outermost layer density as 

their parameters. Mirfendereski et al. [3] also conducted a similar analysis on tapered thin-

walled tubes using the number of oblique sides, foam density, and boundary conditions as 

their parameters. Both studies used a combination of energy absorption, specific energy 

absorption, crash force efficiency, mean force, and initial peak impact force as the assessment 

criteria from which the best performance parameter could be determined. Imbalzano et al. 
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have examined the auxetic re-entrant honeycomb [4] and auxetic truss structures [5, 6] using 

parametric studies under blast and impact loading. These studies have been successful in 

finding parameters which have improved energy absorption, and reduced back face stress 

transfer and mean force transfer. The 3D buckling induced auxetic has been investigated Ren 

et al. [7]. A parametric study was conducted on the pattern scale factor (the shape of the 

auxetic) and volume fraction. The effect these parameters had on the stress-strain response, 

densification strain and Poisson’s ratio were all examined, however there was no focus on 

energy absorption and whether or not these parameters were beneficial to such performance.  

The auxetic oval is being studied in order to resist extreme loads such as blast. Blast loading 

is a highly dynamic event with loading occurring over strain rates of 102-104 /s [8]. Therefore, 

it is important to also understand the response of the auxetic oval under high load rates. 

Several studies have been conducted on the response of cellular structures under increasing 

load rates. [9] and [10] both found that the deformation mechanism and response of cellular 

structures would change under high load rates. A shift from random cellular band crushing 

to localised crush band formation has been observed [10]. Ruan et al. [11] characterised the 

deformation of aluminium foams, observing X, V and I band formation under increasing load 

rates.  

Of interest in this study is the auxetic oval geometry. While work has been conducted on this 

geometry [7, 12, 13], no research has been performed in the analysis of this structure for 

protective purposes with a focus on energy absorption. Based on previous experimental tests, 

numerical models have been developed and validated for the purpose of a parametric study 

investigating the geometric features of the auxetic oval structure. These findings will be 

useful in guiding the development of the auxetic oval geometry in order to maximise its 

performance against blast loading. 

4.3. Experiments 

A series of experiments were conducted on the auxetic oval geometry which can be examined 

in Chapter 3. Quasi-static and dynamic compression tests were conducted on the auxetic oval 

blocks at load rates of 3 mm/min (strain rate = 0.001 /s) and 5 m/s (strain rate = 100 /s) 

respectively. The auxetic blocks had an area of 50 mm × 50 mm with a thickness of 6.36 mm 

and were compressed beyond densification up to 50% for the quasi-static tests and 30% strain 
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for the dynamic tests. The stress-strain curves were extracted and analysed for their 

densification strain using a modified version of the energy efficiency method [14], plateau 

stress, energy absorption, and specific energy absorption (SEA). Furthermore, 2D digital 

image correlation (DIC) was used to observe surface deformations and strains. Six main 

designs were investigated, the 3 Layer Oval, 5 Layer Oval, and 7 Layer Oval, as well as 

modified versions designed to reduce fracture, the 3 Layer Hybrid, 5 Layer Hybrid, and 7 

Layer Hybrid. Examples of these structures are shown in Figure 4.1. Aluminium 6061-T651 

was used in the experiments conducted.  

  

Figure 4.1: Auxetic oval geometry 3 Layer Oval and 7 Layer Oval with DIC speckle 

pattern. 

4.4. Numerical Models 

The numerical models were developed in finite element software LS-DYNA. Solid elements 

were used in the simulation of the 6.36 mm thick auxetic specimens. The geometry of the 

auxetics has been taken from the same .iges files used in the laser cutting process, modified 

to match the actual dimensions as recorded by the finished products. This entailed a reduction 

in thickness between the ovals to 0.65 mm, down from the nominal 1 mm thickness. 

The Johnson-Cook material model was used to model the aluminium along with a linear 

polynomial equation of state. The Al 6061-T651 parameters used are shown in Table 4.1 and 

Table 4.2 respectively. The Johnson-Cook model was chosen for its ability to incorporate 

strain rate effects and damage. Erosion was handled with the MAT_Add_Erosion keyword. 
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Material properties were obtained from quasi-static experimental tests (Chapter 3), with 

dynamic properties based on [15]. 

Table 4.1: Johnson-Cook material properties for Al 6061-T651. 

RO G E PR A B N C 

2700 

kg/m3 

26 GPa 68.9 GPa 0.33 275 MPa 154.3 

MPa 

0.2215 0.13 

D1 D2 D3 D4 D5    

-0.77 1.45 -0.47 0.011 1.6    

 

Table 4.2: Linear polynomial equation of state for Al 6061-T651. 

C0 C1 C2 C3 C4 C5 C6 E0 V0 

0 74.2 60.5 36.5 1.96 0 0 0 1 

 

Figure 4.2 shows the numerical model setup for the 3 Layer Oval design. The model was set 

up under displacement control so that a rigid steel plate would move down at a constant rate 

up until 50% strain was achieved. A second rigid steel plate was located below the auxetic 

block. Stiffness based hourglass control was used in the numerical models. 

Contact_Automatic_General was used for the auxetic to handle self-contact. Penalty based 

contact was used between the auxetic and rigid steel plates. For large load rates this had to 

be changed to a soft constraint to prevent nodal penetration through the rigid plates. This did 

not have an effect on the stress-strain curves. Fracture was handled with the 

MAT_Add_Erosion card with an effective failure strain of 45%. Nodes in the auxetic 

structure were restrained in the out-of-plane direction to prevent buckling due to the thin 

section depths used. This is in line with the experimental results from Chapter 3 which did 

not experience buckling prior to densification. This also ensures the behaviour of the auxetics 

are consistent in order to predict the response of thicker sections used as panels in protective 

structures. 
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Figure 4.2: Numerical model setup for the 3 Layer Oval under compression 

A convergence study was conducted to assess the suitability of the mesh size. A mesh was 

generated so that there were one (large), two (medium) or four (small) elements across the 

thinnest sections of the 3 Layer Oval auxetic. Figure 4.3 shows the results of the mesh 

convergence study including the element size for the three different meshes examined. All 

other elements in the model used this same element size. Additionally, there were always at 

least six elements through the depth of the auxetic structure. Even with only one element 

across the thinnest section thickness, sufficiently good results were able to be obtained. 

However, it was determined that at least two elements were optimal for future simulations. 

The medium sized mesh used approximately 57,000 constant stress elements with hourglass 

control and a mesh size half that of the thickness, i.e. 0.5 mm. 
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Figure 4.3: Mesh convergence study for the 3 Layer Oval simulation. 

4.4.1. Validation and Comparison 

Two measures of performance were used to compare the experimental and numerical results. 

They are the stress-strain curves and Poisson’s ratio. Furthermore, DIC has been used to 

compare the deformation and strain fields between the experiment and numerical results. The 

experimental and numerical results are compared in Figure 4.4 for the 3 Layer Oval design. 

The two curves line up with decent accuracy, including fracture which occurs at a similar 

time in the numerical model as it did in the experiment. This value matches the range of 

failure strains obtained in the DIC analysis of the Al6061-T651 tensile test from Chapter 3. 

Densification then follows at a similar strain. The difference in the Young’s modulus has 

been attributed to experimental error and non-parallel loading surfaces between the load 

platens and the auxetic block. 
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Figure 4.4: 3 Layer Oval experimental and numerical stress-strain curve comparison. 

Poisson’s Ratio 

Auxetics are defined by their negative Poisson’s ratio. Being cellular structures, their 

Poisson’s ratio will change with axial strain. This behaviour is not seen for homogenous 

materials which have a constant Poisson’s ratio, such as for aluminium ν = 0.3. The numerical 

results are compared against the Poisson’s ratio calculated using the DIC technique and are 

shown in Figure 4.5. The same method using the two outermost rigid squares is used in the 

calculation of the Poisson’s ratio. Good correlation between the experimental and numerical 

results is achieved. Initial values vary, but the long-term Poisson’s ratio and change in over 

high strains (20-40%) match well. Regardless, the numerical results predict a greater 

magnitude for the negative Poisson’s ratio. According to the numerical results, the rigid 

squares have greater lateral displacement and are drawn in more to the centre of the auxetic. 

It is worth noting that the Poisson’s ratio matches up well for the centre of the outermost 

arms, and that this material moves in at the same rate for both the experimental and numerical 

results. 
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Figure 4.5: Experimental and numerical Poisson’s ratio over axial strain (top). The 

Poisson’s ratio is defined using the vertical and horizontal displacements shown (bottom). 

4.4.2. DIC Analysis 

DIC has also been used as part of the validation process of the numerical models. DIC has 

allowed for additional information on the 2D surface behaviour of the auxetic oval geometry 

to be extracted. The displacement fields are shown below in Figure 4.6 comparing the 

experimental and numerical results for the 3 Layer Oval. Similar displacement gradients can 
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be observed in both images. The rigid rotating square behaviour has previously been 

identified as the auxetic mechanism of the auxetic oval geometry, where the rotation of the 

rigid squares is clear in both the experimental and numerical results. This can also be seen in 

the numerical models Fracture occurs at the same locations and axial strain values in 

experimental and numerical results when using a true failure strain of 45%. 

   

Figure 4.6: Resultant displacement for the experimental (left) and numerical (right) 3 Layer 

Oval at 20% axial strain.  

Similar results can be achieved for the analysis of the strain fields. Figure 4.7 shows the von 

Mises strain at 10% axial strain. DIC was able to successfully highlight the regions of high 

strain similar to those found in the numerical analysis. These results can also be used to 

estimate stresses in the auxetic based on the stress-strain response. For example, numerical 

von Mises stress fields can be seen in Figure 4.8, revealing additional information about the 

areas which have exceeded the yield stress of 275 MPa. Both the experimental and numerical 

analysis reveals the regions of highest strain, and thus indicate where and how plastic energy 

dissipation is taking place. In the top and bottom rows near the rigid solid sections of the 

auxetics, large strains develop in the arms connecting the rigid solid section to the rigid 

rotating square. These high strain sections buckle and eventually fail due to shear, ultimately 

failing in a different manner to the rest of the arms in the internal part of the auxetic. The 

internal section has isolated strain concentration where bending takes places, which is the 

predominate energy dissipation mechanism of the auxetic. These consist of only a minor area 

compared to the area of the rigid rotating squares (zero strain), and thus it can be seen that 

the 3 Layer Oval is not efficiently making use of its entire volume.  
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Figure 4.7: von Mises strain for the experimental (left) and numerical (right) 3 Layer Oval 

at 10% axial strain. 

4.5. Finite Element Analysis of Auxetic Oval Structures 

The analysis of the strain fields is limited in its applications as they do not show how stress 

transfer occurs through the auxetic oval geometry. Instead, the numerical results can be used 

to analyse the stress fields as shown in Figure 4.8. The von Mises stress at 10%, 20% and 

30% axial strain is shown with the maximum value equal to the yield stress, 275 MPa. As 

identified from the experimental work, the densification strain occurred at 22.4% axial strain. 

Similar to the strain analysis of Figure 4.7, the regions which have yielded at 10% axial strain 

are fairly localised. However, in this case it is possible to see that the whole arm connecting 

the rigid rotating squares is being utilised to absorb energy. There is a small amount of force 

transfer happening through the centre of the auxetic prior to fracture of the arms. At 20% 

strain, fracture has occurred but densification and the ramping up of the force transfer has 

not. The areas which have yielded remain the same, but force is no longer being transferred 

through these connections. This is reflected in the stress-strain curve which is at a low at 20% 

strain (see Figure 4.4). Finally, at 30% axial strain densification has taken place. Significantly 

more of the structure is being utilised to absorb energy, however the force transfer through 

the structure is increasing rapidly. Contact of the rigid top and bottom sections with the 

internal rigid rotating squares sees large yield but also large force transfer. Contact between 

the arms of the internal ovals is also beginning to increase the stress as they push against each 

other. It is at this stage which the rigid rotating squares begin to deform and absorb energy 

themselves.  
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Figure 4.8: 3 Layer Oval von Mises stress with a cut-off stress of 275 MPa equal to the 

yield stress at 10% axial strain (top), 20% axial strain (middle), and 30% axial strain 

(bottom). 

Based on the previous findings, several conclusions can be drawn from the analysis of the 3 

Layer Oval. During the densification period (0-22.4% axial strain) the rigid rotating squares 

do not develop any significantly stresses. Hence why it is possible to remove material from 

here without a detrimental effect on the energy absorption (Chapter 3). It is the arms which 

absorb energy during the densification period. The band in which they absorb energy is 

limited to a confined region and does not greatly extend into the surrounding material. 

Assuming the same amount of bending takes place, a thicker arm will be able to increase the 

energy absorption for a relatively low increase in mass. This is also why the 5 and 7 Layer 

Ovals saw improvements upon the 3 Layer Oval. Using the same arm thickness for each 

design, there is significantly more volume for the 5 and 7 Layer Oval designs to absorb 

energy with.  For the Hybrid design, the rigid rotating squares does not come into contact 
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with the top and bottom sections until full densification has taken place. However, in this 

case there is a large change to the structure which previously had high stresses, resulting in 

a decrease in force transfer and energy absorption. 

4.5.1. 7 Layer Oval and Hybrid – Comparison and Discussion 

While the 3 Layer Oval offers some understanding of the auxetic oval design’s behaviour, it 

is limited by the number of unit cells present. Meaning, individual unit cell responses have a 

large influence on the bulk structure response and are not necessarily representative of the 

overall behaviour. The 7 Layer Oval and Hybrid designs allow greater insight into the auxetic 

ovals to be gained. Figure 4.9 compares these two designs at different stages of axial strain 

and Figure 4.10 shows the stress-strain response along with change in negative Poisson’s 

ratio over axial strain. These models use the nominal thickness of 1 mm for the arms of the 

auxetics. In this case the Hybrid modification is along the entire top and bottom rows, 

ignoring the inclusion for the corner all thread rod holes as was the case for the experiments 

seen in Chapter 3. The densification strain for the experimental 7 Layer Oval and Hybrid 

designs were 21.9% and 24.5% respectively.  

The effect of the external boundary conditions can be seen at 10% axial strain for both 

designs, whereby the external open edges of the ovals do not develop as high a stress as the 

internal material. Thus, this material is not being efficiently used in the energy absorption 

process and is one of the boundary conditions which affects the energy absorption of the 

auxetic oval structure. Comparing the results of the 3 Layer Oval and 7 Layer oval, it can be 

seen that the arms of the 7 Layer Oval as well as the rigid rotating squares are all activated 

uniformly across the auxetic structure. The 7 Layer Oval is able to make use of more of the 

material unlike the 3 Layer Oval.  

The 7 Layer Hybrid saw a reduction in efficiency. At 10% axial strain the top and bottom 

sections have high stresses, as do the arms, but the rigid rotating squares do not. It is around 

20% axial strain when the majority of the 7 Layer Hybrid has been activated. At 30% axial 

strain both designs are essentially fully activated with the total stress transfer approximately 

equal for the two designs. The changing Poisson’s ratio can also be seen clearly between the 

two designs. At 10% and 20% axial strain, the Hybrid design collapses along the more 
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compliant top and bottom rows and does not allow the full collapse of the central ovals. This 

is in contrast with the Oval design which sees greater collapse of the centre ovals, drawing 

the external edges in more. At 30% axial strain the two designs have started to converge 

which is reflected in the Poisson’s ratios results as well.  

Both the 7 Layer Oval and Hybrid design have an instantaneous contraction, but there is a 

sudden shift in behaviour as the respective top and bottom rows collapse in different 

mechanisms. The 7 Layer Oval has uniform collapse throughout its height which activates 

the rotation mechanism and draws in material from the start of collapse. This continues with 

an approximate plateau of the negative Poisson’s ratio at -0.69 before material contraction 

begins to slow down. On the other hand, the Hybrid design does not see as much rotation and 

movement of the central sections as the top and bottom rows collapse first. However, once 

this has finish, the Hybrid design is actually able to draw more material inwards as 

densification is reached. 

 

Figure 4.9: 7 Layer Oval (top) and Hybrid (bottom) von Mises stress with a cut-off stress 

of 275 MPa equal to the yield stress. 
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Figure 4.10: 7 Layer Oval and Hybrid stress-strain curves with negative Poisson’s ratio 

included. 

4.6. Parametric Study 

In order to determine the effect different parameters have on the performance of the auxetic 

oval geometry, a series of parametric studies were conducted. The analysis of the numerical 

results has shown that the arms connecting the rigid rotating squares are the dominate energy 

absorbing components of the structure. Changes in the densification strain and plateau stress 

of the auxetics have been examined, thus allowing conclusions about the energy absorption 

(and SEA) to be drawn. A tailored response for a given geometry can then be determined for 

a set of chosen parameters. Numerical models were modified based on the experimental 

results to investigate the following parameters: 

• Number of rows and columns – To determine the RVE size, scaling factors for 

smaller/larger auxetic geometries. 

• Thickness between ovals – To determine the change in performance based on the 

thickness between ovals, the material which contributes to the energy absorption 

through plastic deformation. 
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• Oval size – To determine how a changing volume fraction can change the 

performance. The larger the oval size, the lower the volume fraction for a given unit 

cell. 

• Oval ratio – To determine the optimal oval opening size to allow for the greatest 

performance. The major and minor axes determine how much the auxetic can collapse 

in the axial and lateral directions before densification. 

As this is only a parametric study, there are limitations on the conclusions that can be drawn 

from the data (i.e. the effect that two different variables have on each other is not examined). 

Regardless, it is worth knowing the effect individual parameters have on the performance of 

the auxetic, specifically the effect on energy absorption. The studies do not include any strain 

rate parameters unless otherwise specified. Fracture has also been omitted from these 

analyses. 

Each model utilised the same base design, a 6 mm × 4.3 mm oval (ratio 1.4) with a 1 mm 

thickness between ovals. The top and bottom boundary conditions were left open in order to 

examine the effect of the ovals only, unlike the experimental tests which used a flat rigid top 

and bottom row. This factor determines the auxetic behaviour of the designs. Additionally, 

the boundary conditions of all designs are the same with horizontal ovals located in the 

external top, centre and bottom ovals. They were loaded at strain rates of 50 /s in order to 

reduce computational run times. 

The parametric study used a modified version of Al5083 to better represent an aluminium 

alloy typically used in armour applications, with a yield stress of 275 MPa (Table 4.3). 

Table 4.3: Johnson-Cook material properties based on Al5083 [15] 

RO G E PR A B N C 

2700 

kg/m3 

26 GPa 68.9 GPa 0.33 275 MPa 280 MPa 0.404 0.0085 

D1 D2 D3 D4 D5    

-0.77 1.45 -0.47 0 1.6    
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4.6.1. Rows and Columns – Case Study 

To ensure homogenised material properties and eliminate size and boundary effects it is 

recommended to have at least 7 unit cells across the specimen length [16]. A study on the 

similar 3D buckling induced auxetic used 8 unit cells in each direction for dynamic 

compression tests [17]. A row or column is considered as a line of rigid rotating squares 

through the structure. The study ranged from 4 to 12 rows and columns, and are labelled as 

R4C4, describing 4 rows and 4 columns. In total, 25 variations were simulated for all 

combinations of rows and columns. Figure 4.11 shows four examples of the designs studied 

ranging from the minimum (R4C4) to maximum (R12C12) sizes. An even number of rows 

and columns were chosen to ensure symmetry of the external boundaries. The specimen 

height is proportional to the number of rows and the length proportional to the number of 

columns. All designs were compressed up until densification and beyond. 

  

  

Figure 4.11: Examples of the row/column combinations studied. R4C4 (top left), R4C12 

(top right), R12C4 (bottom left), R12C12 (bottom right). 
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Densification Strain 

The densification strain was calculated using the alternative energy efficiency method (see 

Chapter 3 for more details). The lowest and highest densification strains obtained were 17.1% 

and 28.7%, a difference of over 11%. Most data fell into an expected pattern except the R6C4, 

R6C6 and R6C8 designs. In these cases, the energy efficiency method was unable to locate 

a realistic densification strain. These cases have thus been omitted from further analysis of 

the data. 

Examining the stress-strain results further it is possible to compare the stress at densification 

to the plateau stress ratio. There are four results which stand out, R4C4 (1.46), R4C6 (1.39), 

R6C6 (1.59) and R6C8 (1.50), where the number in the parenthesis is the stress ratio for the 

respective designs. The rest of the designs have a ratio below 1.30, with the majority below 

1.15. It is important to consider the peak stress within the plateau stress for protective 

purposes. In these cases, the peak stress at densification was substantially higher than the 

plateau stress, giving the high ratios.  

Figure 4.12 shows that the densification strain begins to asymptote at its lowest value of 20% 

for 8 or more rows. Between 4 and 8 rows the densification strain decreases, with the highest 

value at 4 rows. The number of columns has little influence on the densification strain, 

however there is a slight trend whereby the densification strain increases with an increasing 

number of columns, specifically above 8 columns.  

It is clear there is a bilinear trend for the densification strain above and below 8 rows. That 

is, when the row number is low the densification strain is large, and once it reaches a certain 

number of rows, there is little change in the densification strain. A curve can be fit to the data 

giving the following equations: 

𝐷𝑒𝑛𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑆𝑡𝑟𝑎𝑖𝑛 =
0.002309 ∗ 𝐶 − 0.0226 ∗ 𝑅 + 0.353304,   𝑅 ≤ 8

0.00355 ∗ 𝐶 + 0.0044 ∗ 𝑅 + 0.12903,   𝑅 ≥ 8
, (𝐸𝑞 5.1) 

where 𝐶 is the number of columns and 𝑅 the number of rows. This data used to generate this 

curve ignores the results from R6C4, R6C6 and R6C8. Observing the results with 8 or more 

rows, a graded collapse is achieved as the auxetic increases in size (R8C8 to R12C12). The 

centre rows always collapse first and is followed by the adjacent rows until the top- and 

bottom-most rows have collapsed. The centre row always collapses at the same axial strain 
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(~19%). Subsequent rows collapse later, thus increasing the densification strain. Generally, 

this is a uniform crushing of the auxetics, with a bias towards the top and bottom rows. 

 

 

 

Figure 4.12: Change in densification strain with the number of rows (top) and columns 

(bottom). 



119 

 

Plateau Stress 

Like the densification strain there is a bilinear trend above and below 8 rows for the plateau 

stress (Figure 4.13). Between 4 and 8 rows the plateau stress decreases with an increasing 

number of rows. The high plateau stress at this range is associated with the low number of 

rows which directly transfers the stress through the auxetic structure. This is due to the 

inability of the top and bottom rows to rotate as freely as the centre while being compressed, 

thus allowing a direct stress path to propagate through these rows. At 8 or more rows, the 

plateau stress begins to asymptote, albeit with a negative trend still present. The plateau stress 

is also proportional to the number of columns. As the auxetic becomes longer, the influence 

of the boundary columns is lessened. That is, the more columns in the centre, the overall 

reduction in strength due to the weaker external boundary columns is lessened. This can be 

characterised by the following equations: 

𝑃𝑙𝑎𝑡𝑒𝑎𝑢 𝑆𝑡𝑟𝑒𝑠𝑠 =
0.513801 ∗ 𝐶 − 6.22962 ∗ 𝑅 + 106.9034,   𝑅 ≤ 8
0.885442 ∗ 𝐶 − 0.83714 ∗ 𝑅 + 61.10233,   𝑅 ≥ 8

,     (𝐸𝑞 4.2) 

The minimum plateau stress is 55 MPa for R12C4 (tall and thin) and the maximum is 89 

MPa for R4C12 (short and long). The plateau stress does not change significantly with 

increasing auxetic size (R8C8 to R12C12 and beyond). This is important for maintaining a 

plateau stress below a designated value which does not change as the size of the auxetic 

increases. 
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Figure 4.13: Change in plateau stress with the number of rows (top) and columns (bottom). 
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Energy Absorption 

Naturally, the energy absorption increases with as the number of rows and columns increases, 

however the efficiency at which it increases with the different designs is also of interest. 

Instead, the specific energy absorption (SEA = energy absorption/mass) is a better 

representation of performance for the different designs. As the SEA is proportional to both 

the densification strain and plateau stress, the same conclusions can be drawn from the other 

two results. The bilinear trend follows that seen in the densification strain and plateau stress 

results above and below 8 rows (Figure 4.14). The highest SEA is achieved when the number 

of rows is low (4) and when the number of columns is high (12). R4C12, which had the 

highest plateau stress, also had the highest SEA of 19.8 kJ/kg. Thus, a short and long design 

is able to make the most efficient use of the material before densification and the stress ramps 

up, although with a high stress ratio. The energy absorption and SEA are characterised by 

the following equations: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
28.2577 ∗ 𝐶 + 0.876422 ∗ 𝑅 − 41.0422,   𝑅 ≤ 8

36.39971 ∗ 𝐶 + 24.36825 ∗ 𝑅 − 295.067,   𝑅 ≥ 8
,     (𝐸𝑞 4.3) 

 

𝑆𝐸𝐴 =
170.8293 ∗ 𝐶 − 2491.81 ∗ 𝑅 + 277994.54,   𝑅 ≤ 8
311.3226 ∗ 𝐶 + 69.24087 ∗ 𝑅 + 6383.886,   𝑅 ≥ 8

.               (𝐸𝑞 4.4) 

The SEA eventually reaches a maximum value depending on the size of the auxetic. 

Increasing the size beyond the R8C8 design appears towards the peak of this range. This is 

due to the unchanging plateau stress and the densification strain which has reached an 

asymptote. Increasing the size of the auxetic beyond this point will increase the energy 

absorbed, but not the SEA. 
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Figure 4.14: Change in specific energy absorption with the number of rows (top) and 

columns (bottom). 

The R8C8 design has been chosen for further analysis given it is part of the plateau section 

of the bilinear curve. Size and boundary effects are not as significant in these ranges. It is due 

to the top and bottom boundary conditions that the best performance is achieved with the R4 

designs. While this may be best for the SEA, it does not allow homogenised properties to be 
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obtained and thus the representative volume element (RVE) has been identified from this 

study as the R8C8 design. The number of rows has been shown to have a greater effect on 

the performance than the number of columns, indicating that the external side boundaries did 

not have a significant effect on performance. Repetition of the auxetic structure can be 

achieved using the R8C8 geometry to form larger panels with the results obtained (e.g. 

densification strain, plateau stress) and are able to be scaled based on these results. It has thus 

been chosen as the base design for the following parametric studies and further analysis. 

4.6.2. Thickness Between Ovals 

The thickness between the ovals is an important parameter to investigate as it controls how 

much material is utilised to dissipate energy through plastic deformation. Furthermore, the 

volume fraction is proportional to the thickness which will affect the SEA. For the range of 

thicknesses examined, the volume fraction varied between 36.6% for a 0.5 mm thickness and 

60.06% for a 2 mm thickness. This is a considerable range of variation based on one 

parameter alone. Stress-strain curves are shown for the thickness examined in Figure 4.15. 

The experimental results showed strain softening in several of the designs. It was most 

noticeable in the 3 and 5 Layer Oval designs. Strain softening was also present in the analysis 

of the thickness, with the 0.5 mm thick design showing the same behaviour. As the thickness 

increases, the behaviour shifts from strain softening to perfectly plastic to strain hardening. 
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Figure 4.15: Stress-strain curves for variable thickness between ovals. 

Table 4.4 and Figure 4.16 show the change in performance as the thickness between ovals 

increases. The densification strain shows no specific dependence on the thickness. Larger 

densification strains can be observed for both strain softening and strain hardening responses, 

whereas the densification strain for the perfectly plastic response is consistent at 20%. The 

stress ratio, shown in equation 4.5, is also used to measure the efficiency of the results: 

𝑆𝑡𝑟𝑒𝑠𝑠 𝑅𝑎𝑡𝑖𝑜 =
𝑃𝑙𝑎𝑡𝑒𝑎𝑢 𝑆𝑡𝑟𝑒𝑠𝑠

𝑃𝑒𝑎𝑘 𝑆𝑡𝑟𝑒𝑠𝑠
,                                       (𝐸𝑞 4.5) 

where the peak stress is taken as the maximum stress prior to densification. 

A linear relationship between thickness and plateau stress was observed for the range of 

thicknesses examined. Furthermore, the alignment of a vertical stress path through the 

auxetic changed as the thickness increases (Figure 4.17). For low thicknesses there is no 

direct path and bending of the thinnest sections takes place. This does not utilise the rigid 

rotating sections as an energy dissipating material either. For large thickness, a stress path is 

developed straight through the rigid rotating sections, thus leading to the high plateau stresses 

observed and higher stress ratios. 
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The energy absorbed and SEA both follow the plateau stress and increase with increasing 

thickness. There is an approximately linear relationship between thickness and SEA as well. 

Despite the decrease in volume fraction associated with the decreasing thickness, the SEA 

did not increase. Thus, the increase in performance from a larger thickness and associated 

plateau stress outweighs the increase in mass. 

Table 4.4: Results for the thickness between ovals study. 

Thickness 

(mm) 

Densification 

Strain 

Plateau 

Stress (MPa) 

Energy 

Absorbed (J) SEA (J/kg) Stress Ratio 

0.5 0.228 14.69 43.6 3395 1.27 

0.75 0.204 37.24 107.9 6717 1.08 

1 0.196 62.15 188.0 9684 1.06 

1.25 0.202 90.35 305.0 13342 1.09 

1.5 0.206 118.52 439.5 16616 1.11 

1.75 0.251 149.61 726.3 24071 1.24 

2 0.271 177.46 1002.6 29460 1.33 
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Figure 4.16: Change in densification strain, plateau stress, energy absorption, and specific 

energy absorption with the thickness between ovals. 

 

Figure 4.17: Stress transfer through the 0.5 mm thickness (top) and 2 mm thickness 

(bottom), with the axial strain shown below. 
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The negative Poisson’s ratio was observed to depend on the thickness for this study and was 

more pronounced for the low thicknesses (Figure 4.18). For the large thicknesses the vertical 

ovals are unable to collapse and material is not drawn in at the same rate or magnitude. Most 

thicknesses followed the same trend where the maximum negative Poisson’s ratio was 

achieved between 10-25% axial strain. Up until densification, the material is shown to 

continue moving inwards, after which it begins to expand again. The 2 mm thickness case 

has an average Poisson’s ratio of 0 up until 30% axial strain, indicating a shift in behaviour 

from the rigid rotating square mechanism to pure axial compression at this stage. 

 

Figure 4.18: Change in Poisson’s ratio with axial strain for the different thicknesses 

examined. 

4.6.3. Oval Size 

Similar to the thickness between ovals, changing the oval size will affect the volume fraction 

which in turn determines how much material is available for each unit cell to dissipate energy 

through. The range of oval sizes examined (maintaining a long: short oval ratio of ~1.4) were 

4 mm × 2.9 mm (54.5% volume fraction) to 10 mm × 7.1 mm (39.0% volume fraction). 

Similar to the thickness analysis, there is a strain hardening response for small oval sizes with 

high stress plateaus and a strain softening response for large ovals with a low stress plateau. 
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Looking further at the stress-strain curve in Figure 4.19 it can be seen that the stress increases 

with decreasing oval size.  

 

Figure 4.19: Stress-strain curves for variable oval size. 

Results are shown in Table 4.5 and Figure 4.20. The oval size had little effect on the 

densification strain, where an increase in oval size only resulted in a small increase in 

densification strain for the 4 mm × 2.9 mm and 5 mm × 3.6 mm ovals. However, this also 

resulted in a stress ratio well above the rest of the results at 1.47 and 1.50 for the two design 

respectively. Due to the different behaviour characters present (significant direct stress 

transfer), these results have been omitted from the analysis and Figure 4.20. The plateau 

stress was significantly affected by oval size and could be modelled with a power law 

relation. The plateau stress was also inversely proportional to the oval size. Surprisingly, the 

energy absorption was relatively insensitive to the oval size (excluding the 4 mm × 2.9 mm 

oval), while the SEA followed the same trend as the plateau stress. 
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Table 4.5: Results for the oval size study. 

Oval Size 

(mm) 

Densification 

Strain 

Plateau 

Stress (MPa) 

Energy 

Absorbed (J) SEA (J/kg) Stress Ratio 

4×2.9 0.289 143.9 335.8 28297 1.47 

5×3.6 0.199 89.9 205.0 13255 1.09 

6×4.3 0.196 62.2 188.0 9684 1.06 

7×5 0.200 46.5 185.6 7810 1.06 

8×5.7 0.205 36.4 186.8 6552 1.08 

9×6.4 0.212 28.0 182.9 5445 1.14 

10×7.1 0.217 22.5 181.3 4639 1.21 

 

 

Figure 4.20: Change in densification strain, plateau stress, energy absorption, and specific 

energy absorption with the oval size. 
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Just like with the increasing thickness, a small oval size allows a direct stress path to develop 

through the auxetic resulting in high stresses (Figure 4.21). The opposite is true for large 

ovals which do not allow this to occur. Unlike the thickness, all oval sizes examined 

displayed a negative Poisson’s ratio. However, decreasing the oval size is likely to result in 

a positive Poisson’s ratio once a certain limit is reached. 

 

Figure 4.21: Stress transfer through the 5 mm × 3.6 mm oval (top) and 10 mm × 7.1 mm 

oval (bottom), with axial strain shown below.  

4.6.4. Oval Ratio 

The ratio between the oval long and short lengths has also been examined using the R8C8 

design. Ratios varying from 1.0 (42.3% volume fraction) to 3.0 (69.7% volume fraction) 

were examined. The stress-strain responses are shown in Figure 4.22. All ratios displayed the 

same stress-strain curve except the 1.0 ratio (circles), which allows a direct load path through 

the solid material to develop. This resulted in a continuously rising stress with a positive 

Poisson’s ratio. There was no plateau region from which reasonable energy absorption could 

be extracted, nor was there a well-defined densification point. The shift from circles to ovals 

not only suddenly changed the response of the designs, but also allowed the negative 

Poisson’s ratio to develop, and is an important characteristic for metallic auxetic oval 

structures. Hence, the 1.0 ratio results have been omitted from further analysis. 
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Figure 4.22: Stress-strain curves for variable oval ratio. 

Results are presented in Table 4.6 and Figure 4.23. As the oval ratio increased, the 

densification strain decreased. There was a substantial change from a 1.2 ratio with a 

densification strain of 21.8% down to a 3.0 ratio with a densification strain of 15.5%. The 

smaller the ratio (the rounder the ovals), the more space there was available for collapse in 

both the horizontal and vertical directions. A small change in ratio (1.0 to 1.2) was all that 

was required to go from a positive Poisson’s ratio, large strain hardening response, to the 

most delayed densification strain with a long plateau region. Despite the changes to the ratio, 

there was no significant change to the plateau stress, which averaged around 59.2 MPa. 

Combined, the smaller ratios resulted in more energy absorption. The SEA followed this 

same trend, however while the energy absorption was more than doubled from the 3.0 to 1.2 

ratios, the trend was weaker for the SEA. By changing the densification strain and 

maintaining a consistent plateau stress, the oval ratio is able to increase the energy absorption 

by 41% alone. This is a significant increase and the most substantial finding from the 

parametric studies so far.  
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Table 4.6: Results from the oval ratio study. 

Design Actual 

Ratio 

Densification 

Strain 

Plateau 

Stress 

(MPa) 

Energy 

Absorbed 

(J) 

SEA 

(J/kg) 

Stress 

Ratio 

Ratio 1.2 1.20 0.218 54.67 205.4 9986 1.16 

Ratio 1.4 1.40 0.196 62.15 188.0 9684 1.06 

Ratio 1.8 1.82 0.186 64.49 155.4 8580 1.17 

Ratio 2.2 2.22 0.180 56.74 119.3 6809 1.22 

Ratio 2.6 2.61 0.162 60.91 106.5 6156 1.20 

Ratio 3.0 3.00 0.155 56.25 89.0 5190 1.28 

 

 

Figure 4.23: Change in densification strain, plateau stress, energy absorption, and specific 

energy absorption with the oval ratio. 

The development of the stress paths (Figure 4.24) through the different designs revealed 

further insights into the performance of the different designs. While the 1.0 ratio had a direct 

load transfer, the 1.2 to 3.0 ratios all had stresses develop in the bends of the auxetics between 

the ovals. This very similar performance is what led to the similar plateau stresses developing 



133 

 

and can be attributed to the constant thickness between ovals. However, the change in 

densification strain is what allowed the 1.2 ratio to outperform the larger ratios which is a 

result of the increased lateral compressibility of the rounder ovals. Furthermore, the delayed 

densification also reduced the stress ratio for the 1.2 ratio design. 

 

Figure 4.24: Stress transfer through the 1.0 ratio (top), 1.2 ratio (middle) and 3.0 ratio 

(bottom), with axial strain shown below. 

The specific energy absorption of the auxetic oval structures developed in the parametric 

studies and the experimental tests are comparable to other metallic foams [16]. They do 

however display a higher than average plateau stress, which is due to their earlier 

densification compared to equivalent relative density foams. This further highlights the 

importance of the findings of the oval ratio study. 
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4.6.5. Predictive Models 

The data from R4C4 to R12C12 was used to develop the equations shown in the previous 

sections. These have been used to predict the response to four additional models, R12C20, 

R20C12, R16C16 and R20C20 Figure 4.25. The predictions for densification strain are 

generally good, while the plateau stress predictions match quite well. The energy absorbed 

is unable to be predicted accurately as the relationship between the number of rows, columns 

and energy absorbed is highly non-linear. The SEA however is able to achieve good 

predictions again when used for extrapolation. 

 

Figure 4.25: Predictive results for the Rows/Columns study including extrapolation of the 

data for densification strain, plateau stress, energy absorption, and specific energy 

absorption. 

4.6.6. Combined Parameter Analysis 

The oval size and thickness are intrinsically linked to one another, whereby a single 

parameter can be used to compare the performance of the auxetics. This parameter is the oval 

size: thickness ratio, meaning that the size of the oval compared to the thickness between 

ovals defines the performance of the auxetic as a whole. This reduces the number of 

parameters required to perform a parametric optimisation study. Furthermore, it shows that 

regardless of the parameters (10 mm × 7.1 mm oval with 1 mm thickness vs 6 mm × 4.3 mm 
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with 0.6 mm thickness), as long as the ratio is the same, the performance will be equivalent. 

These results are shown in Figure 4.26 for the densification strain, plateau stress, and SEA. 
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Figure 4.26: Use of the Oval Size: Thickness Ratio parameter in the assessment of 

densification strain (top), plateau stress (middle), and specific energy absorption (bottom). 

4.6.7. Load Rate Study 

Up until this stage, all experimental work had been conducted at load rates of 0.05 mm/s and 

5 m/s to represent quasi-static and low speed dynamic impact. These equated to strain rates 

of 0.001 /s and 100 /s. The following study investigates the R8C8 auxetic design under a 

range of load rates ranging from 1 m/s (strain rate = 20 /s) to 400 m/s (strain rate = 8130 /s). 

It is important to understand the response of the auxetic structures at strain rates above the 

experimental 100 /s to ensure the behaviour remains consistent and predictable under 

anticipated blast load rates. Blast loading is characterised by high strain rates from 102 to 104 

/s [8], which would impart high velocity loading to a cellular structure. 

Figure 4.27 shows the stress-strain results for the different load rates examined. An 

interesting phenomenon worth nothing is the shift in densification strain under the different 

load rates. From 1-100 m/s the densification strain is reduced and there is a gradual increase 

in stress after densification. However, as the behaviour transitions to localised crush bands 

[11], the densification strain begins to increase again, offering increased efficiency in the 

energy absorption. The downside to this improved behaviour is that upon densification there 

is a rapid increase in stress which would correspond to large stress transfer through the 

structure. The lower load rates see a more gradual increase in stress with a delayed rapid 

increase in stress at a much higher strain. These two behaviour patterns are characterised by 
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the response of the material located on the external boundaries of the auxetic structure. Under 

low load rates the external boundaries are pushed outwards after the 20% densification strain 

is reached (seen in Figure 4.28 by the rapid increase in Poisson’s ratio) which is prolonging 

the period of low stress growth. A shift in behaviour is seen at high load rates whereby the 

bulk material is only able to compress downwards and does not have time to expand. Rapid 

stress increase is the consequence of this second type of behaviour. Essentially, the high load 

rate acts as a lateral confining effect and the external boundaries do not expand until after 

densification and rapid stress increase have taken place. 

 

Figure 4.27: Stress-strain response for the different load rates examined. 

Furthermore, the load rate has been shown to affect the Poisson’s ratio of the auxetic 

geometry. The change in behaviour from evenly distributed collapse to localised crush bands 

is reflected in the changing Poisson’s ratio shown in Figure 4.28. Below a load rate of 100 

m/s, the initiation of load results in all rigid squares to start rotating, drawing material in 

across the full height of the auxetic. The slower the load rate, the quicker the response 

compared to the axial compression. The response is insensitive to load rate under 10 m/s. At 

these rates the auxetic effect is instant and the whole structure rotates under the load.  
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Figure 4.28: Change in Poisson’s ratio with axial strain for the different load rates 

examined. 

However, under localised crush band deformation (load rate greater than 100 m/s), only the 

rigid squares directly beneath the crush band have time to respond to the axial compression. 

The crush band forms on the impact side and under higher load rates also result in large 

amounts of plastic deformation of the material. This results in delayed lateral contraction and 

a less effective auxetic response, as the inwards movement of material does not have 

sufficient time to move directly beneath the cells above it. Repercussions to this behaviour 

will limit the active effective load rate range of the auxetic oval geometry. This is seen at 

load rates above 400 m/s where the localised crush band axial compression exceeds the rate 

at which the rigid squares can respond and the auxetic effect is no longer present. At this 

point there is only a relatively minor auxetic effect and material densification under the load 

point no longer takes place. Only a minor localised auxetic effect occurs directly beneath the 

crushing layer. Table 4.7 shows the behaviour characteristics for the examined load rates. 

The parametric studies were conducted at strain rates which would be considered quasi-static 

in this case. 

There is a distinct change in Poisson’s ratio behaviour for the two modes of deformation. 

Under evenly distributed crushing, the results are equalised beyond 30% strain for all load 
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rates. For localised crush band formation, the behaviour does not converge for the axial 

strains examined. It is also possible to see the delay in auxetic behaviour for higher load rates, 

as the Poisson’s ratio does not change until up to 5% axial compression has occurred.  

The two types of behaviour under low and high load rates have different repercussions when 

subject to extreme loads such as blast. Material densification due to the negative Poisson’s 

ratio is more pronounced under low load rates. This means that the whole structure beneath 

the load is activated concurrently and that the lateral movement of material occurs earlier and 

to a much higher degree. Under localised impact this will see greater utilisation of material 

which would not otherwise be compressed and deform plastically. However, under high load 

rates and localised crush band deformation, the auxetic effect only occurs directly beneath 

the crush band. This reduces the lateral movement and the material densification directly 

underneath the load does not have sufficient time to reach the same levels of densification as 

the low load rate response. However, the high load rate also sees a shift in behaviour with an 

artificial lateral boundary condition acting on the auxetic. A longer plateau stress with 

delayed densification may see an increase in performance of up to 52%.  

Table 4.7: Load rate study, associated strain rate, and response behaviour of the auxetic 

structure. 

Load Rate (m/s) Strain Rate (/s) Response 

1 20 Quasi-static 

10 203 Quasi-static 

50 1016 Transition 

100 2033 Transition 

200 4065 Transition 

300 6098 Crush band 

400 8130 Crush band 

 

Changing the load rate is beneficial to the SEA of the auxetic geometry for two reasons. First 

is the increase in the densification strain which increases by over 50% from 1 m/s to 400 m/s 
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load rates. This behaviour is seen for other cellular structures as well where under higher load 

rates, the densification strain is increased [9, 10]. The plateau stress increases marginally as 

a combination of both strain rate and inertia effects. An increase of 19% is achieved over the 

quasi-static results at the 400 m/s load rate. Together the SEA increases by 77% under high 

load rates, substantially increasing the performance, predominately due to the increase in 

densification strain. These results are presented in Figure 4.29. The smaller increase in 

plateau stress will have negative side effects including higher transmitted forces. Regardless, 

the main factor is the increase in densification strain and the effect of the plateau stress is not 

as influential in comparison. As these studies were conducted using a model without fracture 

it is important to consider how this will affect the results. Fracture is likely to severely affect 

the response, especially under localised crush band formation, and the same level of energy 

absorption may not be achieved. However, a more ductile material will be able to achieve 

remedy these issues, as will the Hybrid design. 

 

Figure 4.29: Response of the R8C8 auxetic oval geometry under different load rates (log 

scale) for densification strain, plateau stress, energy absorption, and specific energy 

absorption. 



141 

 

4.7. Summary 

To comprehensively understand the behaviour of the auxetic oval geometry, a numerical 

model was developed in LS-DYNA and validated against previously conducted experiments. 

These models were then used in a geometric parametric study to characterise key protective 

structure outputs (densification strain, plateau stress, energy absorption, and SEA) using 

compression tests. This data can be used in the assessment of the auxetic oval under extreme 

load applications such as blast. 

An RVE was identified which showed a bilinear response in compression depending on the 

number of unit cells in the auxetic’s height. A minimum of 8 rows by 8 columns was 

necessary to achieve linear scaling between increasing the size of the auxetic and its energy 

absorption outputs. Using the RVE, the thickness between ovals, oval size, and oval ratio 

were all investigated and found to affect the densification strain, plateau stress or both which 

in turn resulted in variation energy absorption capabilities.  

The auxetic structure will undergo load rates significantly higher than those experienced in 

the prior studies. Up until a certain load rate the response is essentially quasi-static, i.e. up 

until 10 m/s the stress-strain curves and negative Poisson’s ratio do not change with load rate. 

Increasing the load rate up to 100-200 m/s there is shift in behaviour as the stress increases 

due to changes in densification behaviour and the negative Poisson’s ratio becomes less 

pronounced. Beyond 200 m/s the auxetic responds with the classic localised crush band 

formation. The auxetic effect is hindered but still capable of drawing material inwards under 

the load. Furthermore, densification is delayed, increasing the energy absorption under high 

load rates.  
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Chapter 5 

Unsaturated Soil Blast: Flying Plate 

Experiment and Numerical 

Investigations 
This chapter introduces the loading the auxetic structures are to be subject to. Soil blast can 

be modelled in one of several ways including empirical methods, as well as fluid dynamics 

methods. The Initial_Impulse_Mine keyword allows for a simplified scenario to be modelled, 

however it was found to be inaccurate for the charge masses examined. The Arbitrary 

Lagrangian-Eulerian (ALE) method is a fluid dynamics approach which models the 

explosive, soil, and air. This has been shown to be the most accurate method and allows for 

the complex soil blast phenomenon to be modelled. 

This study used the flying plate test to determine the impulse imparted to a nominally rigid 

plate based on the charge mass and plate size. Numerical models were developed to simulate 

these events using the ALE method in LS-DYNA. Soil characterisation took place and 

incorporated into the FHWA soil material model as part of this research. The experiments 

and numerical tests both showed how soil blast loading differs from conventional free air 

blast. For example, the soil ejecta was found to contribute to 63% of the impulse in the 

numerical simulations alone. 
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5. Unsaturated Soil Blast: Flying Plate Experiment and 

Numerical Investigations 

5.1. Abstract 

This paper presents the results of a combined experimental and numerical investigation into 

the blast loading generated by an explosive charge buried in an unsaturated soil. The dynamic 

response of the soil blast is quantified by its impulse imparted onto a high strength steel plate 

in a flying plate experiment. A 50 mm-thick plate of exposed area 500 mm by 500 mm is 

located at a constant stand-off distance of 400 mm above the surface of the soil. Upon 

detonation, the plate’s heights are recorded and analysed using the initial velocity of the plate 

calculated from the flying time, while the rotation of the plates was shown to have negligible 

influence. Detailed unsaturated soil preparation, in-situ and laboratory characterisation as 

well as experimental setup are reported and compared to obtained meaningful parameters of 

the soil for the tests. The numerical model for the soil blast impact on the steel plates is 

developed based on the Arbitrary Lagrangian-Eulerian (ALE) method in the commercial 

simulation package LS-DYNA. Key soil properties, such as density, moisture content, bulk 

and shear moduli are characterised and utilised as input parameters into the FHWA material 

model in the numerical model. Results from a series of soil blast tests with 0.5 kg TNT 

charges on different plate sizes are presented and validated numerically. The numerical 

models agree generally well with the unsaturated soil blast test results, while the observed 

variations in the plate height are clearly attributed to the sensitivity of the soil properties.  

Keywords: Buried charges, flying plate, unsaturated soil, soil blast, momentum transfer 

5.2. Introduction 

Landmines and improvised explosive devices (IEDs) are some of the many dangers light 

vehicles and personnel must deal with [1, 2]. Furthermore, the impulsive loads related to an 

air blast are further complicated when the explosion takes place buried within soil. The 

additional complexity occurs due to soil acting as an additional medium comprising of solid, 

liquid and gaseous phases. Therefore, the collective impact of soil and the explosive will be 

substantially different to that of an air blast or surface blast.  Studies comparing air blast 

loading [3] and buried charges [4] have been conducted, highlighting this difference.  
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The behaviour of the soil during a blast event is characterised in three distinct phases [5, 6]: 

(i) the soil domain in close proximity of the charge is compressed by the initial enveloping 

shock wave. In this rapid process, the soil is loaded at very high strain rates and therefore the 

material response could be highly nonlinear, dependent on the bulk and shear moduli of the 

soil. The compressive waves travelling through the soil towards the surface are partially 

transmitted into the air as a shock wave but largely reflected back into the soil as tensile 

waves. (ii) Moving away from this crushing area, in the second zone, the soil experiences 

irreversible plastic deformation that is related to crushing and pore collapse, which rapidly 

increases the density of the soil, ejected upwards together with the explosive products. (iii) 

Further away, soil in a third zone is elastically loaded by the shock wave with the process 

being largely reversible. As the explosive products expand, the confinement from the soil 

medium forces these gases to expand upwards to the surface. This rapid expansion is 

associated with the formation of a soil cap that is hemispherical in nature, which impacts the 

suspended plate. The size and distribution of soil in the cap is a function of the charge shape 

and depth.  

Westine et al. [7] conducted one of the first studies of mine blast under a range of parameters. 

Empirical models were developed which included parameters such as the charge’s mass and 

aspect ratio, burial depth, and standoff distance. Impulse plugs were used to evaluate the 

distribution of loading, from which it was possible to develop a computer program to describe 

the load imparted to a plate from a buried charge. In general, most studies investigate the 

impulse from a landmine, but vary in their approach. Inputs such as soil type, burial depth, 

moisture content, as well as structural response, measurement techniques and blast mitigation 

techniques, and numerical models have all been investigated for soil blast [8]. 

The magnitude of the impulse is intrinsically linked to the behaviour of the soil and the spatial 

distribution of the explosive products and ejecta. The soil’s transient and discrete responses, 

however, depend largely on a number of key soil properties. Various studies [8, 9] have 

shown that the density and moisture content of the soil have a significant effect on soil ejecta, 

the impulse imparted to neighbouring structures and the formation of craters. There is 

however limited research in literature reporting on extensive unsaturated soil 

characterisation, the soil preparation process and their influence on the buried charge 
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detonation event [10-12]. The unsaturated soils used in the current study are characterised by 

a three phase formulation whereby the pore-air and pore-water pressures developed are 

considered in the numerical strength model, alongside the resultant cohesive soil behaviour 

stemming from matric suction.    

Repeat experiments offer valuable insight into test variability, which is important to consider 

for soil blast events with large innate scatter. Few papers have covered this, and when they 

have it has been in controlled environments such as a container for plates of the same area 

[8, 13, 14]. The variability of field testing has not yet been considered on different sized 

plates to the knowledge of the authors.  

5.2.1. Brief review on soil blast experiment 

Several methods to characterise and compare soil blasts have been utilised by different 

researchers in the past. Pickering et al. [15] used impulse (the change in plate momentum) to 

compare rigid and deformable plates in a vertical ballistic pendulum subject to different blast 

loads with different burial depths and stand-off distances. Reasonable agreement was found 

between test results, suggesting that plate thickness, and hence plastic deformation of the 

plate, did not change the impulse imparted. Based on these findings, the impulse transfer can 

be used as a comparison tool between different tests as well as plate areas. 

Clarke et al. [13] studied the effect of various geotechnical parameters and their effect on the 

impulse delivered to a pendulum device. It was found that despite a high level of control in 

the preparation of the well graded soil samples, impulse variations of 16.6% were present 

around the mean value. This was attributed to the non-uniform breakout of the blast in the 

well graded soil. Small scale blast tests performed by Fourney et al. [16] investigated the 

effect of plate size and mass on the impulse delivered from a buried blast event. Plates with 

the same mass but different areas saw a limit in the impulse imparted, plateauing as the area 

increased. However, increasing the mass of the plate (aluminium vs steel) for the same areas 

saw an increase in the impulse imparted to the plate by about 50%. Fourney et al. [16] 

hypothesised that the lighter plates will attain a higher instantaneous velocity, reducing the 

contribution of the blast loading as the plate travels away from the blast event. This is said to 

be through a reduction in the relative velocity of the soil ejecta hitting the plate.  
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Hlady [9] trialled over 200 soil blast tests to investigate the influence different parameters, 

including soil type and moisture content, had on soil blast tests. Hlady saw an increase in 

energy transfer of seven times when comparing a high density and high moisture content soil 

to dry sand conditions (Concrete Fine Aggregate Sand, well graded). Three levels of 

saturation for the sand were tested, dry, fully saturated and a level between the two called 

wet. The difference between wet and dry sand was inconclusive with scatter among the 

results, compounded by the fact that the water was able to drain. It was the saturated 

condition, which saw the substantial increase in energy transfer. Another soil tested (prairie 

soil, predominately silt with fine sand) saw a large increase in energy transfer above 15% 

moisture content, but below that it was unresponsive to changes in moisture content. These 

findings are also seen in research by Clarke et al. [17] who attributed the change in loading 

being due to ‘bubble-type’ and ‘shock-type’ loading. The ‘bubble-type’ loading, found in 

saturated soils, more than doubled the impulse imparted to the target plate. 

Tracking of the soil blast was also performed by Hlady [9] which saw the prairie soil clump 

together after detonation. By tracking several of these large clumps they concluded a sizeable 

amount of kinetic energy contributed to the imparted impulse, and is attributable to these 

clumping events. Due to the random distribution of the soil ejecta, not all of these clumps 

impacted the plate, introducing considerable scatter among the test results. 

Evaluation of crater formation is another metric which has been used in the assessment and 

characterisation of soil blasts. Kinney et al. [18] describes a typical crater for a buried mine 

immediately after the blast (true crater surface) and an extended time after detonation 

(apparent crater surface). The true crater surface is a deep hole extending below the burial 

depth, however due to fall-back an apparent crater surface forms above this, making the crater 

appear much shallower than it initially was. Ehrgott et al. [19] found that a blast in a high 

cohesion clay created steep, deeper craters, while in the sand it resulted in a shallow, flat 

slope. Other experimental observations note that a double-dished crater can form from a blast 

event with two separate crater diameters [20]. Above ground soil deformation has been 

difficult to track not only due to the speed at which these events occur, but also from 

detonation products obscuring the blast process. Deshpande et al. [6] recorded the 
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aboveground soil deformation with x-rays taken of the soil blast and noticed a soil cap formed 

over the explosive products before rupture of the soil surface.  

Anderson et al. [8] performed soil blast experiments on different types of plates (flat and 

angled) and recorded the height of the plate using cable-pull potentiometers over time. Using 

the maximum height obtained, they were able to calculate the initial jump velocity to 

calculate the impulse imparted to the plates from the blast event. Other studies have looked 

into the effect of burial distance [14] and moisture content [14, 21], among other parameters. 

5.2.2. Material models for soil 

The analytical approximation of soil blast events began with the work by Westine et al. [7] 

on calculating the impulse imparted on a plate. This work has been expanded upon to 

overcome some of the shortcomings by Mullin et al. [22]. The equations are also 

implemented in LS-DYNA through the *INITIAL_IMPULSE_MINE card based on the 

work by Tremblay [23]. The *INITIAL_IMPULSE_MINE card only has a limited set of 

parameters which can be input. Of the soil characteristics, only the soil density is accounted 

for, with four criteria which must be met for the valid application of the keyword. Within 

LS-DYNA, the Arbitrary Lagrangian-Eulerian (ALE) formulation is a common method to 

simulate high explosives [24] as well as soil blasts [5]. Several soil models exist within LS-

DYNA which have been implemented and compared in literature [5]. The comparisons 

between several of the models [5] have identified the FHWA material model [25] as the most 

comprehensive and suitable for incorporating the effects of moisture content, strain rate and 

hardening effects [5]. The FHWA model utilises a modified Drucker-Prager plasticity model 

[26] which according to Deshpande et al. [6] is suitable for wet soils subjected to blast 

loading. Further information can be found about the FHWA model in its manual and 

evaluation report [26, 27]. Furthermore, numerical models developed by Pickering et al. [15] 

suggest the soil acts as a focusing funnel for the explosive products and impacts the plate as 

a dome of soil. Thus, it is important to consider the soil behaviour and requires the use of the 

ALE method to recreate this phenomenon. 

The FHWA model opens the possibility of integrating detailed soil characteristics including 

general/elastic soil properties, plasticity criteria, pore water effects, strain 
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hardening/softening effects and strain rate effects. Parameters which can be experimentally 

obtained for the FHWA model were acquired through a series of experimental investigations 

described in detail in the following sections. These include density of soil, moisture content, 

shear modulus and bulk modulus of soil which can be categorised under general/elastic 

parameters. The plasticity parameters, cohesion and friction angle, were also experimentally 

obtained.   An in depth study into the parameters of the FHWA model has been conducted in 

[27] and by Lee [28]. It was concluded that many of the parameters did not have theoretical 

or experimental means to determine the appropriate input values. This includes the ECCEN; 

AN and ET; PWD2 and PWKSK; VDFM and DINT; DAMLEV and EPSMAX parameters, 

for which a further explanation can be found in [27, 28] and in the following sections. 

Recommended values are present for some of the parameters, such as ECCEN = 0.7, or can 

be taken from triaxial compression tests (PWD1, AN, and ET) [27], while others are based 

on user experience (VDFM, DINT, DAMLEV, and EPSMAX) [27]. Lee [28] performed 

parametric studies on many of the input parameters, including those with unknown 

identification methods to obtain them, and came up with the following. PWKSK is 

considered as a skeleton bulk modulus constant, with a recommended value two orders of 

magnitude below (1%) the bulk modulus. Lee [28] found that values in the range of 1-20% 

were stable, and recommended a value between 5-20% for their study. For the maximum 

number of plasticity iterations, INTRMX, it was concluded that 10 iterations is an ideal 

starting point for soil blast analysis. DAMLEV, the element deletion parameter works with 

EPSMAX to determine when an element is deleted. It is generally recommended not to use 

element deletion unless specific safe criteria are met. These recommendations were used as 

a starting point behind the creation of the FHWA parameters for soil blast. 

5.2.3. Scope of this research 

This study focuses on the investigation of the blast response and dynamic behaviour of rigid 

steel plates subjected to buried mines in the unsaturated soil medium. Following the 

introduction, Section 2 will provide a description of the experimental setup for the flying 

plate tests, where steel plates with two different sizes are subjected to blast loadings from 0.5 

kg TNT surrogate landmines centrally buried (nominally) 100 mm below the surface. Soil 

characterisation is a very important part of this work to ensure consistent soil properties and 
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preparation across the tests and to provide critical input parameters for numerical models. 

Section 3 of this paper will present in detail in-situ/laboratory characterisations of the sandy 

gravel type of soil used in this work. Section 4 reports on the blast test results regarding the 

plates’ heights and velocities. In Section 5, a numerical model based on the ALE (Arbitrary 

Lagrangian-Eulerian) method in LS-DYNA will be presented with a special focus on the 

FHWA soil material model and the non-reflective ALE domain setup to replicate the 

experiments. Section 6 will provide further insights on the blast impulse spatial distribution. 

5.3. Experimental Setup 

The flying plate tests were performed to assess the impulse transfer from a buried blast event 

on a high strength steel plate. The soil used in the experiments was sandy gravel with an 

average density of 2094 kg/m3 and an average moisture content of 6.2%. A more detailed 

description of the soil properties is described in Section 5.4. Two plate sizes were tested with 

dimensions of 500 mm × 500 mm × 50 mm and 750 mm × 750 mm × 40 mm. The plates 

were made of high strength steel, weighing 98 kg and 177 kg respectively. Two plate sizes 

were used to examine the effect the plate area had on impulse transfer. This approach also 

provides some insight into the spatial distribution of loading from the buried charge. Repeat 

tests were performed on the same plates as they were sufficiently thick to resist any 

deformation. The buried explosive used was a 0.5 kg cylindrical TNT charge (0.46 kg TNT, 

0.038 kg booster) and was top initiated. The explosive charge had a diameter of 105 mm and 

a height of 36 mm encased in an 8 mm thick nylon container. Soil at the centre of each test 

pit was excavated to a depth of 140 mm with a diameter of 180 mm to bury the TNT charge 

and case. A larger diameter was used for ease of placement within the hole. Following the 

charge placement, a portion of the excavated soil was placed back in the hole and compacted 

by hand up to the ground surface level. The resulting burial depth from the top of the charge 

to the soil surface was 96 mm. Four tests were performed on the 500 mm plate and two on 

the 750 mm plate. Each test pit measured 1.3 m × 1.5 m with a 0.75 m depth. The steel plates 

were placed on the corners of four 400 mm-high steel stands (Figure 5.1, left), resulting in a 

stand-off distance of 400 mm from the soil surface to the plate. The plates were levelled to 

within 1° of the horizontal plane and centred above the charge using a magnetic plumb bob 
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to minimise any misalignment, which could induce excessive rotation or horizontal 

movement of the plate.  

The entire blast event and flight trajectory of the tested plates was recorded using a variety 

of cameras (recording at 30, 60 and 300 frames per second). Two vertical calibration poles 

were setup next to the test site with six triangle markers separated at one meter intervals, with 

the first two flags of the poles at the same elevation (Figure 5.1, right). The calibration pole 

and flags were to be used to identify the height achieved by the plate and used to calculate 

the impulse delivered to the steel plate. The plates were spray painted a fluorescent colour to 

minimise the risks of obscuration from the dust cloud generated by the soil ejecta and 

detonation products. The tests are labelled SB1 to SB6 based on the test order. 

 

Figure 5.1: Flying plate test set up (left) and calibration markers (right). 

5.4. Soil characterisation 

5.4.1. Soil selection and pit preparation 

The soil type used in the testing program was classified as sandy gravel. The particle size 

distribution of the soil was determined by placing the soil on top of a series of progressively 

finer sieves on a vibrating platform. The proportion of soil retained in each sieve size was 

used to obtain the particle size distribution curve shown in Figure 5.2.  
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Figure 5.2: Particle size distribution of soil (Paragalli Haulage), inset shows test site soil. 

In the pit preparation process, the native soil at site was excavated to make a testing area with 

dimensions of 4 m × 3 m × 0.75 m (depth).  This area was then divided into 6 equal sites 

measuring 1.3 m × 1.5 m, with the blast to occur at the centre of each site. The dimensions 

of an individual test pit were chosen based on the preliminary numerical simulation 

approximating the maximum size of the crater formed by the blast and therefore no barrier is 

needed to separate the test pits. Furthermore, in-situ soil density measurement was planned 

following each blast experiment to monitor the changes in soil density in the next test site. 

Following the excavation, the entire test area was filled with the sandy gravel soil in two 

layers and compacted to achieve a consistent density. Early measurement in the lab indicated 

that the moisture content of the soil was approximately 6% and with the anticipation that this 

value would decrease due during transportation and preparation, water was added gradually 

and evenly to the soil across the whole pit area at each layering step to ensure an even 

moisture content. Two different in-situ methods were utilised to measure the soil density and 

moisture content: The sand cone and nuclear density gauge. The sand cone measurement was 

conducted for the two soil layers at different locations as indicated in Figure 5.3 and 

measurement results were reported in Table 5.1 and Table 5.3. Details on the two methods 
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are described in the next section. After completing the measurement, the pit was covered 

with a sheet to preserve the moisture content and integrity of the soil prior to testing on the 

next day.  

5.4.2. Soil density 

The density of the soil at the site was measured using two methods, the sand cone method 

and the nuclear density gauge. The sand cone testing was carried out as per ASTM 

D1556/D1556M – 15 (Standard Test Method for Density and Unit Weight of Soil in Place 

by Sand-Cone Method) [29]. The layout of the grid along with the locations for the explosive 

burial is shown in Figure 5.3. Sand cone testing was performed on the first layer prepared 

(350 mm below the final pit surface) as well as on the surface of the pit. The sand cone tests 

were conducted at the intersection of the horizontal (A-C) and vertical (1-4) lines except at 

A1, A4, B1, B4, C1 and C4 for the 350 mm deep locations. These measurements were not 

taken due to time constraints and were deemed the least likely to be representative for the 

whole pit due to their position on the edge of the test pit. These locations were 400 mm from 

the inside of the pit boundary to avoid any potential issue associated with uneven compaction 

at the boundary and interference from the surrounding soil.  
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Figure 5.3: Layout of the explosive burial locations at site (L1-L6). The dashed grid lines A, 

C, 1 and 4 are located 400 mm from the edge of the testing area. Pictures on the right-hand side 

illustrate the test site preparation process.  

Nuclear density gauge testing was performed just prior to the blast experiments according to 

ASTM D6938-15 (Standard Test Methods for In-Place Density and Water Content of Soil 

and Soil-Aggregate by Nuclear Methods (Shallow Depth)) [30] using the direct transmission 

mode of the nuclear density gauge. Single readings were taken at 100, 200 and 300 mm 

depths for the grid intersection points and at the exact intended burial locations for the 

explosives (denoted in Figure 5.3, L1-L6) using the 15 second reading function.   

The results obtained for the soil density through the sand cone testing and that of the nuclear 

density gauge method are tabulated in Table 5.1 and Table 5.2. The obtained values for soil 

density from the nuclear gauge were within the range of 1950-2250 kg/m3. The sand cone 

method saw the largest deviation in the results. The top level of the soil is most likely to have 

uneven compaction. As this is where the sand cone tests were performed, there is a higher 

chance for variable results within this level, compared to the deeper level which the nuclear 

density gauge measured at. Based on these results, further analysis focused on the nuclear 

density gauge results.  

The surface layers of the soil experienced the least comprehensive compaction, soil below 

this level experienced greater consolidation and more uniform compaction. This can be seen 



155 

 

in the nuclear density gauge readings which increase in density along with depth (Table 5.2). 

The sand cone readings were all taken within the surface layer, resulting in generally lower 

readings than the nuclear density gauge results.  

Table 5.1: Density readings using sand cone method and nuclear density gauge method at 

the grid intersection points denoted in Figure 5.3 

Depth 

(mm) 

Method Measured Soil Density (kg/m3) 

A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 

Surface 
Sand 

Cone 
2020 2185 2236 1944 1868 2213 2016 1760 2041 1812 1583 1904 

100 
Nuclear 

Gauge 
2029 2054 2009 2086 2034 2045 2128 2069 1980 2083 2117 2083 

200 
Nuclear 

Gauge 
2048 2110 2070 2111 2047 2096 2132 2111 1995 2123 2154 2119 

300 
Nuclear 

Gauge 
2107 2154 2170 2193 2067 2122 2167 2164 1944 2127 2214 2181 

350 
Sand 

Cone 
- 1843 2148 - - 2263 2160 - - 2315 2037 - 

 

Table 5.2: Density readings obtained using the nuclear gauge at the exact blast burial 

locations denoted in Figure 5.3 

Depth(mm)  Measured Soil Density (kg/m3)  

L1 L2 L3 L4 L5 L6 

100 2013 2080 2014 2005 2076 2110 

200 2083 2153 2060 2043 2086 2154 

300 2111 2222 1962 2076 2168 2230 

 

5.4.3. Moisture content 

The moisture content of soil samples obtained from several locations within the test pit were 

obtained as per D2216-10 (Standard Test Methods for Laboratory Determination of 

Water/Moisture Content of Soil and Rock by Mass) [31]. The initial weight of the samples 

was recorded and then placed in an oven at 105°C. The samples were kept in the oven until 

all the moisture was evaporated (i.e. until the samples obtained constant weight) and the 
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ultimate weight was recorded. The moisture content of the specimens was then derived as 

follows:  

𝑤(%) =
𝑀𝑤

𝑀𝑠
 × 100,                                                   (𝐸𝑞 5.1) 

where 𝑤 is the moisture content, and 𝑀𝑤 and 𝑀𝑠 are the mass of water and the dry mass of 

solids respectively. The degree of saturation (𝑆) of the soil is defined as: 

𝑆 =
𝜌𝑚𝑐

𝑛𝜌𝑤(1 + 𝑚𝑐)
,                                                    (𝐸𝑞 5.2) 

where 𝜌 is the soil density, 𝑚𝑐 is the moisture content equal to 𝑀𝑤/𝑀𝑠, 𝑛 the porosity of soil 

and 𝜌𝑤  the density of water. 

In addition to this standard method, the nuclear density gauge was also used to obtain the in-

situ moisture content at different locations. The results of the standard laboratory testing and 

that of the nuclear density gauge readings are shown in Table 5.3 and Figure 5.4. Generally 

it was observed that the moisture content measurements obtained through the nuclear density 

gauge were higher than those measured using the laboratory method, with an average of 7% 

for the nuclear gauge and 6.2% for the laboratory method. The laboratory results are a more 

accurate measure of the moisture content, whereby the actual mass of water is determined 

through drying of the soil samples. A small fraction may be left in highly cohesive soils, 

trapped by adsorption that cannot be dried, but this is considered negligible. A representative 

value equivalent to 6.2% was selected for further soil characterisation tests. Based on the 

above moisture content and a density range of 2000-2200 kg/m3, the degree of saturation 

varied between 0.40 and 0.59. Thus, the soil was unsaturated. 
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Table 5.3: Moisture Content measurements obtained through standard laboratory 

testing and nuclear density gauge method 

Depth Location Moisture Content (%) 

Laboratory testing Nuclear Density 

Gauge testing 

350 mm A2 7.0 - 

350 mm A3 6.6 - 

350 mm B2 6.1 - 

350 mm B3 6.4 - 

350 mm C2 6.0 - 

350 mm C3 5.7 - 

Surface A1 7.2 6.3 

Surface A2 5.8 6.8 

Surface A3 5.4 6.6 

Surface A4 5.3 7.8 

Surface B1 5.7 6.1 

Surface B2 5.9 7.3 

Surface B3 6.5 7.1 

Surface B4 6.8 7.6 

Surface C1 6.1 7.4 

Surface C2 6.0 6.9 

Surface C3 5.9 6.9 

Surface C4 6.4 7.2 

Average  6.2 7.0 

Standard Deviation  0.5 0.5 
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Figure 5.4: Moisture content results for the nuclear density gauge (mean) and laboratory 

testing (single data value). The average moisture content and standard deviations were 

6.2% and 0.5% for the laboratory testing and 7.0% and 0.5% for the nuclear density gauge 

tests. 

The variations in the moisture content and density within the test bed highlight the 

challenging task to conduct experiments with consistent soil properties. This needs to be 

considered when assessing the variation in results between blast tests as well is in the 

properties used to define the material model for the soil when performing numerical 

simulations.  

5.4.4. Triaxial testing 

The modified Mohr-Coulomb soil model (FHWA model) requires the computation of the 

soil’s plasticity parameters (cohesion and friction angle) and were obtained through a series 

of consolidated undrained triaxial tests. The results of the tests were also used to compute the 

bulk modulus of the soil. Triaxial tests for soil were performed at 2000 kg/m3, 2100 kg/m3 
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and 2200 kg/m3 soil bulk densities with the moisture content of 6.2%. These densities were 

selected based on the measurements taken at the blast test site.  

Triaxial Test Setup 

As the soil used in the test was not a clayey soil, i.e. a non-cohesive soil, in-situ extraction of 

soil samples for the triaxial testing was not implemented. Soil samples were re-constituted in 

the laboratory, ensuring that the bulk density and moisture content of the samples were at the 

pre-determined levels. To prevent the sharp corners and edges of the irregularly shaped 

gravel puncturing the membranes in the consolidation and shearing process, two membranes 

were utilised in each test. The impact of the rubber membranes on sample deformation can 

be ignored as a constant confining pressure was maintained in the axial compression stage of 

the tests [32]. In the sample preparation process, the method of under compaction proposed 

by Ladd [33] was implemented. This procedure involves compaction of the soil sample in 

layers using a tamping method. Each layer is compacted to a selected percentage of the 

required dry unit weight of soil. This procedure differs from the conventional sample 

preparation procedures as described in Reference [34], where a constant compaction force is 

applied for each layer. When a constant compaction force is applied for all the layers in the 

sample, the compaction of each succeeding layer densifies the soil below it, causing higher 

compaction and density for the bottom layers. In the under-compaction method, each layer 

of soil is compacted to a lower density than the final desired value by a predetermined amount 

which is defined as the under-compaction factor 𝑈𝑛. The value of 𝑈𝑛 is linearly varied from 

bottom to top with the bottom layer having the maximum 𝑈𝑛 value. 𝑈𝑛 is defined as: 

𝑈𝑛 = 𝑈𝑛𝑖 − [
(𝑈𝑛𝑖 − 𝑈𝑛𝑡)

𝑛𝑡 − 1
 × (𝑛 − 1)],                                   (𝐸𝑞 5.3) 

where 𝑈𝑛𝑖, 𝑈𝑛𝑡, 𝑛𝑡 and 𝑛 are percent under-compaction selected for the first layer, percent 

under-compaction selected for the final layer, total number of layers and number of layer 

being considered respectively. The required height of the specimen at the top of the 𝑛th layer, 

ℎ𝑛, is then evaluated as: 

ℎ𝑛 =
ℎ𝑡

𝑛𝑡
[(𝑛 − 1) + (1 +

𝑈𝑛

100
)],                                        (𝐸𝑞 5.4) 
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where ℎ𝑡 is the total number of layers implemented in the sample preparation process. The 

sample preparation for the triaxial tests undertaken in this investigation used a value of 8 for 

ℎ𝑡. The specimens were tested in a conventional triaxial apparatus as described in [35]. 

Considering the particle size distribution of the soil tested, a sample size with a diameter of 

100 mm and a height of 200 mm was chosen based on recommendations from the standard. 

A back pressure was used to ensure that a B-value (pore pressure coefficient) of 0.9 was 

obtained. For each density of soil (2000 kg/m3, 2100 kg/m3 and 2200 kg/m3) four samples 

were prepared, which were consolidated at 50, 100, 200 and 300 kPa. Ensuring the chamber 

pressure was constant, the axial loading on the specimen was then applied using controlled 

axial strain as the loading criterion as specified in Reference [35]. Specimen drainage was 

not permitted in the shear phase in order to replicate the in-situ blast conditions at site. Figure 

5.5 shows the triaxial test apparatus during a test.  

 

Figure 5.5: Soil specimen inside the triaxial cell [35] 

 

Triaxial Test Results 

The stress-strain curves for 2000 kg/m3, 2100 kg/m3 and 2200 kg/m3 soil densities at different 

confinement pressures are presented in Figure 5.6. They indicate that the soil density 

considerably affects the yield strength and shear characteristics. The 2200 kg/m3 density 

sample demonstrates a significant increase in the maximum deviator stress while also 
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showing a higher comparative rate of increase in the deviator stress compared to less-dense 

samples. The higher rate of increase in deviator stress for the 2200 kg/m3 sample also implies 

a significantly higher shear/bulk modulus for the soil at that particular density. This was 

verified from the bulk modulus values and from the shear modulus results obtained with 

bender element testing which is presented in Section 3.5 

 

Figure 5.6: Deviator stress versus axial strain for 2000 kg/m3, 2100 kg/m3 and 2200 kg/m3 

soil densities under different confinement pressures: (a) 50 kPa; (b) 100 kPa; (c) 200 kPa; 

(d) 300 kPa 

Based on the results of the triaxial tests conducted, the common tangent of the Mohr’s circles 

under different confinement pressures (50, 100, 200 and 300 kPa) were drawn to obtain the 

friction angle (𝜙) and cohesion (𝐶) for each soil density (Figure 5.7 shows the chart for the 

2000 kg/m3 soil). The plasticity parameters (𝐶 and 𝜙) obtained for the soil at densities of 

2000 kg/m3, 2100 kg/m3 and 2200 kg/m3 are shown in Table 5.4. The low cohesion values 
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obtained for all soil densities tested in this program match the expected findings for a non-

cohesive soil type. The 2200 kg/m3 sample demonstrated a higher friction angle when 

compared to the less dense samples. This behaviour also tallies with the higher strength 

characteristics visible from the stress strain curves for 2200 kg/m3 sample as discussed in the 

previous section.  

Table 5.4: Cohesion and friction angle obtained through triaxial testing for different soil 

densities 

Soil Density (kg/m3) Cohesion (kPa) Internal Friction Angle 

(°) 

2000 0 9.7 

2100 9 11.4 

2200 11 24 

 

 

Figure 5.7: Mohr Coulomb chart for the 2000 kg/m3 soil. The black tangent line is used to 

determine the cohesion and friction angle 

The bulk modulus of the soil is another property that is required for use in numerical 

simulations and is also determined from the triaxial tests. The bulk modulus (𝐾) is defined 

in equation 5.5. 

𝐾 = −𝑉
𝑑𝑃

𝑑𝑉
,                                                         (𝐸𝑞 5.5) 
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where 𝑃 is pressure, 𝑉 is volume and 𝑑𝑃/𝑑𝑉 is the derivative of pressure with respect to 

volume. As the initial volume of the soil sample is known and the change in volume of the 

sample (within the consolidation phase) is measured, the bulk modulus can be calculated for 

each sample at the corresponding confinement pressures. The total volume and pressure 

change across the entire consolidation stage was used to calculate the bulk moduli and are 

stated in Table 5.5. It was observed that as the confinement stress increased, the bulk modulus 

increased. The bulk modulus of soil also increased with the soil density, and the 2200 kg/m3 

sample showed the highest value at all confinement pressures. 

Table 5.5: Bulk Moduli (MPa) for different soil densities and confinement stresses 

Confinement Stress 

(kPa) 

Soil Density (kg/m3) 

2000 2100 2200 

50 3.531 10.893 15.289 

100 4.581 12.601 18.449 

200 6.137 11.397 19.579 

300 8.297 17.788 31.234 

 

5.4.5. Bender element testing 

Bender element test setup 

Bender element testing is a widely used method of obtaining the shear modulus of soil, an 

input into the numerical model, through measuring the shear wave velocity propagation 

within a soil sample. Two bender elements are used in the testing apparatus, one element as 

a transmitter and the other element as the receiver. The bender element test setup is 

schematically represented in Figure 5.8. The wave propagation velocity (𝑉𝑆) is obtained by 

recording the travel time of a wave propagating from the transmitter to the receiver (𝑡),  

(equation 5.6) [36-38]. 

𝑉𝑆 =
𝐿𝑡𝑡

𝑡
,                                                           (𝐸𝑞 5.6) 

where 𝐿𝑡𝑡 is the tip-to-tip distance between the sender and receiver bender elements. 
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From the theory of elastic wave propagation, the shear stiffness 𝐺 can be determined based 

on the shear wave velocity as: 

𝐺 = 𝜌𝑉𝑆
2,                                                            (𝐸𝑞 5.7) 

where 𝜌 is the density of the soil specimen. 

 

Figure 5.8: Schematic representation of the Bender element test setup 

The sample preparation procedure for bender element testing was similar to the triaxial test 

sample preparation. The soil was completely dried and then allowed to cool down before 

adding the required amount of water to achieve a 6.2% moisture content. Cylindrical 

specimens having diameter of 50 mm, and a height of 100 mm were prepared for soil 

densities of 2000, 2100, 2150 and 2200 kg/m3 using the compaction method described in the 

previous section. Five layers of soil were used in the compaction process for the bender 

element test. A vertical stress was applied in four stages: 0, 100, 200 and 300 kPa pressures. 

For each vertical stress state, the specimen was allowed to come to a static equilibrium and 

the input signal was transmitted. Sine waves with an excitation frequency less than 10 kHz 

were utilised in the experiments to minimise the near field effect, while ensuring consistency 

with the common range of frequencies reported in literature [39, 40]. The travel time (𝑡) for 

the input signal to pass through the sample was obtained based on a peak-to-peak basis as 

depicted in Figure 5.9. The time difference between the peak of the output signal and the 

peak of the input signal (i.e. 𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛), was considered to be the travel time of wave 

propagation from the transmitter to the receiver. 
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Figure 5.9: Schematic representation of the distinctive points for interpretation of the travel 

time 

Bender element test results 

The shear wave velocities for different soil densities at 0, 100, 200 and 300 kPa effective 

vertical stress levels were calculated based on bender element test results using equation 5.6. 

The shear moduli of the soil at these densities were then evaluated based on equation 5.7. 

Figure 5.10 and Figure 5.11 demonstrate these results. The respective numerical values for 

the Shear moduli are stated in Table 5.6.  

Table 5.6: Shear Moduli (MPa) for different soil densities and effective vertical stresses 

Effective vertical 

stress (kPa) 

Soil Density (kg/m3) 

2000 2100 2150 2200 

0 4.55 13.96 15.3 19.56 

100 40.15 45.27 58.4 72.3 

200 57.49 60.57 83.1 109.58 

300 67.61 75.99 108.6 132.14 
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It is evident that the shear modulus of the sandy gravel soil increases as the density of soil is 

increased. For any particular soil density, increasing the vertical stress leads to higher shear 

wave velocities and shear moduli.  

 

Figure 5.10: Variation of Shear wave velocity with effective vertical stress for different 

soil densities (2000 kg/m3, 2100 kg/m3, 2150 kg/m3 and 2200 kg/m3) 
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Figure 5.11: Variation of Shear Modulus with effective vertical stress for different soil 

densities (2000 kg/m3, 2100 kg/m3, 2150 kg/m3 and 2200 kg/m3) 

5.5. Experimental blast test results 

In all the blast tests conducted, it was observed that all the plates flew vertically above the 

point of detonation and landed within the crater created during the blast. Soil ejecta and 

detonation products were observed in the plate’s surroundings. Rotations of the plates were 

present, most noticeably for the 500 mm-size plates. No significant deformation of the plates 

was observed during the testing. The crater depth could not be accurately measured due to 

soil fall-back and interaction between the plate and the crater. After the test, the crater was 

observed to be smaller than the original test pit (1.5 m × 1.3 m) and did not visually disturb 

the surrounding pits, which was confirmed with additional nuclear density gauge tests on the 

soil density. After each test, the next test pit was examined with the nuclear density gauge, 

obtaining three readings at increasing depth (100 mm, 200 mm and 300 mm). These results 

were compared with initial measurements at the 300-mm depth shown in Figure 5.12. The 

largest difference was noticed at the site L4, which showed an increase in the soil density by 

134 kg/m3. However, the average soil density across the three measured depths in the L4 

location remained relatively similar to the pre-test value. Overall, the variation of density 
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values are quite similar to the original nuclear density gauge readings taken prior to the tests. 

Hence, it was concluded that any change in density was minimal and not affected by previous 

blasts. 

 

Figure 5.12: Comparison between pre and post-test soil densities from the nuclear density 

gauge. The average is taken across all three depths (100 mm, 200 mm and 300 mm). 

As the detonation products obscured the plate flight path, the travel time of the plates was 

used to calculate the plate height using the equations of constant acceleration. This analysis 

was also based on an assumption that the rise and fall times of the plate are the same, the 

effect of air drag was negligible and blast loadings induced instantaneous movement of the 

plate. This approach is expected to provide consistent results with the findings from 

Anderson et al. [8] who used a reverse process to calculate the velocity from the height. Other 

researchers have also used similar methods successfully [21]. Based on the above 

assumption, the equations of constant acceleration are used to calculate the velocity of the 

plate as well as its height using the following equations: 

𝑣 = 𝑣0 + 𝑎𝑡,                                                         (𝐸𝑞 5.8) 

ℎ =
𝑣2

2𝑎
 ,                                                            (𝐸𝑞 5.9) 
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where 𝑎 =  9.81 𝑚/𝑠2.  

Whilst the air resistance has been neglected in the current simulation, simple calculations of 

the drag forces for the SB1 test show these to have a negligible effect:  

𝐹𝑑 =
1

2
 𝐶𝑑𝜌𝑣2𝐴 =

1

2
× 1.17 × 1.23 × 7.842 × 0.25               (𝐸𝑞 5.10) 

𝐹𝑑 = 11.05 𝑁 

𝑃 =
𝐹

𝐴
=

11.05

0.25
= 44 𝑃𝑎.                                             (𝐸𝑞 5.11) 

Where 𝐹𝑑 is the drag force, 𝐶𝑑 the coefficient of drag for a flat plate, 𝜌 the density of air at 

STP, 𝑣 the fluid velocity (maximum plate velocity used), 𝐴 the cross-sectional area and 𝑃 

the pressure on the plate. 

It is worth noting that in this velocity analysis, the acceleration of the plate after the blast 

event is assumed to be constant (i.e. gravity only), which is considered reasonable. Fourney 

et al. [16] conducted a series of experiments in which they tracked the displacement and 

velocity of a flying plate. Results showed a linear decrease in velocity with time, suggesting 

that for those tests there were minimum variation in the plate acceleration and this method 

can be used for determining the height of the plate. There was no evidence of negative 

pressure arising from the formation of a bubble in the soil which could pull the plate back 

down.  

The impulse transferred to the plate can be determined based on the product of the plate’s 

mass and its initial velocity. Depending on the visibility of the tests, each test used a different 

camera in the analysis of the results. Tests SB1, SB3, and SB5 all used the 60 fps (frame per 

second) camera, tests SB2 and SB4 used the 30 fps camera, and test SB6 compared the 30 

fps (error ±0.154 m, 3.6%), 60 fps (error ±0.077 m, 1.8%) and 300 fps (error ±0.015 m, 0.4%) 

camera. The errors are associated with each high speed camera frame rate and need to be 

taken into consideration. A lower plate height will have higher proportional errors for a 

constant error margin. It can be seen that experiments with the 750 mm plates produced more 

consistent results compared to the 500 mm plates. The mean impulse for the 500 mm plates 

and 750 mm plates were 773 Ns and 1133 Ns respectively. The variation from the mean is 
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highest for SB6, which was 16.7%. This value is in line with variations reported by Clarke 

et al. [13]. The results are summarised in Table 5.7. 

Table 5.7: Experimental results for plate height and impulse 

Test Number Plate Size (mm) Height (m) Impulse (Ns) 

SB1 500 × 500 × 50 3.14 769 

SB2 750 × 750 × 40 1.97 1100 

SB3 750 × 750 × 40 2.23 1172 

SB4 500 × 500 × 50 2.88 737 

SB5 500 × 500 × 50 2.46 681 

SB6 500 × 500 × 50 4.30 901 

As the area of the plate increases the amount of soil ejecta and detonation products impacting 

the plate also increases and the increase in transferred impulse is therefore reflected in the 

results. Eventually the plate size reaches an asymptote and the transferred impulsive load 

reaches its maximum value. Studies by Fourney et al. [16, 41] investigated how plates with 

different area but equal mass responded to the same blast event. A limit was found for the 

maximum plate area to impulse imparted, after which an increase in plate size would not 

contribute to additional loading. Mullin et al. [22] determined that this would occur when the 

ratio of the plate diameter to the charge diameter was between 11.6 and 16.3. This is well 

above the experimental range (7 for the 750 mm plates), meaning the limit to catch the entire 

ejecta was not reached.  

Large variations among the results can be attributed to the innate variation in soil blast tests 

as reported in the literature [13]. This can be partially explained by Hlady’s work [9] and the 

observation and tracking of clumped soil ejecta. This is similar to the results obtained in the 

experimental tests where soil clumps could be seen in the high speed videos, as well as the 

presence of large gravel (~20% larger than 10 mm) as seen from Figure 5.2, travelling in 

random directions post blast. Furthermore, work by Rigby et al. [42] identified distinct 

increases in impulse and pressure over the spatial distribution of a plate. For example, it was 

found that at a distance 100 mm from the centre of the plate, multiple loadings occurred. This 

resulted in discrete increases in impulse over time. Additionally, the pressures were not 

symmetrical about the plate’s centre (one side may receive more loading than the other). Not 
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only is there variation in the spatial distribution of the impulse imparted over the area of a 

plate, it can be random in the area over which it is focused. This inherent randomness is what 

can lead to the variations in the experimental results, as depending on what interacts with the 

plate, the momentum transfer between blasts events can change considerably. Other studies 

on the spatial distribution of loading on a ring trap can be found here [21]. Analysis of the 

experiments conducted and their results identified an ejecta angle between 38-40° which 

would contribute the necessary energy to achieve the heights obtained. Any variation about 

this range could result in the scattering observed in the experimental results. 

5.6. Numerical modelling of soil blast experiments  

5.6.1. Model setup 

Conducting experimental investigations to examine the effects of different parameters on the 

loading generated during a blast event is particularly difficult due to the complexity, cost and 

time required to perform each blast test. Therefore, modelling the effects of explosions 

numerically is of paramount importance. Different software packages have been used in the 

literature to model blast effects on structures, for example Autodyn [43-45] and LS-DYNA 

[24, 46]. LS-DYNA is one such software package which has been proven to have the 

capability of accurately modelling explosion events. Some of the currently available soil 

models in LS-DYNA include: material model soil and foam (Mat 5); The Pseudo tensor 

model (Mat 16); The soil and foam with failure criteria (Mat 14); The hysteretic soil model 

(Mat 70, a nested surface model for elasto-perfectly plastic material); The geologic cap model 

(Mat 25, used for geomechanical materials). Among these soil models, the geologic cap 

model handles low confinement behaviour more effectively than the other soil models. These 

material models, however, cannot integrate the pore water pressure characteristics, strain 

softening and strain rate effects in the analysis. These limitations have been resolved through 

the introduction of the *MAT_FHWA_SOIL material model (Mat 147) [26, 27]. It is an 

isotropic material model inclusive of damage characteristics. A modified Mohr-Coulomb 

yield surface is incorporated in the model which has a smooth yield surface at low shear 

stresses. The model also has the capability of effectively incorporating soil characteristics 

including pore water pressure, strain softening and strain rate dependent strength 

enhancements [5, 47, 48]. Therefore, in this work the *MAT_FHWA_SOIL material model 
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was chosen to capture the soil behaviour in the numerical analysis and to validate the 

experiments based on earlier work by some of the authors. LS-DYNA version 8.10 was used 

to run the simulations on 4 cores. A typical run time of 6-7 hours was achieved.  

The Arbitrary Lagrangian Eulerian (ALE) description is used to model the blast event. The 

plate and explosive were setup according to the experimental description in Section 5.3, with 

a runtime of 15 ms. This was based on the findings of Saleh [5], who found that loading of 

the plate was completed within this time period. A quarter symmetry model (Figure 5.13) 

was used to reduce computational costs. A non-reflecting boundary condition was applied 

through the *BOUNDARY_NON_REFLECTING card to represent the infinite air and soil 

domains at the domain boundaries. The bottom face was constrained in all translational 

directions to represent the confinement provided by the soil below the modelled region. The 

Eulerian domains (air, soil and explosive) were constructed with hexahedral multi-material 

elements with 1 point integration. The Lagrangian part (the plate) utilised Belytschko-Tsay 

shell elements with 5 integration points in the through thickness. The soil domain depth (750 

mm) used matches the experimental setup. The propagation of the blast wave through the 

soil and reflection from the bottom face did not reach the crater in the 15 ms run time. 

Additional simulations were run to ensure convergence and it was determined that a soil 

depth of 750 mm was sufficient to not influence the results. The extent of the air (Eulerian) 

domain was set up sufficiently large enough to ensure the turbulent fluid flow and its 

interaction with the plate was unaffected by the non-reflective boundary conditions. 

Interaction was defined between the Eulerian and Lagrangian parts using the 

*CONSTRAINED_LAGRANGE_IN_SOLID card with all Eulerian parts coupled to the 

plate. There is no observed leakage/penetration of Eulerian materials through the Lagrangian 

domain (steel plate), which ensures energy is conserved during the blast and fluid/structure 

interaction event. Due to the rectangular mesh used the cylindrical explosive was defined 

using an initial volume fraction geometry with a height of 36 mm and a radius of 52.5 mm 

and was centre initiated. Numerical studies by Fiserova [43] saw an increase in pressure 

between 10-33% when comparing a top initiated to centre initiated charge. The specific 

impulse also increased but not to the same degree. Preliminary models did not show the same 

sensitivity, hence why a central detonation point was chosen. This effect was also seen for 
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small charges in the thesis by Roger [49]. Gravity was applied through the 

*LOAD_GRAVITY_CARD. The plate was not supported, as the influence of gravity prior 

to loading from the blast event was negligible.  

  

Figure 5.13: A quarter of the numerical model for soil blast based on ALE method. The 

steel plate is modelled with shell elements and the non-reflective boundary condition (top 

and external side segments) is imposed to reduce the computational domain. 

The material properties and equations of states used to simulate the blast event include 

*MAT_NULL to model the air with a density of 1.25 kg/m3 and the 

*EOS_LINEAR_POLYNOMIAL equation of state with 𝐶4 =  𝐶5 =  0.4 and 𝐸0  =

 2.543 ∗ 10−4 𝐺𝑃𝑎. The explosive, TNT, was modelled with the high explosive burn 

material and Jones-Wilkins-Lee equation of state cards (Table 5.8). The steel plate used an 

elastic plastic material model (Table 5.9). Finally, the soil utilised the *MAT_FHWA_SOIL 
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(147), a modified Mohr-Coulomb surface in an isotropic material model (Table 5.10). The 

initial simulations utilised the 2200 kg/m3 soil properties at the lowest confinement pressures. 

While the soil density of the experiments ranged from 2000 to 2200 kg/m3, it was decided 

that the 2200 kg/m3 results would form the basis of the numerical studies. Additionally, 

preliminary models using the experimentally measured shear modulus were found to under 

predict the experimental results. The shear modulus has been modified according to equation 

5.12 which is in line with previous studies on soil blast loading [43]: 

𝐺 =
3𝐾(1 − 2𝜈)

2(1 + 𝜈)
,                                                  (𝐸𝑞 5.12) 

where 𝐺 = 11.467 𝑀𝑃𝑎 is the new shear modulus, 𝐾 is the bulk modulus and 𝜈 is the 

Poisson’s ratio of the soil, where 𝜈 = 0.2 for a sandy gravel [50]. 

The second order modified Van Leer advection scheme was utilised with one cycle per 

advection step. This was chosen based on recommendations for high explosive simulations 

as it relaxes the monotonicity condition to better preserve the material interface to allow for 

26 neighbouring elements to be checked instead of 18 in the three orthogonal directions [25]. 

The alternative advection logic is also applied, as per [25].  

Aspects of the experiments which have not been modelled include the disturbed soil above 

the charge which was excavated and packed again. The model considers this soil as a 

homogenous, single domain soil. Furthermore, the soil domain is a single density, single 

moisture content material. The real soil varies throughout the volume which has not been 

reflected in the model. The nylon casing has also been excluded when modelling the 

explosive charge. 
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Table 5.8: Explosive material (TNT) material properties 

*MAT_HIGH_EXPLOSIVE_BURN 

RO (Density) 1632 kg/m3 

D (Detonation Velocity) 7070 m/s 

PCJ (Chapman-Jouget Pressure) 20.50 GPa 

*EOS_JWL 

A 524.40 GPa 

B 4.90 GPa 

R1 4.579 

R2 0.85 

OMEG (ω) 0.23 

E0 7.1 GJ 

 

Table 5.9: Material properties of steel 

*MAT_ISOTROPIC_ELASTIC_PLASTIC 

RO (Density) 7850 kg/m3 

G (Shear Modulus) 80 GPa 

SIGY (Yield Stress) 350 MPa 

ETAN (Plastic Hardening Modulus) 450 MPa 

BULK (Bulk Modulus) 160 GPa 
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Table 5.10: Typical soil input parameters 

MAT_FHWA_SOIL 

RO (Density) *2200 kg/m3 

K (Bulk Modulus) 15.289 MPa 

G (Shear Modulus) **19.569 MPa | 11.467 MPa 

PHIMAX (Friction Angle) 0.419 radians 

COH (Cohesion) 11 kPa 

MCONT (Moisture Content) 6.2% 

PWKSK (Skeleton Bulk Modulus) 0.15289 MPa 

PHIRES (Residual Friction Angle) 0.063 radians 

SPGRAV (Specific Gravity) 2.65 

* Representative soil density compacted in the laboratory & the corresponding 

properties  

** Original and modified shear moduli values 

 

5.6.2. Numerical results 

The predicted acceleration and velocity profiles from the numerical simulations are shown 

in Figure 5.14 and Figure 5.15 for the 500 mm and 750 mm plates respectively. Both graphs 

show two acceleration peaks occurring approximately 1.0 ms after detonation. These can be 

separated into the initial loading from the soil and incident pressure wave, followed by 

secondary blast waves and reflected waves from within the soil crater. The outer annulus of 

soil loads the 750 mm plates, which is not seen for the 500 mm plates. This is seen as a 

distinct secondary peak in the acceleration curve. Despite receiving a lower initial 

acceleration, the additional loading from the soil allows the 750 mm plate to acceleration to 

a similar velocity as the 500 mm plate. The peak velocity is reached at around 9 ms and the 

plate height is calculated from the velocity at this time. During this initial 9 ms, the plates 

travel a small distance, which wasn’t accounted for in the height estimates. These 

displacements measure 46 mm for the 500 mm plate and 34 mm for the 750 mm plate. As 

these values are well within the variation found in the plate heights for the experiments they 

are excluded from the analysis. This is also not required in the impulse calculations. 
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The calculated impulses are shown in Table 5.11. Using a mesh size of 10 mm, the numerical 

models predict an impulse of 655 Ns and 1091 Ns for the 500 mm and 750 mm plates 

respectively. Compared to the average experimental results of 772 Ns and 1136 Ns, the 500 

mm plate model underestimates the mean plate height, however, it is able to match the 

minimum plate impulse (SB5 – 681 Ns) with reasonable accuracy. The 750 mm plate model 

is able to match the minimum and mean plate height with good agreement. Using the 

modified shear modulus provided more accurate estimates of the experimental tests. By 

changing the shear modulus, the soil ejecta cone was tightened, resulting in more interaction 

between the soil and plate. 

  

 

Figure 5.14: 500 mm plate acceleration and velocity (10 mm mesh). The average 

experimental plate velocity was 7.87 m/s. 
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Figure 5.15: 750 mm plate acceleration and velocity (10 mm mesh). The average 

experimental plate velocity was 6.42 m/s. 

Table 5.11: Experimental and numerical plate impulses 

Plate Impulse (Ns) 

Plate size Exp. Mean Exp. 

Minimum 

Exp. Maximum Numerical results 

500 mm 772 681 901 655 

750 mm 1136 1100 1172 1091 

 

5.7. Discussion 

5.7.1. Variations in the 500 mm plate results 

In order to better understand the behaviour of the numerical models, additional analysis was 

carried out on the original dataset generated. The same behaviour is seen between soil models 

for the different shear moduli used. Figure 5.16(a-c) shows the formation and propagation of 

the soil during the 15 ms simulation time before settling in a crater. The initial soil cap is 

shown to form in the first 1 ms above the blast products covering the explosive products. 

This ruptures prior to hitting the plate, thus loading it with detonation products and soil ejecta 
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simultaneously. Figure 5.16(d) and (e) show the amount of soil which interacts with the two 

plate sizes. While the 750 mm plate (red) is clearly shown to capture more of the soil ejecta, 

the annulus of soil interacting with the plate appears to be at the edge of the 500 mm plate 

(black). As small variations in test setup and soil properties may affect the formation of this 

soil annulus, it is possible that this is the cause of the scatter in experimental data for the 500 

mm plate size.  

 

Figure 5.16: Soil cap at 1.06 ms (a), crater formation at 5.0 ms (b), end time crater 

formation 15 ms (c). The degree of soil-plate interaction is shown for the 500 mm plate 

(black) and 750 mm plate (red) side view (d) and top down view (e). Blast products are 

hidden for these images. 

The soil ejecta profile is further expanded and shown in Figure 5.17, which presents the 

maximum soil and blast products velocity prior to impact with the plate. The soil velocity 

reaches values above 370 m/s impacting vertically at the centre of the plate. This velocity 

decreases radially outwards, with the horizontal component increasing in magnitude. The 

blast product velocity follows the same trend, with the highest velocity reaching 450 m/s in 
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the centre which is being funnelled by the expanding soil cap which had ruptured at the top. 

Gas products can be seen escaping the soil cap near the top at this time. To reach the impulse 

achieved by the 500 mm series of plates (681 to 901 Ns), a total of 1.84 kg to 2.44 kg of soil 

travelling at 370 m/s is needed. The mass of the soil directly above the cylindrical charge has 

a mass between 1.63 kg and 1.79 kg depending on the density of the soil (2000 kg/m3 to 2200 

kg/m3). While it is currently difficult to decouple the experimental impact energy to the plate 

caused by the soil ejecta, it can be seen that the soil contributed significantly to the impulse 

transfer. Furthermore, the amount of soil interacting with the plate increases with the plate 

size, which would lead to higher impulse transfer. An additional numerical study was 

conducted to decouple the loading from the soil and the explosive products on the 500 mm 

plate. The same model was modified so that only the soil interacted with the plate, allowing 

the explosive to pass straight through it. Soil-explosive interaction remained intact. It was 

found that approximately 63% of the impulse transfer came from the soil alone. Despite its 

higher velocity, the explosive products did not load the plate in the same proportion.  

 

Figure 5.17: Maximum soil (left) and explosive gas velocity (right) prior to plate impact 

(1.21 ms & 1.36 ms, respectively) 

Figure 5.18 shows the effect that soil density (and subsequently bulk modulus, shear 

modulus, cohesion and friction angle) has on the velocity of the plate. The complex 
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interaction of these parameters means that there isn’t a simple relationship between density 

and plate velocity (and loading). For example, the more confined and channelled a blast is 

will depend on more than just the density of the soil. Loading from the soil, which makes up 

a large majority of the impulse transferred to the plate, is a function of both velocity and 

mass. The range of velocities achieved is also closely tied to the other changing variables. 

Hence the plate loaded by the 2100 kg/m3 sees a reduced velocity. 

 
Figure 5.18: Predicted velocity profiles per soil density for the 500 mm plate 

Soil densification occurs in the areas surrounding the blast event as outlined in Figure 5.19. 

The void left by the blast is shown in blue with a density of 0 kg/m3. In the regions in direct 

contact with the blast, densities exceed 5000 kg/m3 (red) before returning to 2200 kg/m3 

(green) approximately 100 mm out. This region of increased density can be attributed to the 

plastic crushing of the soil where the pores collapse. At 2.12 ms the density drops back to the 

3000 kg/m3 range, except below the crater itself which continues to show higher soil 

densities. The soil ejecta thrown up by the blast has a density of 2200 kg/m3 or lower as 

separation of the soil takes place. After 10 ms the densified regions of soil have disappeared 

and the soil is back in the 2200 kg/m3 range once again. The surrounding soil has decreased 

in density slightly. The model predicts no change in density beyond the domain boundaries, 

which was also seen in the experimental tests (Figure 5.12). Due to the 750 mm domain depth 
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used in the model, the compression of the soil below the charge does not reach the boundary 

before it has the chance to dissipate. Thus, the domain depth in the numerical model is 

suitable when considering changes in the soil density.  

Further investigation into the influencing soil parameters, along with variations in the 

experiment and assumptions in the model, is needed to fully understand how soil blast events 

take place based on the *MAT_FHWA soil model. It is believed that this will be able to 

recreate the higher plate heights obtained within the 500 mm plate experimental results. A 

more extensive parametric study is required to fully understand how each parameter affects 

the soil behaviour and plate velocity of the flying plate experiment. 

 

 

Figure 5.19: Soil density variation over time for the 2200 kg/m3 soil 

Plate rotation could contribute to the differences between the experimental and numerical 

results. Such rotation consumes a portion of the kinetic energy imparted into the plate. All 

experiments experienced some degree of plate rotation, in which the 500 mm plates rotated 

the most. In particular, the SB6 plate (the highest flying plate) rotated the most during its 

flight time, (~2.25 rotations) with an angular velocity of 7.5 rad/s, while the SB5 plate (the 
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lowest) completed only one rotation with an angular velocity of 4.4 rad/s.  Based on these 

findings, it can be concluded that the number of rotation does not have a noticeable 

detrimental effect on the plate height. Furthermore, when comparing the rotational energy to 

the kinetic energy of the plates, the rotational energy only made up 1-3% of the total energy 

of the plate. As each plate landed within the crate, any charge or plate eccentricity was 

minimal, including any contribution to horizontal translation which could also reduce the 

vertical height achieved by the plates. The numerical results, being quarter symmetry models, 

could not include plate rotation in their analysis. However, based on the above, this was 

shown to be irrelevant. 

5.7.2. Spatial distribution assessment 

Following on from Figure 5.16(d), an additional study was conducted examining the spatial 

distribution of the soil blast even for the 500 mm plate. In reality, the soil ejecta may not be 

emitted at the same angle between tests. However, the numerical model is unable to simulate 

different ejecta cones areas for the same soil property inputs. In order to create a scenario 

where the soil ring impacted the plate, two additional cases were simulated. They were a 600 

mm × 600 mm plate and 700 mm × 700 mm plate. This would allow the ejecta cone to interact 

with the plate, imparting additional impulse to it. The thickness of each plate was reduced in 

order to keep a constant mass of 98 kg. This allows an equal comparison to be made between 

plates based on area only. Figure 5.20 shows the results from the simulations. The early time 

response is identical for each plate, indicating that the central blast and soil loading occurs 

first. Afterwards the results begin to diverge, as additional soil ejecta (as well as blast 

pressure) impacts the plates. The larger plate areas catch more soil ejecta, thus additional 

impulse is transferred to them and they achieve a higher velocity. These results are able to 

artificially recreate the experimental results, whereby the largest plate size (700 mm) 

achieves a velocity very close to the highest experimental result, SB6. That is, a case where 

the soil cone was tighter and additional soil interacted with the 500 mm plate. The study by 

Anderson et al. [8] saw a greater variation from the mean for plates with the same area but 

increased standoff distance. This was attributed to Richtmyer Meshkov instability [51], 

however it could fall under a transitional zone due to the increased standoff distance. Similar 

to different sized plates, the closer the plate is to the soil, the earlier it will catch the ejecta, 
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and consequently, more of it. At the other end of the scale, at a certain distance, the ejecta 

cone will no longer interact with the plate. This area of study will need to be considered 

further. 

  

Figure 5.20: Effect of spatial distribution on soil blast loading for the 500 mm plate. Each 

curve represents the velocity for a larger area plate with constant mass. The blue squares 

represent the experimental maximum velocities achieved.  

5.8. Conclusion 

Comprehensive experimental studies and numerical validation were carried out to investigate 

the loading on steel plates form explosive charges buried in unsaturated soil. The flying plate 

experiment was set up to quantify the impulse transfer of the impulsive loading from soil and 

explosive products on a thick steel plate. Heights, velocities and rotations of plates with 

different size were recorded using high speed cameras and analysed with different digital 

image analysis techniques. The soil preparation processes were carefully conducted to ensure 

a consistent preparation process, and the soil properties were quantified both in-situ and in 

the laboratory to obtain key properties such as density, bulk modulus and moisture contents 

required for the soil blast numerical model. The experimental results from the flying plate 

experiment clearly show there is an influence from the moisture content and density of the 
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soils on the plate height and velocity, especially for the smaller plate (500 mm).  A numerical 

model was developed which was able to accurately predict the height of plate subject to a 

buried explosive charge. This was true for two plate sizes, a 500 mm × 500 mm and a 750 

mm × 750 mm plate area. An ALE model utilising the *MAT_FHWA_SOIL material model 

in LS-DYNA was used to achieve this based on the generated soil characterisation data. The 

soil model proved to be successful for its ability to simulate the combined effects of moisture 

content, bulk modulus, shear modulus, as well as strain rate effects and plasticity. The shear 

modulus was shown to affect the impulse imparted to the plate through additional soil loading 

on its surface. This soil blast model can then be incorporated into larger scale simulations 

with representative geometry. The effect of the plate size was examined, offering insight into 

variations between the experimental and numerical results. 
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Chapter 6 

Investigation of the Unsaturated Soil 

Parameters and Loading Mechanisms of 

Soil Blast Events 
This chapter complements the work conducted in Chapter 5, building upon the numerical soil 

blast models. The unsaturated soil parameters (e.g. density, bulk modulus, shear modulus) 

are examined in a parametric study to gain further understanding of the FHWA material 

model. While some results follow the trends shown in experiments, this is not always the 

case for the model. For example, many parameters were dependent on the soil density and 

increasing the soil density did not always increase the impulse. Other parameters displayed 

unrealistic results, such as the shear modulus, highlighting the need to be aware of the bounds 

of realistic behaviour. Additional models were run investigating the spatial and temporal 

loading of a soil blast event on a concentric ring model. The main findings highlight the 

localised impulse transfer directly above the charge and then rapidly diminishing loading 

further away from the centre. These findings are important when considering the distribution 

of soil blast loading on a protective structure and how it differs from conventional free air 

burst. 
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6. Investigation of the Unsaturated Soil Parameters and Loading 

Mechanisms of Soil Blast Events 

6.1. Abstract 

The characterisation of soil for numerical modelling requires an extensive series of tests in 

order to accurately model the response of the soil. Within LS-DYNA, the FHWA model has 

been investigated in order to understand the effect different parameters have on the response 

a structure plate to a buried charge. Using a flying plate setup, the impulse imparted to the 

plate from the combined blast and soil loading is used to quantify the explosive output of 

different soil mechanical properties. Unsaturated conditions have been explored based on 

previously conducted unsaturated soil blast tests (Chapter 5). The different parameters such 

as the density, bulk modulus, shear modulus, cohesion, and friction angle were varied based 

on characterisation testing of the soil. The different sensitivities to soil mechanical properties 

have been shown, including a relatively insensitive response to a changing bulk modulus, 

and a highly sensitive and unrealistic response for high shear moduli above 70 MPa. 

Additional models examining the physical soil distribution have been created. Furthermore, 

the spatial and temporal distribution of soil loading has been examined using a concentric 

ring model. This data will be useful in the assessment of soil blast loading for the design of 

protective structures and the anticipated loads they may encounter. 

6.2. Introduction 

Military personnel are subject to increasing threats such as improvised explosive devices 

(IEDs) and landmines [1]. Buried charge blasts are a complex blast phenomenon combining 

explosion products and soil ejecta to vastly increase the loading and damage vehicles or 

personnel above may experience. This is further complicated by the high variability of the 

surrounding soil, in both microscopic and macroscopic scales. Soil itself is a random medium 

including clays, sands, gravels, and organic material, with a variety of potential moisture 

contents. The effects of these parameters are known to influence the severity of the blast 

event [2-5]. However, it is difficult to decouple the effect of each parameter to understand 

the role it plays in the blast from experiments alone. Vehicle design requires an understanding 

of the soil-vehicle structure interaction to properly design for soil blast [6]. 
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Numerical modelling provides a way to study the high speed event of a buried charge blast 

and examine in detail how certain parameters affect the end result. One such soil model is 

the FHWA material model in LS-DYNA which incorporates a large variety of parameters in 

its design [7, 8].  

The flying plate test can be used to measure the impulse imparted by a buried mine on a flat 

plate. During the blast event, soil ejecta and detonation products combine together to impact 

the plate and launch it into the air. Variations exist within the setup of the experiment itself 

including the material of the plate (steel vs aluminium) [9] and rigidity of the plate [10], as 

well as the angle of the plate (flat vs V-shape) [11]. The jump height and plate velocity can 

then be extracted from the test. Using this information, the impulse or momentum transfer 

(𝑚𝑎𝑠𝑠 ∗ 𝑗𝑢𝑚𝑝 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦) is calculated and used as a means of comparison between similar 

tests. Impulse is used as the comparative measure instead of height as it is able to incorporate 

the effect of the mass of the plate. Thereby, a plate with a large area (and thus more mass) 

will have a higher impulse than a smaller, lighter plate despite achieving a lower height for 

the same blast event. For a nominal test (flat, rigid steel plate) variables include the area of 

the plate, the standoff distance, burial depth of the charge, and charge eccentricity. Parametric 

studies investigating these experimental setups have already been conducted [10, 12, 13]. 

Soil properties have a considerable effect on the impulse imparted from a buried mine. This 

has been extensively studied experimentally [2, 5, 14, 15] examining the effect of different 

soil types, the moisture content, and other controllable soil parameters. However, the precise 

study of the available soil variables cannot be always achieved through experimental analysis 

alone. Exact soil densities are difficult to create in the field, while other parameters cannot 

be recreated in the field with high accuracy, e.g. the bulk modulus, shear modulus, cohesion, 

and friction angle. Furthermore, decoupling of each parameter to investigate a single 

parameter is near impossible to achieve in experimental tests. Numerical analysis is required 

to examine the effect of these properties. In LS-DYNA [16] the FHWA soil material [7] 

model offers a comprehensive set of soil properties which can be examined. It is able to 

handle no/low soil confinement problems, has rate dependency, strain softening behaviour, 

and includes pore-water pressure effects as well as porosity. Some of the inputs of interest 
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for unsaturated soil in the model itself are: soil density, bulk modulus, shear modulus, 

cohesion, and friction angle. 

Based on previous flying plate tests conducted by the authors [17] (Chapter 5), additional 

parameters exist within the test. This includes the effect of different confinement levels 

within the soil, both as a function of depth (minimal increase) and the blast wave itself 

(substantial increase) [18]. Additionally, during test preparation, the well-prepared soil needs 

to be excavated in order to place the mine. This soil is then returned and hand packed above 

the charge so that it is flush with the soil surface level. This soil (hence called the soil plug) 

will have different properties compared to the rest of the bulk material, including a lower 

density and associated properties [19]. Furthermore, the interaction between the bulk soil and 

the soil plug is affected and it will not show the same level of strength (for example, a 

disturbed friction angle) as before. This problem has been recognised in other experiments 

in the literature [14]. 

The flying plate test is only able to examine the impulse imparted over a fixed area, that is, 

it is impossible to determine the spatial and temporal distribution of the loading event. 

Modified experiments have been conducted to examine these phenomenon, originating from 

Westine et al. [20]. These studies vary from metal plug designs inserted into a plate [20, 21], 

concentric rings [22, 23], and pressure bars [24]. These studies make use of both experimental 

and numerical experiments to resolve the spatial and temporal loading of the blast. The spatial 

distribution will allow the loading from different soil annuli to be determined and resolved 

over discrete distances.  

6.3. Previous Experiments 

Experimental data for the FHWA soil model has been obtained for three soil densities at a 

constant moisture content for four different confinement levels. These are outlined in Table 

6.1 whereby each soil density is characterised at the four confinement levels shown below. 

From here the bulk and shear moduli are determined for each combination. The lowest 

confinement levels (0/50 kPa) are different due to test requirements for the determination of 

the bulk and shear moduli. The cohesion and friction angle are determined for only one soil 

density. The details of these tests are outlined in additional work by the authors [17]. All 

other parameters are varied at the authors’ discretion within reasonable ranges. In most cases 
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only one parameter is varied, however for different densities and confinement pressures, 

associated values are changed accordingly.  

Table 6.1: Experimental soil characterisation variables. The moisture content is kept at a 

constant 6.2%. 

Soil Density 

(kg/m3) 
2000 2100 2200  

Confinement 

Level (kPa) 
0/50 100 200 300 

 

The flying plate test being modelled is defined as follows. A 500 mm × 500 mm × 50 mm 

square steel plate weighing 98 kg was placed with a standoff distance 400 mm above the soil 

surface. The plate was positioned on stands which are allowed to be blown away during the 

blast event. Six experiments were originally conducted in a 4 m × 3 m pit with a depth of 

0.75 m, where the individual test pits were 1.5 m × 1.3 m in area. The TNT charge had a 

nominal weight of 0.5 kg (~460 grams TNT, 38 grams detonator and booster). It was 

cylindrical with a diameter of 105 mm and a height of 36 mm (3:1 ratio), encased in 8 mm 

of nylon. A nominal burial depth of 100 mm was used, with a burial depth of approximately 

96 mm achieved. The soil used was a sandy gravel.  

6.4. Numerical Modelling 

The flying plate test is modelled using the Arbitrary Lagrangian Eulerian (ALE) technique 

in finite element software LS-DYNA. A run time of 15 ms is used to extract the maximum 

velocity of the plate from the impulsive soil blast event. Quarter symmetry is used to reduce 

computational costs where possible. Non-reflective boundaries are applied to the external 

faces except the base of the soil which is fixed. The plate is a Lagrangian shell using 

Belytschko-Tsay elements with 5 integration points in the through thickness. The air, soil, 

and explosive are modelled with hexahedral multi-material Eulerian elements with 1 point 

integration. The explosive itself is modelled as a volume fraction within the soil domain. The 

0.5 kg TNT cylindrical charge measures 36 mm in height with a 52.5 mm radius and was 

centre detonated. The Eulerian domains and Lagrangian plate have a 1:1 element ratio. 

Contact is defined with the *Constrained_Lagrange_in_Solid card. No leakage is observed 

in the base model. The full setup is seen in Figure 6.1. 



194 

 

 

Figure 6.1: Numerical model for the base flying plate test. Quarter symmetry is used in 

this model. 

The air and soil are originally modelled as separate parts, while the explosive is defined via 

the *Initial_Volume_Fraction_Geometry card. This card is also used for the generation of 

the additional soil layers for the studies investigating the soil plug and the effect of 

confinement layers. 

Limitations exist in the multi-material ALE modelling capacity of LS-DYNA. It is 

recommended no greater than three individual materials be present in any element at a given 

time step [25]. Due to the addition of the second soil ALE part, this criteria is not necessarily 

upheld. However, it is believed that the additional soil will have minor effects on the validity 

of the results. 

The soil is modelled with the FHWA material model, with typical inputs taken from Chapter 

5 [17] shown in Table 5.10. These will form the baseline of the numerical parametric studies. 
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Soil properties at different densities and confinement levels are also shown in Table 6.3 based 

on previously conducted tests. 

Table 6.2: Typical soil input parameters for the FHWA material model. 

RO (Density) *2200 kg/m3 

K (Bulk Modulus) 15.289 MPa 

G (Shear Modulus) 19.569 MPa 

PHIMAX (Friction Angle) 0.419 radians 

COH (Cohesion) 11 kPa 

MCONT (Moisture Content) 6.2% 

PWKSK (Skeleton Bulk Modulus) 0.15289 MPa 

PHIRES (Residual Friction Angle) 0.063 radians 

SPGRAV (Specific Gravity) 2.65 

* Representative soil density compacted in the laboratory & the corresponding 

properties 

The TNT explosive is defined via the MAT_High_Explosive_Burn material card and 

EOS_JWL equation of state. The density of the TNT is 1632 kg/m3, detonation velocity of 

7070 m/s and Chapman-Jouget pressure of 20.5 GPa [26]. The equation of state is as follows: 

𝜌 = 𝐴 (1 −
𝜔

𝑅1𝑉
) 𝑒−𝑅1𝑉 + 𝐵 (1 −

𝜔

𝑅2𝑉
) 𝑒−𝑅2𝑉 +

𝜔𝐸

𝑉
                      (𝐸𝑞 6.1)  

where the pressure ρ is defined by the material constants A, B and E0 (units of pressure) and 

R1, R2, ω and V0 (unitless). V is the relative volume and E the energy per initial volume [25]. 

Typical values for TNT are A = 524.40 GPa, B = 4.90 GPa, R1 = 4.579, R2 = 0.85, ω = 0.23 

and E0 = 7.1 GJ [26]. The air utilised the MAT_Null material model with a density of 1.25 

kg/m3. The EOS_Linear_Polynomial equation of state with C4 = C5 = 0.4 and E0 = 2.543E-

4 GPa was also utilised. 

The steel plate was modelled with the *MAT_Isotropic_Elastic_Plastic material model, with 

a density of 7850 kg/m3, shear modulus of 80 GPa, yield stress of 350 MPa, plastic hardening 

modulus of 450 MPa and a bulk modulus of 160 GPa [26]. 
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Table 6.3: Bulk and shear moduli per density/confinement pressure combination. Only the 

2200 kg/m3 soil is examined under different confinement pressures. 

Density (kg/m3) 2000 2100 2200 

Confinement (kPa) Bulk 

Modulus 

(MPa) 

Shear 

Modulus 

(MPa) 

Bulk 

Modulus 

(MPa) 

Shear 

Modulus 

(MPa) 

Bulk 

Modulus 

(MPa) 

Shear 

Modulus 

(MPa) 

0/50 3.5 4.6 10.9 14.0 15.3 19.6 

100 - - - - 18.4 72.3 

200 - - - - 19.6 109.6 

300 - - - - 31.2 132.1 

 

The spatial distribution set up follows the setup used by [23] for a similar test. 12 concentric 

rings, each 80 mm tall, are used to examine the loading over discrete bands. Each ring is 50 

mm thick (the centre plug has a radius of 50 mm), and is separated by a 0.21 mm air gap. 

This provides a total length of ~600 mm. The width of the rings will determine the resolution 

of the results obtained. The rings used the same steel isotropic elastic plastic material model 

as per the plates. The model is shown in Figure 6.2, where the rings are located at the same 

standoff distance as the base model (400 mm) above the soil domain (brown). Symmetry 

conditions are applied to the internal faces of the rings. Contact is not defined between rings. 

It is expected for there to be no interaction between the rings, and in the event that there is, 

this could result in artificial impulse being applied to adjacent rings as they drag each other 

up/keep them in place. Rings are labelled 1-12 from the centre-outwards. The mesh size 

approximately matches that of the air domain it is situated within (i.e. 10 mm). 
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                                                             1   2    3    4   5    6   7    8    9  10  11 12 

Ring 1 – 0 mm Ring 4 – 175 mm Ring 7 – 325 mm Ring 10 – 475 mm 

Ring 2 – 75 mm Ring 5 – 225 mm Ring 8 – 375 mm Ring 11 – 525 mm 

Ring 3 – 125 mm Ring 6 – 275 mm Ring 9 – 425 mm Ring 12 – 575 mm 

Figure 6.2: Concentric ring model setup. The location of each ring is shown from the centre 

of the model. 

6.5. Discussion 

The parametric studies conducted were to examine the effect the unsaturated FHWA soil 

material properties have on the impulse delivered to the plate. When examining the soil 

properties, the realism of the simulation will be examined to determine whether or not any 

properties used are outside the realistic bounds. The physical configuration of the soil which 

make up the properties cannot be changed in the model, such as the grain size distribution. 

Instead, the properties themselves are changed.  

6.5.1. FHWA Parametric Study 

Soil Density 

The first trial examining the FHWA model varied the different soil properties obtained from 

the characterisation for 2000, 2100, and 2200 kg/m3 density soils (Figure 6.3). This included 

changing the bulk modulus, shear modulus, cohesion, and friction angle along with the 

density. In this case the moisture content remained constant at 6.2%, meaning the saturation 
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level varied between densities, but remained an unsaturated soil. As expected, the 2200 kg/m3 

soil resulted in the highest impulse being imparted to the plate. This was closely followed by 

the 2000 kg/m3 soil with the 2100 kg/m3 soil imparting the least momentum. This did not 

match what was to be expected from the literature. 

 

Figure 6.3: Impulse vs soil density and associated parameters. As the soil density varied, 

so too did the bulk and shear moduli, cohesion, and friction angle. 

Looking at the effect of just density alone in Figure 6.4 it can be seen that the impulse 

increases slightly with the increasing density of the soil. Included in the graph is the velocity 

of the soil just prior to hitting the plate for all three densities. As the soil density increases, 

the velocity of the soil decreases. Assuming a constant volume of soil impacts the plate, then 

the impulse of the soil increases due to the increased density and mass increases, which 

outweighs the decrease in ejecta velocity. This is reflected in the total impulse imparted to 

the plate. 

Based on these results, the soil density only has a minor effect on the impulse imparted to the 

plate for the range of densities examined. The confinement of the blast and soil ejecta breakup 

does not noticeably change based on the density. The change in impulse is more sensitive to 

the other soil properties associated with density. The variation seen in Figure 6.3 can be 

explained by the reduced shear modulus (4.6 MPa) for the 2000 kg/m3 density soil. In this 

case the bulk modulus (3.5 MPa) is outweighed by the shear modulus. As for the 2100 kg/m3 
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soil, the reduced bulk modulus (10.9 MPa) results in a reduced impulse and has a greater 

effect than the shear modulus (13.4 MPa) which increases the impulse. These are discussed 

further in their respective sections. 

 

Figure 6.4: Impulse vs soil density alone. The rest of the soil properties are based on the 

2200 kg/m3 soil. 

Bulk Modulus 

The bulk modulus is a measure of the compressibility of the soil and is reported to affect how 

soil blast is reflected [27]. For the range of bulk moduli obtained under different confinement 

levels, the impulse was insensitive to the change. The parameter PWKSK (soil skeleton bulk 

modulus) is related to the bulk modulus and is taken as 1% of the value [28]. The 2200 kg/m3 

density soil saw a maximum variation of less than 2% for the different bulk moduli examined 

(Figure 6.5). Behaviour of the soil in the model remained consistent throughout the blast for 

all bulk moduli examined. In terms of the actual experiment, a large bulk modulus above the 

charge would have no effect on the analysis. Noticeable compression does not occur within 

this layer and the soil is dominated by failure due to break up. Below the charge, 

compressibility is more relevant. However, no differences were noticed in the formation of 

the crater and the subsequent confining and funnelling of the blast products upwards for the 

range of bulk moduli examined. The range of bulk moduli examined is fairly limited based 
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on the experimental data. Beyond this range the impulse remains relatively insensitive to 

change in the bulk modulus. A lower bulk modulus (<10 MPa) did see a more noticeable 

reduction in impulse, but nothing substantial. 

 

Figure 6.5: Impulse vs bulk modulus for the 2200 kg/m3 soil. The dotted line represents 

non-experimental values. 

Shear Modulus 

Unlike the bulk modulus, the behaviour of the soil under blast loading proved to be very 

sensitive to the shear modulus. At the lowest experimental value obtained for the 2200 kg/m3 

density soil (19.6 MPa), the maximum impulse is achieved (Figure 6.6(a)). This is associated 

with good numerical behaviour of the soil. At higher shear moduli the soil behaves 

unrealistically, as shown in Figure 6.6(b). At around 7 ms, the soil cap has formed and 

broken, while the edges have remained intact. They are unable to break apart as expected 

from the blast event and instead fold back over and funnel the blast products up towards the 

plate. The blast is unable to exceed the shear strength of the soil at this stage. Without the 

additional loading from the soil and the modified blast product behaviour, the impulse is 

drastically reduced. In terms of being realistic, the soil above the charge and associated blast 

would not experience any significant level of confinement. Being the shallowest as well as 

having a free air boundary, the shear modulus would not reach the values associated with a 

confinement level of 100+ kPa. The behaviour of the soil below the blast is also altered, but 
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it is unknown if this is a by-product of the above blast soil interfering with the soil as a whole. 

These unrealistic findings confirm that the soil above the blast cannot have a large shear 

modulus due to the physical nature of the blast event when using the FHWA model. Hence, 

a low shear modulus value is required for realistic behaviour and acceptable results. 

By examining a lower shear modulus outside of the experimental data obtained it is possible 

to see how the soil responds and the associated impulse is changed below the experimental 

data region (<19.6 MPa). This includes a case where G = 10% of the lowest experimental 

value for the 2200 kg/m3 density soil (19.6 MPa) and one following the equation below 

(assuming ν = 0.2 [29]) relating the shear modulus, G, to the bulk modulus, K (15.3 MPa): 

𝐺 =
3𝐾(1 − 2𝜈)

2(1 + 𝜈)
,                                                    (𝐸𝑞 6.1) 

which gives a value of G = 11.5 MPa.  

There is a small increase in impulse as the shear modulus of the soil was decreased. This is 

able to more closely match the experimental data. For a shear modulus of G = 11.5 MPa, the 

soil behaviour is similar to the original shear moduli values. For a shear modulus of G = 1.96 

MPa, the soil behaviour is changed and a soil cap no longer forms above the blast products. 

Instead, the soil breaks up within the first milliseconds of loading and the blast products are 

able to vent at an earlier time (Figure 6.6(c)). The soil above the charge is then launched 

straight up and more plate-soil interaction occurs, increasing the impulse on the plate even 

further. However, a wider ejecta cone still misses the 500 mm plate. At this stage the soil has 

broken up into smaller clumps. From this study it can be seen that the shear angle is able to 

control the breakup behaviour and early stage ejecta angle of the soil. Despite the change in 

soil behaviour, the impulse has begun to plateau at this stage. The range of experimental 

shear moduli examined (19.6-132 MPa) is quite extensive, more than seven times that of the 

bulk moduli (15.3-31.2 MPa). For larger values of the shear modulus, the impulse continues 

to decrease and the soil cap still behaves in an unrealistic manner. 

From the previous analysis of the bulk modulus, for the case where the bulk modulus (31.2 

MPa) was higher than the shear modulus (19.6 MPa) there was no different in soil behaviour. 

It is not necessarily the ratio between bulk and shear moduli which dictates this, instead it is 
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the shear modulus alone. As the shear modulus increases, the soil behaviour above the charge 

will transition from breaking up to soil cap formation to unrealistic behaviour. 

 

  

Figure 6.6: Impulse vs shear modulus for the 2200 kg/m3 soil (a). The dashed line indicates 

impulses for non-experimental values of the shear modulus. Soil behaviour (shown in 

brown) for a shear modulus of 132 MPa (b). Soil behaviour for a shear modulus of 1.96 

MPa (c). 
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Confinement Level 

The bulk and shear moduli were obtained together for different levels of confinement. The 

results from modifying them alone have been seen above, but under different levels of 

confinement they should change simultaneously. Hence, the confinement level investigation 

combines the new bulk and shear moduli together. As seen in the shear modulus study, 

increasing the shear modulus results in a large decrease in the impulse imparted (Figure 6.7). 

This is once again associated with unrealistic soil behaviour in the simulation. Unlike the 

bulk modulus study which was fairly insensitive to changes, the combined effect of both the 

bulk and shear moduli resulted in a shift in several results. The impulse imparted for the 100 

and 300 kPa data sets differed to that seen for the shear modulus study alone. This indicates 

that the bulk modulus does have some effect when the shear modulus changes and that the 

two are interlinked, unlike the individual parametric studies show. 

 

Figure 6.7: Impulse vs confinement level for the 2200 kg/m3 soil. 

Cohesion 

The cohesion is examined for the 2200 kg/m3 density soil only. The initial experimental value 

was 11 kPa. This has been varied in orders of magnitude between 0.11 kPa and 11,000 kPa. 

The FHWA manual recommends a minimum value of 6.2 kPa for the cohesion [7] while an 

assessment of the FHWA material model found values lower than 6.2 kPa had no significant 

effect on shear tests [8]. This study confirmed that a cohesion below 6.2 kPa had only minor 
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effects on the impulse imparted to the flying plate (Figure 6.8(top)). Soil behaviour did not 

change for the lower levels of cohesion.  

For higher values of cohesion, there was some variation in the impulse. Early time soil 

behaviour (0-5 ms) behaved normally with the formation of the soil cap and soil impact on 

the plate. Mid time (5-10 ms) saw the soil begin to display wavy behaviour where the crater 

would dish in several locations. During this time period the boundary of the crater was 

irregular, but the detonation products continued to load the plate as normal. During the late 

time (10-15 ms) the soil continues to behave unrealistically but with no effect on the loading 

on the plate at this stage. The impulse does not vary considerably for higher cohesion values. 

For the 11,000 kPa cohesive soil, the soil behaviour is extremely compromised showing 

rebound of the crater base back up to the surface (see Figure 6.8(bottom)) despite otherwise 

normal plate behaviour.  
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Figure 6.8: Impulse vs cohesion for the 2200 kg/m3 soil (log scale) (top). The dotted lines 

indicate values beyond cohesive values found in real soils. Soil (brown) and explosive 

(red) response at 7.57 ms for a cohesion of 11,000 kPa (bottom). 

Internal Friction Angle 

In addition to the angle of internal friction, the residual angle of internal friction is another 

input parameter with the FHWA material model. These two parameters are considered 

proportional to each other within the model, with the residual angle taken as 15% of the 

friction angle [28]. For this analysis this relationship has been maintained. The impulse 

increased with the friction angle up until 32° after which it began to decrease again. Crater 
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formation changed across this range, however it was only during the late time (>10 ms) and 

did not affect the results significantly. Realistic behaviour was observed throughout. 

 

Figure 6.9: Impulse vs friction angle. The residual friction angle is 15% of the values 

shown above. 

Other Parameters 

The modified Mohr-Coulomb yield surface is used in the FHWA model to overcome the 

singularity point at the point of zero shear strength, and allow the yield surface to change 

from triangular to circular in shape [7, 30]. These modifications are implemented to ensure a 

continuous and differentiable yield surface. In addition to the benefits for numerical 

simulations, the ECCEN parameter can also be used to modify the yield surface between 

triangular (0.5) and circular (1.0), where it can vary as follows, 0.5 < 𝐸𝐶𝐶𝐸𝑁 ≤ 1.0. The 

two extremes have different applications in soil model, that is the cone will change with 

pressure [31, 32] and friction angle [31]. At large compressive stress the circular surface is 

recreated [31, 32]. The value of the ECCEN parameter has also been shown to affect the 

behaviour of the soil and whether it undergoes strain softening (low ECCEN) or ideally-

plastic (high ECCEN) behaviour [33]. Larger values also resulted in an increase in 

confinement in the soil. For soil blast loading, the pressures can be considered high during 

the moment of blast loading and a circular cone may be recreated. Figure 6.10 looks at how 
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the impulse changes with the changing Mohr-Coulomb yield surface, where the circular 

definition increases the impulse imparted to the plate. While the FHWA manual suggests a 

value of 0.7 is used [7], this is for roadside applications, and a value of 1.0 may be more 

representative of soil blast configurations. 

 

Figure 6.10: Impulse vs the Mohr-Coulomb yield surface parameter, ECCEN. 

Other factors have also been examined, but it is not yet fully understood how they may 

change with different soil parameters. Strain softening was examined as is describes the 

nature of the breakup of the soil through the DINT and VDFM parameters [7]. These two 

parameters define the volumetric strain at peak pressure (DINT) where damage effects begin 

to occur (i.e. the strain at initial damage) and void formation energy (VDFM) which similar 

to fracture energy. Data for these parameters is subjective and up to user experience [8, 28], 

hence a large range of values have been examined. Results are presented in Figure 6.11. 

While the point at which damage begins to occur does not have a significant effect on the 

results, the void formation energy does. Similar to the shear modulus tests, there is a sudden 

shift in high to low impulse as the void formation energy increases. This is due to changes in 

the soil behaviour, ranging from normal breakup of the soil, to a highly plastic soil with only 

rupture at the centre. 
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Figure 6.11: Impulse vs strain softening parameters for VDFM (top) and DINT (bottom) 

in log scale. 
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Soil Layer Configurations 

The next configuration examined was the modelling of the soil as different ALE parts. This 

included the soil plug above the charge and the layer of soil above the charge. The first case 

was to examine how the disturbed soil may have influenced the loading on the plate. This 

was done through changing its density as well as the reduced interaction between parts. The 

next case was to examine what effect different confinement pressures have on the impulse, 

i.e. low confinement in the layer above the charge. The results show that for the case shown 

in (setup shown in Figure 6.12(left)), simply changing the volume fraction defining the soil 

plug has an effect on the impulse. First, the soil plug was modelled with the same properties 

as the rest of the soil, using the 2200 kg/m3 properties at low confinement pressures. A 9.6% 

increase in impulse was achieved for this case alone. In the scenario where the soil plug had 

a density of 2000 kg/m3, an increase of 7.2% was observed. The two volume fractions of soil 

were unable to resist separating due to a lack of interaction between the domains (or, reduced 

shear resistance and friction angles between the newly placed soil plug and the rest of the 

soil). This resulted in the soil plug being ejected at a higher velocity and breaking up, 

imparting additional impulse to the plate. The rest of the soil was still able to funnel the 

explosive charges after the detonation event. In the case of the soil layer above the charge, 

an increase in impulse of 2.1% was seen for a 2200 kg/m3 soil layer at low confinement. An 

increase was still observed, however at a level closer to the original impulse. This would be 

due to the soil layer as a whole being able to resist the initial break up unlike the soil plug 

version. Regardless, the soil cap formed as per usual in this case.  
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Figure 6.12: Model setup for volume fraction definition of the soil plug (left), and soil layer 

above charge (right), with air (blue), soil (brown), and explosive (red). 

6.5.2. Impulse Distribution 

The spatial distribution of the impulse is shown in Figure 6.13(top) and has been normalised 

per area of each concentric ring. In order to verify that the setup for the concentric ring model 

is valid and the modelling simplifications are acceptable, the results are compared to the 500 

mm square plate. In this case an impulse of 637 Ns is achieved for the 250,000 mm2 square 

plate area. To achieve the same impulse, a circular plate requires a diameter of 543.5 mm, 

giving an area of 232,000 mm2. Given that the loading is approximately circular in nature 

over the surface of the plate, some discrepancies are expected between the square and circular 

loading areas. Furthermore, the 500 mm square plate has a maximum corner distance 354 

mm away from the centre of the plate (compared to the circular which is only 272 mm). This 

means that the corner of the square plate is within expected to receive additional loading 
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regardless. Therefore, the circular model can be considered sufficient in its approximation of 

the loading when compared to the square plate. 

The results follow the expected trend whereby impulse is proportional to how close a ring is 

to the centre of the blast event. Within the first 100 mm there is minimal variation in the 

impulse where it is the highest. This is due to the soil cap hitting the plate uniformly over this 

area. As the cap expands, breaks up and vents the blast products, the impulse is reduced 

roughly linearly until the 500-600 mm region. At this stage the impulse is ~5% of its peak 

central value and has begun to plateau showing minor changes as the distance away from the 

blast increases. Between the 300-400 mm region there is a very minor increase in impulse 

compared to the general trend of the curve. This can be attributed to the loading applied by 

the soil annulus which is shown to impact within this region in the simulations. This comes 

back to the square and circular plate comparison, where the corner of the square plate was 

within this region and would have experienced slightly higher impulse transfer than 

otherwise expected. 

Figure 6.13(middle) shows the individual velocity curves over time for the 50 mm thick rings. 

The impulse is taken as the maximum velocity within the first 15 ms of the loading. Generally 

this occurs within the first 15 ms (as it always does for the square plate), but in the case of 

discrete rings different behaviour is seen. Rings 1-3 show well-defined curves where there is 

an initial large acceleration which tapers off to the maximum velocity. Rings 4 and 7 are the 

only two which show a well-defined secondary jump in their velocity. This could be due to 

secondary loading from the blast products or soil ejecta occurring at different times within 

the blast event. This shows the temporal variations which occur during the loading as the soil 

blast interacts with the plate. Ring 7, 10 and 11 continue to increase in velocity at the cut-off 

time.  

Figure 6.7(bottom) shows the same results as Figure 6.13(top) but for kinetic energy. The 

central rings experience significantly higher kinetic energy than the surrounding rings, 

following a quadratic decay in energy with distance before reaching nearly zero. These 

results will depend on the mass of the rings, such that when impulse is conserved, the kinetic 

energy will increase with smaller mass and decrease with larger mass according to the 

velocity squared. 
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Figure 6.13: Spatial distribution of impulse using the concentric ring model (each dot is 

the centre of a ring) (top). Individual 50 mm ring velocity curves (middle). Spatial 

distribution of kinetic energy (bottom). 

These results can be used in the assessment of energy absorbing devices subject to extreme 

loading. For example, Hanssen et al. [34] used the knowledge of how much energy could be 

absorbed by a crush box (𝐸) and compared it to the kinetic energy of a moving vehicle (𝐸∗). 

As long as 𝐸 > 𝐸∗, the crush box can absorb the energy of the impact efficiently. This can 

also be said for the kinetic energy of the soil blast which will depend on the thickness of the 

front plate loaded in a sandwich panel. 

6.6. Conclusion 

Further study into the parameters of the FHWA soil material model has been conducted to 

analyse the effect different soil parameters had on the impulse imparted to a flat rigid plate. 

Some results were expected, for example increasing the soil density alone increased the 

impulse, but increasing the soil density and its associated parameters did not have this same 

effect. Changes in soil behaviour from brittle to a more plastic response were achieved by 

modifying the shear modulus, whereas the response to the blast was relatively insensitive to 

the bulk modulus. 
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It is important to consider the behaviour of the soil, not just the motion of the plate. Several 

cases (high shear modulus, high cohesion) resulted in the soil behaving in unrealistic ways 

and overly plastic manner. This meant that the soil did not break up and significantly reduced 

loading was imparted to the plate for the high shear modulus case. 

The effect of different soil layers (i.e. the soil plug) were able to be recreated using volume 

fractions. This was able to change the loading on the plate even for scenarios where the two 

soil volume fractions used the same material model. While not substantially different from 

the homogeneous cases, this did increase the impulse slightly, indicating the physical changes 

to the soil bed just prior to testing may affect the end results. 

Finally, the concentric ring model was used to examine the spatial and temporal variations in 

loading due to a soil blast event. Highly localised loading was shown at the centre of the 

rings, with a linear decrease in impulse with distance. The soil was shown to impact at 

varying locations and times and was not the uniform loading which would be expected from 

a far-field free air blast event. These results were also used to show how the kinetic energy 

of the rings may change, with the highest energy at the centre, and a quadratic decay as the 

distance increased before approaching zero. The knowledge of how soil blast loading is 

distributed and occurs over time is important when considering what armour systems can be 

best utilised. This knowledge can also be used in the assessment of energy absorbing 

structures to determine what design is necessary to absorb the kinetic energy of a structure 

loaded by soil blast. 
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Chapter 7 

Soil Blast Resistance of Auxetic 

Sandwich Panel Structures 
The final research chapter brings together the findings from the research on auxetics and soil 

blast loading. Methods to design the auxetic oval structure for soil blast type loading are 

investigated, including comparisons showing how auxetics can increase performance over 

conventional positive Poisson’s ratio structures. Simplifications to the modelling method of 

both the loading mechanism and auxetic structure are made to conduct further investigations. 

Simplified blast loading shows the auxetic response to localised loading is maintained and 

capable of improvements in performance over other equivalent areal density monolithic 

plates. The same is true when a simplified material model is used for the auxetic and subject 

to ALE soil blast loading. A series of studies investigating scenarios similar to how a vehicle 

would fail under soil blast loading are simulated. These include a stress transfer analysis of 

an auxetic backed by a rigid structure, a deformation analysis of an auxetic beam, and a rigid 

body movement analysis with an auxetic beneath the rigid body. The auxetic oval geometry 

shows good potential for protection against extreme loading, and the localised nature of soil 

blast is well suited to an auxetic which is able to utilise more of the core to protect against 

the loading. 
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7. Soil Blast Resistance of Auxetic Sandwich Panel Structures 

7.1. Abstract 

Auxetic structures are often reported to have favourable properties for energy absorption and 

other protective purposes. However, most research explores the re-entrant type auxetic 

structures. The design of the auxetic oval structure with the rigid rotating square mechanism 

is explored and assessed for its capability over equivalent areal density monolithic plates. 

First, several methods to utilise the energy absorption of the auxetic structures are examined 

which can be useful in the design of armour systems. The auxetic oval structure is then 

explored using the results of the parametric thickness study. It was found that the presence 

of a negative Poisson’s ratio can significantly increase the specific energy absorption due to 

material densification. Finally, the scenarios which are associated with vehicle failure are 

discussed using two methods to simulate the loads to reduce computational resources. 

ConWep was used on fully modelled auxetics, and the Arbitrary Lagrangian-Eulerian method 

on simplified foam models. The auxetic structures are able to decrease stress transmission on 

a rigid backed structure, reducing the risk of structural failure. Deformation and velocity of 

deformable panels can be reduced, and the energy dissipation increased using an auxetic core. 

Finally, the auxetic core was shown to improve the performance when rigid body movements 

are concerned. 

7.2. Introduction 

The design of armour systems for extreme loading requires different protective mechanisms 

to effectively protect against the different threats they may be exposed to. A significant 

amount of research effects has been devoted to the study of auxetics under air blast loading. 

Air blast and underwater blast loading has been recognised to differ from soil blast [1-3], and 

the response of armour systems to soil blast has not yet been investigated in as much depth. 

The design of underwater blast uses the fluid structure interaction with thin front sheets on 

sandwich panels to reduce impulse transfer by 50% due to cavitation [4]. This protection 

capability is not present for soil blast loading [1], meaning different design philosophies must 

be approached for protection against soil blast. There is a need to better understand the 

response of structures to soil blast specifically and not just assume a solution to air blast will 

mitigate soil blast loading efficiently. Furthermore, soil confinement is known to increase the 
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impulse from a blast event due to focusing effects and soil ejecta and can increase momentum 

transfer by up to three times that of an unburied charge [5]. Comparisons between a bare 

charge, a charge covered with dry sand, and covered with saturated sand showed that the 

sand alone increases pressure and impulse loading and plate deflection due to how the 

explosive energy is converted to kinetic energy for the sand [6]. Despite the differences 

between types of blast loading, it does not mean these findings cannot be applied across 

loading scenarios [7]. For soil blast the load transfer is dominated by momentum transfer 

from the soil ejecta with the contribution from the blast pressures less dominate. For example, 

decoupling of the loading of a soil blast event in LS-DYNA found that up to 63% of the 

impulse was from the soil alone [8]. It is this difference which requires an alternative design 

philosophy compared to the standard air and underwater blast armour designs. Furthermore, 

the design of sandwich panels for soil blast is not as well investigated compared to the more 

common blast loading scenarios. 

A vehicle loaded by soil blast will typically fail in one of four main ways [9]: 

• Loss of structural integrity. 

• Floor plate perforation. 

• Floor plate deformation. 

• Global vehicle movement/lift. 

Plate deformation and perforation are the two cases in which the armour plays a large role in 

protection. When large impulses from the soil blast deform the armour, large accelerations 

take place which are transferred through to the occupants above and can result in spinal and 

leg injuries, and even death [10]. Perforation of the hull via the high velocity soil ejecta or 

other fragments allows high pressure detonation products and ejecta to enter the vehicle cabin 

and can subsequently interact with the occupants inside. Additional failure modes involve 

the global response of the vehicle. Loss of structural integrity occurs when the structure is 

unable to withstand the blast, and global movement of the vehicle which takes place when a 

large impulse is imparted to the vehicle, subsequently launching it off the ground. Global 

vehicle movement is typically mitigated through the use of geometric configurations, such 

as V-shaped hulls. These redirect the blast load away from the vehicle and can reduce impulse 

by up to 60% for a 90° V-shaped hull [11]. 
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Armour materials function in different ways according to the threat they must protect against. 

Even among common threats, there are multiple ways in which different armours function 

which play to these various strengths. For example, ceramics are utilised for their high 

hardness, which will blunt and erode a projectile as their main energy absorbing mechanism 

[12]. The ceramic will then fracture in a conoidal manner and transfer the force to a high 

toughness backing material which is capable of absorbing energy via deformation. Auxetics 

have been shown to display a similar force transfer mechanism, whereby the stresses are 

transferred over a greater area to the backing structure [13].  

Auxetics, structures and materials with a negative Poisson’s ratio, are often discussed for 

protective purposes due to their increased indentation resistance [14], greater fracture 

toughness [14, 15], energy absorption [16], and pullout resistance [17]. They work on the 

principle that they are able to draw more material towards the point of loading, in comparison 

a positive Poisson’s ratio material which instead expands outwards [18]. While extensive 

reviews on the progress and potential future of auxetic structures as protective systems [19-

22] have been achieved over the last decades, there is still substantial work which needs to 

be conducted in this field. However, current applications are still in the early stages of 

development [23], with more work required on impact application research [20].Research on 

the different auxetic structures is also required, as most work focuses on the re-entrant 

honeycomb structure and research on the rigid rotating structures is scarce [22]. 

Of the auxetic structures which have been investigated for extreme loading applications such 

as blast, good findings have been observed in comparison to conventional materials and 

structures. Experimental tests have shown the re-entrant honeycomb in action, effectively 

drawing material towards the point of blast and impact loading [24]. A 3D truss auxetic has 

been investigated under localised loading such as blast [25] and impact loading [26]. Under 

air blast loading a decrease in back face displacement by 30% and increase in energy 

absorption by 50% was observed compared to equivalent areal density monolithic plates. Re-

entrant honeycombs have been investigated under blast loading using ConWep and compared 

to an equivalent positive Poisson’s ratio honeycomb [13]. The auxetic showed increased 

performance, including reductions in transmitted pressure through to a rigid backing structure 

via the load distribution of the auxetic. For the re-entrant honeycomb, indentation resistance 
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has been studied [27], impact loading [28], and free air blast loading [29, 30]. Multiobjective 

parametric optimisation has highlighted the benefits over solid plates for the double 

arrowhead design [31], and the 3D chiral auxetic has also been investigated [32]. Other 

benefits have also been shown for auxetics under blast loading, including the material bulging 

effect where the densified material is drawn towards the load and able to deflect blast waves 

away [33]. This is an important phenomenon which works in a similar way to the geometric 

V-shaped hulls, but instead the structure initially starts flat and deforms to form a convex 

shape under loading. Alternatively, studies on sandwich panels have shown that the concave 

deformation (or dishing effect) can confine blast loads and increase imparted impulse [34]. 

However, not all comparisons between the auxetic and positive Poisson’s ratio counterpart 

have highlighted the full benefits of the auxetic and the effect of material densification. 

Imbalzano et al. [13] initially compared the re-entrant honeycomb and conventional 

honeycomb under full compression tests such that the full volume of the two structures were 

compressed. In this case the auxetic performed better, but it was not clear whether in the 

subsequent blast study if the better performance of the auxetic was due to it having a better 

energy absorption response of if it was from the auxetic itself. Regardless, by simulating a 

localised load with the blast, the nature of load spreading was still able to be highlighted. 

Another study investigating the use of dampers for shock absorption to reduce load transfer 

on a blast door was also investigated [35]. A re-entrant honeycomb and conventional 

honeycomb were compressed across their full volume and the auxetic was determined to be 

superior. However, the application of the auxetic as part of the blast door saw it in a planar 

full volume compression scenario, and upon loading the densification effect was not fully 

utilised. That is, no additional material was drawn in from outside the loading zone and the 

benefits of a negative Poisson’s ratio were not realised. It is important that the application is 

able to properly utilise the negative Poisson’s ratio behaviour as a protective mechanism. 

Different setups are available for armour panels, including panels clamped around the 

perimeter and as an applique armour attached to a stiffer back structure. The first case has 

been investigated by Rimoli et al. [3] who explored the response of sandwich panels with a 

corrugated core and a monolithic plate to a wet-sand blast event. The sandwich panel was 

found to reduce deformation by 30% compared to its monolithic counterpart. Cellular 
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structures have been investigated under soil blast loading. Holloman et al. [2] were able to 

achieve a 10-15% reduction in impulse compared to an equivalent volume solid block. Thin 

front plates were identified to have better performance than thick plates.  

The properties of the energy absorbing device subject to an anticipated load is an important 

factor to consider. For example, it is desired that the plateau stress of a foam is just below the 

levels required to damage the protected structure, and do not reach the densification strain 

when doing so [36]. These design considerations can be observed in the work by Liu et al. 

[37], who investigated the effect of core strength on the response of sandwich panels with a 

foam core to high velocity soil loading. A high core strength would display a rigid response 

and not help mitigate impulse transfer, while a low core strength would exhibit a slap effect 

where impulse transfer would increase after full densification of the foam core. When the 

ideal core was used, momentum transfer was reduced by 10% when the shock was arrested 

in the foam core. 

The numerical modelling of blast on complex structures can be a complex process due to the 

high computational resources required and long run times. Zhu et al. [38] list some of the 

methods used in the literature and their suitability for modelling these events. Modelling of 

the blast load can be performed in one of several ways. The most efficient method resource 

wise is imparting an instantaneous velocity to the loaded structure. This is the technique the 

Initial Impulse Mine (IIM) method uses in LS-DYNA to simulate buried charge events. 

However, it is reported that the velocity method can overestimate core crushing for the same 

deflections [39], and cannot account for fluid structure interaction. Pressure functions can 

also be applied to the structure through empirical functions from ConWep [40], but are not 

applicable to all cases [41]. While the empirical functions do not include data for soil blast, 

the pressure is temporally incrementally updated to account for deformations of the surface. 

The final method is to model the explosive as a material, typically done through the Arbitrary 

Lagrangian-Eulerian (ALE) method. Despite being the most computationally expensive, by 

modelling the explosive explicitly, fluid structure effects can be captured, as well as 

additional media such as soil. 



223 

 

7.3. Numerical Models 

The numerical models were developed in finite element software, LS-DYNA. Solid elements 

are used in the simulation of the 6.36 mm thick auxetic blocks. The geometry of the auxetics 

has been taken from the same .iges files used in the laser cutting process, modified to match 

the actual dimensions as recorded by the finished products. This entailed a reduction in 

thickness between the ovals. 

The Johnson-Cook material model was used to model the aluminium along with a linear 

polynomial equation of state. The parameters used are shown in Table 7.1 and Table 7.2 

respectively. The Johnson-Cook model was chosen for its ability to incorporate strain rate 

effects and damage [42]. Erosion was handled with the MAT_Add_Erosion keyword using 

a true failure strain of 0.45.  

Table 7.1: Johnson-Cook material parameters for Al6061-T651. 

RO G E PR A B N C 

2700 

kg/m3 

26 GPa 68.9 GPa 0.33 275 MPa 154.3 

MPa 

0.2215 0.13 

D1 D2 D3 D4 D5    

-0.77 1.45 -0.47 0.011 1.6    

 

Table 7.2: Linear polynomial equation of state parameters for Al6061-T651. 

C0 C1 C2 C3 C4 C5 C6 E0 V0 

0 74.2 60.5 36.5 1.96 0 0 0 1 

 

7.3.1. Homogenised Material Model 

The numerical modelling of the auxetic structures can be a computationally expensive task 

given the small cell size (mm) requiring even smaller elements and the large panel size (m) 

that would need to be modelled. A homogenised model can simulate the stress-strain 

response of the auxetic structures while maintaining a negative Poisson’s ratio. Strain rate 

effects can be considered with a complete data set of stress-strain curves at different strain 

rates. By using a homogenised model the run time can be reduced significantly. The 

Crushable Foam model was chosen LS-DYNA to model the auxetic structures. The stress-
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strain curves from the experimental and parametric study tests are input into the model along 

with the density and Young’s modulus. Figure 7.1 shows the results for the 3 Layer Oval 

experiments. The foam model is loaded under the same compression setup and able to 

achieve the same stress-strain response as the input data. Hence, this approach can be useful 

in the approximation of energy absorption in the auxetic structures without fully modelling 

the geometry. However, the negative Poisson’s ratio cannot be accurately recreated using 

this method. A static negative Poisson’s ratio is only available in the Crushable_Foam 

material model, while the auxetic ovals have a dynamic negative Poisson’s ratio which varies 

with compressive strain. 

 

Figure 7.1: Stress-strain curves for the 3 Layer Oval design using the experimental data, 

homogenised input data, and resulting numerical data using the homogenised data. 

7.4. Design of Auxetics for Soil Blast Loading 

7.4.1. Energy Absorption Requirements 

The design of an armour system to resist soil blast loading must take into account the impulse 

vs kinetic energy loading which takes place. Soil blast loading is dominated by momentum 

transfer (and in general, for protective design blast can be considered as such [36]). Meaning, 

two plates with the same area but different thickness and mass (𝑚1 and 𝑚2) will have the 

same impulse (𝐼) with different velocities (𝑣1 and 𝑣2): 
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𝐼 = 𝑚1𝑣1 = 𝑚2𝑣2.                                                     (𝐸𝑞 7.1) 

However, the kinetic energy of the plate will change with the mass such that: 

𝐾𝐸 =
1

2
𝑚1𝑣1

2 ≠
1

2
𝑚2𝑣2

2.                                                 (𝐸𝑞 7.2) 

This results in a scenario where the impulse can be roughly approximated (for a given loading 

area) which, depending on the mass of the protective structure, will have a certain kinetic 

energy which needs to be absorbed. While the impulse is conserved, kinetic energy is not. 

In terms of energy absorption, the results from the parametric study can be used to show that 

a certain design will efficiently absorb the energy of a high energy impact event. It is 

desirable for the full energy absorption to occur before densification of the auxetic [43]. 

Using the thickness study as an example with an 8x8 cell with 6.36 mm depth, the 1 mm 

thick design will absorb 187 J of energy at densification. This will efficiently absorb a 200J 

impact around the densification strain and before the stress begins to rise sharply. In 

comparison, for a 300 J impact event, the 1 mm thick design will reach densification and thus 

larger stresses will transfer through to a back structure. Figure 7.2 shows this example 

whereby the 1 mm thick design is impacted with 1 kg mass travelling at 20 m/s (KE = 200 J) 

and 24.5 m/s (KE = 300 J). The 200 J event is shown to have a constant stress between 60-

80 MPa, rising only towards the end as densification is reached. In contrast, the 300 J event 

follows a similar trend early on before reaching its densification strain, whereby the stress 

rises rapidly to almost twice the plateau stress value. This design principle relating the kinetic 

energy of an impact to the energy absorption of a foam has been used successfully before 

[44]. 
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Figure 7.2: Stress response of an auxetic structure loaded such complete energy absorption 

occurs at and after the densification strain. 

Extending upon this method is the energy absorption diagram utilised by Avalle et al. [43] 

to choose a foam which absorbs the desired amount of energy with the lowest stress transfer, 

with the ability to account for density of the protective structure. Assuming a panel size of 

500 mm × 500 mm × 50 mm is used to protect against a 0.5 kg TNT soil blast event such that 

the energy which needs to be absorbed is: 

𝐼 = 773 = 𝑚𝑣, 𝑤ℎ𝑒𝑟𝑒 𝑚 = 98.125 𝑘𝑔 𝑓𝑜𝑟 𝑎 50 𝑚𝑚 𝑡ℎ𝑖𝑐𝑘 𝑠𝑡𝑒𝑒𝑙 𝑝𝑙𝑎𝑡𝑒 

Assuming a steel plate 5 mm thick is in front of the auxetic core, based on equations 7.1 and 

7.2, it will have a velocity of: 

𝑣 =
𝐼

𝑚
=

773

98.125/ (
50 𝑚𝑚
5 𝑚𝑚

)
= 78.8 𝑚/𝑠, 

𝐾𝐸 =
1

2
𝑚𝑣2 =

1

2
∗ 9.8125 ∗ 78.82 = 30447 𝐽. 

Using an energy diagram shows that the 0.5 mm thick auxetic is able to utilise the majority 

of its stress-strain curve prior to densification to absorb the 30 kJ of energy (Figure 7.3). The 

energy diagram shows the stress-strain curves for the different thickness auxetics structures 

studied in the parametric study. The energy absorption is calculated for a given thickness 
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parameter and the necessary strain required to achieve that is then plotted on the chart. Also 

included is the maximum stress achieved to absorb that amount of energy, and a second axis 

is present showing the relative density of the different designs. 

Figure 7.3(top) shows the analysis of the 30 kJ kinetic energy impact where the 0.5 mm 

auxetic is the best achieving design. It is able to absorb 38 kJ of energy at the densification 

strain, so the required portion of the compression never reaches this stage. Other designs can 

all absorb the same amount of energy without reaching densification, but the energy diagram 

makes it clear that the stress required to do so is well above the 0.5 mm design. Furthermore, 

they do not fully utilise their stress-strain curves. 

A separate scenario which requires 80 kJ of energy to be absorbed would utilise the 0.75 mm 

thick auxetic, shown in Figure 7.3(bottom). In this case its maximum stress is still below the 

densification strain, unlike the 0.5 mm thick auxetic which has passed this point and the stress 

has started to ramp up beyond densification. Based on the energy diagram method it is 

straightforward to choose an auxetic to absorb the maximum energy of an anticipated soil 

blast load and to do so with the minimum mass of the armour system.  
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Figure 7.3: Energy diagram for the absorption of energy from a soil blast type event with 

ensuing kinetic energy of 30 kJ (top) and 80 kJ (bottom). 
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7.5. Benefits of Auxetics  

Auxetics are able to offer increased energy absorption through their ability to draw material 

in towards the loading point [18]. This increases the amount of material utilised in the 

compression and subsequently offers additional energy absorption. In order to see this 

benefit, a series of numerical simulations have been conducted on the thickness parametric 

study (Chapter 4) showing how the different negative Poisson’s ratios are able to affect the 

energy absorption.  

One of the important differences between air blast and soil blast is how the loading changes 

with distance. For example, far field air blast loading will be approximately planar, while 

near field air blast will impart localised higher pressures on a structure closest to the 

detonation. Soil blast is a similar phenomenon with the focusing effect of the soil and 

generation of a cone [10] imparting the highest loading at the location directly above the 

blast. This was also seen in the numerical soil blast model using concentric rings. The benefits 

of an auxetic armour system are best idealised under this type of loading. Similar studies 

using ConWep blast loading have shown this effect for the re-entrant honeycomb [13], but it 

has not been assessed for rigid rotating square structures. 

A simplified model has been developed to better understand the response of the auxetic oval 

geometry under localised loading. As the auxetic oval does not have an equivalent positive 

Poisson’s ratio structure to compare it to, the results of the parametric study have been used 

instead. The study on the thickness between the ovals identified a correlation between the 

thickness parameter and magnitude of the negative Poisson’s ratio such that it is proportional 

to the thickness. The 0.5 mm thickness design displays a clear negative Poisson’s ratio up to 

densification, while the 2 mm thickness the Poisson’s ratio is approximately neutral. The 0.5 

mm and 2 mm thickness designs have therefore been chosen for further study. Both structures 

are set up such that a long section is crushed in its middle third only to recreate a localised 

loading scenario. 

An overview of the study carried out is shown in Figure 7.4. The auxetic and non-auxetic 

geometries are compared for two cases called the Short and Long design, named for the 

length of the auxetic oval sections. The Long design has the same loading area as the Short 

design, with three times the length of the auxetic oval section. These are then compressed in 
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the centre to examine their energy absorption under what could be described as localised 

loading. They are loaded at strain rates of 50 /s such to represent a low dynamic load. 

 

 

 

Figure 7.4: Negative Poisson’s ratio response for the thickness parametric study (top), 0.5 

mm thickness design with negative Poisson’s ratio in the Short (middle left) and Long 

(middle right) configurations, and 2 mm thickness design with neutral Poisson’s ratio in 

the Short (bottom left) and Long (bottom right) configurations 
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The first set of results looks at the (non-auxetic) 2 mm thickness design. Figure 7.5(top) 

clearly shows that only material directly beneath the load plate is compressed. There is no 

horizontal movement of material towards the point of loading. Tracking the rigid rotating 

squares, see Figure 7.5(bottom), shows that they move away from the load location for the 

majority of the loading, which is akin to a positive Poisson’s ratio response.  

  

 

Figure 7.5: Deformed stage and horizontal movement (x-direction) of the 2 mm thickness 

design (top) and path of movement of rigid squares (bottom). 

Alternatively, the auxetic 0.5 mm thickness design shows clear auxetic behaviour. Figure 

7.6(top) shows how there is significant material movement towards the point of load. This is 

substantially more than the 2 mm thickness design. Furthermore, the tracking of the points 

in Figure 7.6(bottom) also shows how the rigid rotating squares move towards the load point 

and are subsequently crushed under the load plate. This is one of the benefits of an auxetic 

core, which is able to draw material towards the load point and use it for additional energy 

absorption. While there is bulk movement of the ends of the auxetic section towards the 

centre, this does not contribute to the performance until they experience crushing. 
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Figure 7.6: Deformed stage and horizontal movement (x-direction) of the 0.5 mm thickness 

design (top) and path of movement of rigid squares (bottom). 

The results from this study are presented in Table 7.3. Naturally, the 2 mm thickness design 

has a high energy absorption based on its much higher plateau stress. For both designs the 

energy absorption increases as more material was added to the Long design compared to the 

Short design. The noteworthy finding is the change in specific energy absorption (SEA) with 

the auxetic response. Due to the material densification effect drawing material in towards the 

centre, the auxetic design increases the amount of material being used for energy absorption. 

An increase in SEA of 69% is observed for the 0.5 mm thickness design with its auxetic 

response. By simulating the auxetic structures under a localised load compression test, the 

benefits of a negative Poisson’s ratio can be better quantified compared to a full volume 

compression test. Furthermore, the rigid rotating square mechanism has been shown to 

densify under localised loading, even at higher strain rates. 

 



233 

 

Table 7.3: Energy absorption (EA) and specific energy absorption (SEA) of the auxetic (0.5 

mm thickness) and non-auxetic (2 mm thickness) designs. 

Design Short – EA 

(J) 

Long – EA 

(J) 

EA 

Increase 

Short – 

SEA 

(J/kg) 

Long – SEA 

(J/kg) 

SEA  

Increase 

0.5 mm 

Thickness 

43.6 220 405% 3395 5721 69% 

2 mm 

Thickness 

1003 1402 40% 29460 13736 -53% 

 

7.6. Soil Blast Applications 

7.6.1. Modelling Methods 

The modelling of soil blast has been attempted using several different methods. These include 

the empirical IIM [45] and ConWep [46] models, as well as the fluid dynamics ALE method 

[47]. However, each method has its own advantages and disadvantages. The IIM method is 

specifically designed for soil blast, while the ConWep method is not. Therefore, IIM method 

will be further discussed for its applicability in the design of energy absorbing structures for 

soil blast protection. IIM applies an initial velocity to a structure’s nodes based on the 

conservation of momentum [42, 45].  

For the 0.5 kg TNT case it is possible to apply a scaling factor to the IIM method to impart 

the same impulse to a plate as the experimental and numerical ALE results (Chapter 5 [8]). 

To do so, a factor of 0.433 is applied to the charge mass. However, the deformation of the 

plate does not scale with impulse. The scaling factor had to be reduced further to 0.21 in 

order to achieve the same maximum centre node displacement. These results are summarised 

in Figure 7.7. Even then, the maximum velocity of this node varied drastically, which would 

significantly affect the energy imparted to the energy absorbing structure. These findings 

match the conclusions of a similar study into a study on pressure vs prescribed velocity [39]. 

Similar back face deflection was obtained, however core crushing was overestimated using 

the prescribed velocity approach, overestimating energy absorption. The ALE and IIM 

methods can achieve the same displacement, however the velocity achieved by the IIM 

method is almost twice as large. This will result in a significantly higher kinetic energy 
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applied to the auxetic core and lead to overdesign of the armour system’s core. The 

unsuitability of the IIM method to model soil blast for the low charge mass examined for 

both impulse, and deformation characteristics, makes this a risky method to use for further 

analysis. 

 

 

Max centre node displacement = 22.1 

mm 

Max centre node velocity = 23.3 m/s 

 

 

Max centre node displacement = 22.4 

mm 

Max centre node velocity = 40.4 m/s 

 

Figure 7.7: Response of a deformable plate to soil blast loading. ALE (top), IIM (middle) 

and a comparison (bottom) are shown. 

The CONWEP method is not applicable to soil blast loading, with the closest similar scenario 

being a surface blast with ground reflection and studies comparing ConWep and ALE air 

blast loading have shown difference in behaviour as well [48]. However, it may be possible 

to achieve similar impulse loading on a structure to approximate a soil blast load.  

7.7. Vehicle Failure Modes 

Three scenarios have been envisioned to assess the performance of an auxetic sandwich panel 

under soil blast loading based on its potential failure modes [9]. The first two look at the 

performance of the armour itself. This first case examines where a rigid backing structure is 

placed behind the armour is investigated. Next, a deformable case is simulated where the 

panel is clamped at two opposite edges and the back face of the structure is unrestrained. 

These two scenarios will quantify how the armour will perform under standard armour 

configurations. Finally, the case where the armour is attached to a massive structure to 

represent a vehicle mass is examined. Impulse transfer will be compared between standard 

armour configurations (e.g. an equivalent areal density flat plate). This will provide an 

indication of further blast mitigating properties and methods to combat global movement of 
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a vehicle. All three configurations are shown in Figure 7.8 with further information about the 

scenario setup. 

 

Figure 7.8: Three soil blast load scenarios on armour systems. Deformable panel with back 

face deflection (a), rigid backed panel with pressure transfer (b), and heavy mass system 

with impulse transfer (c).  

The Arbitrary Lagrangian-Eulerian (ALE) soil blast model will be used to load the sandwich 

panels in the finite element software LS-DYNA. The soil, air and explosive domains are all 

modelled using Eulerian elements, meaning the material is free to flow irrespective of the 

mesh, while the armour systems themselves are modelled using Lagrangian elements. Air is 

modelled using Mat_Null and EOS_Polynomial, the explosive with 

Mat_High_Explosive_Burn and EOS_JWL, and the soil with*MAT_FHWA. To incorporate 

rate effects into the material models for the armour systems, the Mat_Johnson_Cook material 

model is used with EOS_Linear_Polynomial. Quarter symmetry conditions are utilised to 

reduce the computational resources required for the model. See Chapter 5 for more details 

on the numerical setup and material properties. 

The assessment criteria will depend on the type of loading experienced by a structure. These 

criteria will also depend on the boundary conditions, which can vary across many different 

types of structures. For example, an armour may be placed on a high strength structural 

component across its full area or located adjacent to a void and allowed to deform. In the 
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case of soil blast, the different failure modes will each have their own assessment criteria for 

which the auxetic sandwich panel will be investigated. 

While geometric hulls (V-shaped hulls) will provide benefits in reduction to loading in nearly 

all cases, this work will focus on the performance of a flat armour system only (sandwich 

panel, monolithic plate). This way any findings can be more easily compared to other loading 

scenarios (side vehicle free air burst, impact, etc.) in which localised loading is present which 

can utilise the benefits of an auxetic structure. 

Structural 

The failure of a vehicle structure will depend on its structural integrity and not necessarily 

the design of the armour system. However, the armour systems can reduce the load 

experienced by the structure whether it is through blast deflection (V-shaped hulls) or energy 

absorption (sandwich panels). The pressures exerted on the vehicle structure/chassis can be 

reduced using sandwich panels. In this analysis, a rigid back structure has been assumed for 

the auxetic sandwich panel. 

Performance criteria: 

• Maximise energy absorption 

• Minimise back face loading 

In order to simulate the force transfer through the structure and loading distribution it is 

necessary to use a full auxetic oval model. This ensures the correct auxetic behaviour is 

present and load spreading occurs through the actual structure. Therefore, the ConWep load 

function is used to simulate a localised blast load at the centre of the auxetic panel. To 

demonstrate the damage to the back structure, a concrete block is located beneath the auxetic 

panel and modelled with the *Winfrith model to show crack propagation. The concrete has 

a density of 2250 kg/m3, Young’s modulus of 36.06 GPa, Poisson’s ratio of 0.2 and 

compressive strength of 52 MPa. An aggregate radius size of 0.25 mm is used. Model setup 

is shown in Figure 7.9. 
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Figure 7.9: Simulation setup (top) and variations in protective structure (bottom) for steel 

plate only, equivalent areal density aluminium core, auxetic Hybrid model. 

The localised blast load from ConWep compresses the core of the auxetic structures up until 

densification in the centre of the panel. The pressures transferred through to the back structure 

at the time of peak pressure are shown in Figure 7.10, as well as the damage to the concrete 

as indicated by the black lines within the elements. While not the most important result, it is 

important to note the time the peak pressure occurs. For both the steel plate and monolithic 

aluminium core this is at 0.13 ms, compared to the auxetic structures which occurs at 0.25 

ms. As extending the load duration is one of the criteria for good energy absorption 

performance, this can be seen in the results immediately by the time it takes the stress to 

transfer through the protective structure and load the back face. Next, the peak pressures are 

clearly reduced for the auxetic structures. With no additional protection other than the steel 

plate the baseline pressures reach 220 MPa at the centre of the concrete. Crack damage is 

significant in this case starting 80 mm away from the centre, with the cracked region 
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extending for ~90 mm. The addition of the monolithic aluminium core sees an immediate 

benefit in peak pressure, reduced to 73% of the baseline pressure. This pressure is also 

distributed over a larger area with a lower average pressure around 80 MPa. Cracking starts 

110 mm away from the centre and extends for ~70 mm. Despite lowering the pressure, the 

region surrounding the localised load still receives larges amount of damage to the surface 

of the concrete and is not effectively mitigated by a monolithic panel. The auxetic panels see 

immediate benefits in both peak pressure and average pressure transmitted through to the 

concrete. The oval design reduces the peak pressure by more than 50% and cracking is 

limited to a small perimeter around the crack zone. Likewise, the Hybrid design has a low 

average pressure and reduced peak pressure. However, due to the complete densification of 

the Hybrid core (for equivalent designs, the Hybrid plateau stress will be lower than the oval 

design, reaching densification earlier) there are localised peak stresses. These do not exceed 

the monolithic aluminium core, but regardless they still highlight the need to design the 

energy absorbing structures for an anticipated load to avoid the risk of high stress transfer 

through slapping effects [37]. Cracking is also significantly reduced compared to the non-

auxetic designs. 
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Figure 7.10: Peak pressure transfer to the back concrete structure and time of peak pressure. 

The mechanisms dictating the improvements from an auxetic standpoint can be seen in Figure 

7.11. Just like the findings from the auxetic and non-auxetic localised compression, the 

response to the localised ConWep load shows how the horizontal movement of the auxetic 

core draws material towards the load zone, increasing the material which is crushed. As the 

oval design displays a larger negative Poisson’s ratio, this movement is quicker and has a 

greater magnitude compared to the Hybrid design. The performance of the auxetic panels are 

not hindered even with fracture incorporated into this model. Fracture occurs along the top 

and bottom rows of the base design, but the bulk material behaviour of the centre of the core 

remains intact. The Hybrid design does not experience fracture along the top and bottom row. 

Instead, there is a shear failure along the centre row, but this does not change the behaviour 

either. 
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Figure 7.11: Horizontal material movement of the auxetic oval (top) and Hybrid (bottom) 

designs. 

Perforation 

Perforation of a hull due to soil ejecta and other projectiles will depend on different design 

factors including the front plate armour system. While auxetics do show potential for 

indentation resistance and protection against projectiles, this component of the loading will 

not be assessed in this research. Furthermore, a fully Lagrangian model would be required 

for perforation modelling with detailed material models for individual soil grains/clumps 

(e.g. large pieces of gravel). The design of the front plate is also important, whereby if that 

can prevent perforation, then only the momentum transfer from the impact needs to be 

considered, as has been done in the other cases. 

Deformation 

Deformation of the hull is similar in theory to the structural failure analysis. The sandwich 

panel is located below the structure/chassis of the vehicle. However, in this case there is open 

space behind the sandwich panel and any load transfer which occurs around the boundary is 

assumed to be sufficiently resisted. The deformation of the sandwich panel back face is then 

assessed with the goal to minimise its deformation and acceleration to protect occupants 

sitting above it.  

Performance criteria: 

• Maximise energy absorption 

• Minimise back face deformation 
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• Minimise back face acceleration 

In order to assess the performance under deformation, a thin beam was modelled for the 7 

Layer Hybrid design and an equivalent areal density monolithic aluminium beam. That is, 

boundary conditions through the depth of the beam were used to analyse it as a section with 

infinite depth so that only the auxetic direction is relevant. The ends of the beam are fixed, 

allowing one way deflection. The Hybrid design was chosen in this analysis for its better 

deformability along the top and bottom rows which is especially important when both top 

and bottom core crushing will take place. The cores were bounded by a 1 mm thick steel 

front plate, and 10 mm thick steel bottom plate. This plate configuration ensured the better 

performance could be achieved using a thin front plate [2]. The steel plate model was the 

Isotropic_Elastic_Plastic material model with density of 7850 kg/m3, shear modulus of 80 

GPa, yield stress of 350 MPa, tangent modulus of 450 MPa, and bulk modulus of 160 GPa 

[47]. ConWep spherical free air blast was used to load the beam using 1.25 kg TNT at a 

standoff of 150 mm to the centre of the charge. While a soil blast load would impart additional 

loading, but the deformation behaviour would not considerably change between the two 

loading scenarios. 

Figure 7.12(top) shows the deformed state of the auxetic beam at maximum deformation. 

Core crushing occurs immediately beneath the localised load, with the top and bottom rows 

collapsing before the core. This is a markedly different response from the other load cases 

examined. Material densification does occur drawing material towards the blast point. 

However, the majority of deformation is limited to the centre of the beam where the blast 

occurred. The auxetic core crushed 12.48 mm, which is approximately 25% axial strain, the 

point where densification begins to take place. The total deformation of the auxetic beam 

was 50.7 mm on the bottom face. The monolithic beam deformed a total of 58.1 mm with no 

core crushing taking place. Velocity of the back face was also reduced for the auxetic beam, 

reaching a peak velocity of 14.6 m/s, down from 72.5 m/s for the monolithic panel. The front 

face velocity of the monolithic beam did not significantly change, however the auxetic beam 

did due to the presence of the crushable auxetic core. The front face peak velocity reached 

214.7 m/s and was arrested to just 7% (14.6 m/s) of this value on the back face. 
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Figure 7.12: Deformation of the auxetic beam under localised blast loading (top), and 

normalised plastic energy dissipation partition of the monolithic and auxetic cores 

(bottom). 

The energy partition is shown in Figure 7.12(bottom), normalised for the total plastic energy 

dissipation of the monolithic beam. For the monolithic beam, the bottom plate actually 

contributes more to the energy dissipation than the core due to the stronger material 

properties (e.g. stiffness) of the steel material. Using the auxetic core the total energy 

dissipation is 96% higher and this is solely due to the auxetic core’s higher energy absorption 

capability compared to the equivalent monolithic aluminium core. These findings confirm 

the ability of the auxetic oval structure to increase the capability of a sandwich panel over 

conventional monolithic cores, as is common for sandwich structures. The deformation and 

velocity that would be experienced by an occupant above an auxetic sandwich panel can be 

drastically reduced compared to a monolithic panel. 
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Global Movement 

Finally, the global movement of a vehicle is assessed in a basic comparison which utilises 

the energy absorbing properties of the sandwich panel and other armour systems. The aim of 

this study is to limit the jump velocity and acceleration of the vehicle to prevent injury to the 

occupants inside and vehicle turnover.  

Performance criteria: 

• Maximise energy absorption 

• Minimise rigid body velocity 

• Minimise rigid body acceleration 

Liu et al. [37] conducted a study using a sandwich panel with foam core located above a soil 

bed and explosive. Connected above the sandwich panel was a lumped mass. When the core 

absorbed the energy prior to densification a reduction in momentum transfer up to 10% could 

be achieved. A similar study was conducted exploring the impulse transfer from sand on a 

solid block [1] and a cellular structure [2]. These studies form the basis of the final study 

investigating the ability of an auxetic core to reduce the impulse transfer to a rigid structure. 

The ALE soil blast model is utilised with a homogenised auxetic foam core representing the 

auxetic oval structure. Figure 7.13 shows the two scenarios simulation with a homogenised 

foam auxetic core (thickness = 25 mm) and monolithic core (thickness = 12.5 mm) subject 

to ALE soil blast loading. A 50% relative density was assumed for the auxetic core, thus 

halving the thickness of the monolithic core to maintain the same areal density. A 500 mm × 

500 mm × 100 mm steel mass (196 kg) is placed above the core structure. Contact between 

Lagrangian components is managed with the automatic surface to surface contact definition. 

As the main interest of this research is the energy absorption and rigid body velocity and 

acceleration of the mass above the core, the load transfer and distribution of stress is not 

examined for these cases. The energy absorption properties of the core must be tailored to 

the load in order to effectively absorb the energy of the soil blast and prevent a rigid body 

response or slap event. In this case a 0.5 kg TNT soil blast with a burial depth of 94 mm 

imparts its momentum to a 10 mm thick steel plate measuring 500 mm × 500 mm (250 mm 

× 250 mm in the quarter symmetry model) with a standoff distance of 400 mm to the bottom 
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of the rigid structure. This meant that the standoff distance to the front plate changed with 

the different core thicknesses. This launches the front plate with a kinetic energy of ~11 kJ. 

A homogenised auxetic model able to absorb that amount of energy is then used to absorb 

that energy. Due to the distribution of loading, this will occur predominately in the centre of 

the auxetic, with less energy absorption taking place further away from the highly loaded 

zone. 

 

Figure 7.13: Setup of the global movement study of an auxetic structure within the ALE 

domain (a), and close up of the core arrangement with a homogenised auxetic core (b) and 

monolithic auxetic plate (c). 

As the front plate is loaded by the soil blast, it compresses the auxetic core and energy 

absorption takes place. That amount of energy that can be used to accelerate the rigid body 

is then reduced. The monolithic plate absorbs negligible energy and the rigid body is 

accelerated instantly with protective structure. The main findings of the results are 

summarised in Figure 7.14 which shows the early stage acceleration and velocity response 

of the rigid body. Immediately of note is that the acceleration experienced by the rigid body 

is almost halved when the auxetic core is used. Subsequently, the velocity achieved by the 

rigid body is also significantly reduced when the core is able to absorb the energy of the 

impact. The benefits to a vehicle can immediately be seen when an energy absorbing core is 
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used to reduce the acceleration experienced by the rigid body. Leg and spinal accelerations 

will be reduced, reducing the rates of injury and death. Worth noting is that this is for a worst 

case scenario (i.e. a flat hull). Incorporating a V-shaped hull with an energy absorbing panel 

would work to further reduce the impulse imparted to a vehicle and its global acceleration. 

Furthermore, it is only for a small scale lumped mass and charge mass, and real vehicle 

response will not see the same magnitude of acceleration or velocity. 

 

Figure 7.14: Velocity and acceleration response of the rigid body with an auxetic protective 

core and rigid plate. 

Additional observations have been made regarding the ability of the auxetic oval structure to 

deform in a convex manner. As noted by Ma et al. [33], the convex deformation of auxetic 

sandwich panel cores is one of the benefits of a negative Poisson’s ratio that is able to deflect 

blast pressures away from the structure. Alternatively, a positive Poisson’s ratio structure 

will deform in a concave way which can increase the impulse transfer [34]. The auxetic oval 

structure shows this behaviour under planar loading (Figure 7.15(left)) and for the 

homogenised foam model under ALE soil blast loading (Figure 7.15(right)). It therefore has 

the same ability to deflect blast loading to partially reduce the impulse transfer compared to 
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a conventional structure. The flow of blast products away from the structure can be achieved 

by this type of behaviour as further demonstrated by the convex deformation shown in Figure 

7.15. 

 

Figure 7.15: Convex deformation of the auxetic oval structure under planar loading (left) 

and ALE blast loading using the homogenised foam model (right).  

7.8. Conclusion 

The auxetic oval geometry has been shown to have a modifiable geometry that can be used 

to achieve a tailored response to a certain load. This is an important characteristic for the 

design of armour systems to absorb a specific anticipated load. Examples have been 

demonstrated under simple loading scenarios where the kinetic energy of an impact can be 

fully absorbed with an auxetic structure. Different design strategies have also been discussed 

to tailor a design to a specific load.  

A simplified method to assess the benefits of the negative Poisson’s ratio for rigid rotating 

square designs was developed. Instead of full volume compression under a planar load, 

localised loading was used instead. The findings of the thickness parametric study were used 

to identify two designs, one with a clear negative Poisson’s ratio, and one with a neutral 

Poisson’s ratio. Under localised loading, the auxetic increase its SEA by nearly 70%, while 

the non-auxetic became less efficient and reduced its SEA by 53%. The rigid rotating square 

mechanism is able to increase its energy absorption capabilities via material densification 

and drawing material to the point of loading. 
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In order to pursue the final studies of this research, simplifications were made to the blast 

load and auxetic structure to reduce computational resources and time. A homogenised foam 

material model was used to model the auxetic under ALE blast, and the ConWep load 

function was used to load a fully modelled auxetic structure. These were used to simulate the 

various failure characteristics of a vehicle subject to soil blast loading. Subject to a ConWep 

blast, the auxetic structures are able to outperform equivalent areal density monolithic panels. 

Load spreading is present and the same material densification under localised loading is 

present for the ConWep load. The deformation of an auxetic beam can be reduced compared 

to a monolithic core, but the real benefits in this case were the reduced backface velocity and 

increased energy dissipation (which almost doubled for the auxetic core). Subject to an ALE 

blast load, the homogenised foam material model of the auxetic was also able to reduce the 

acceleration and velocity of a rigid body.  

Overall, the auxetic oval geometry is able to increase its energy absorption capabilities 

through the benefits of a negative Poisson’s ratio. It can also improve upon the performance 

of equivalent density monolithic plates in protecting against the main failure modes of a 

vehicle subject to soil blast loading. 
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Chapter 8 

Conclusions and Future 

Recommendations 
The last chapter discussing the main findings and conclusions of the research into soil blast 

loading and the auxetic oval structure as an energy absorbing device. This chapter also 

presents future recommendations which can be used for the basis of further research in these 

fields. 
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8. Conclusions and Future Recommendations 

This research outlines the development of an auxetic structure for protective purposes against 

soil blast loading. To do so, this research investigated two main streams;  

• An auxetic geometry and how it can be utilised for energy absorption. 

• The quantification of soil blast loading and how the load transfer mechanisms may 

vary compared to conventional air blast.  

The auxetic structure was experimentally tested under quasi-static and dynamic loading to 

examine its performance for energy absorption. Numerical models built upon these findings 

in order to fully understand and characterise the auxetic based on different geometrical 

parameters. Flying plate tests were used to examine the loading of soil blast through 

experimental testing. Once again, numerical models were developed to simulate these events. 

The combination of experimental testing for numerical model validation has proved a vital 

component of this research and exploring auxetic and blast mechanisms otherwise unfeasible 

through a fully experimental study. The findings of both auxetic and soil blast numerical 

studies formed the basis of the final stages of the research and how an auxetic structure can 

be used for protection against soil blast loading.  

8.1. Auxetic Oval Structure Experimental and Numerical Investigation 

The auxetic oval structure was identified as a geometry showing potential for energy 

absorption which had not received much focus in this field. Experimental testing was 

conducted at a series of load rates (strain rates) from 0.05 mm/s (0.001 /s) to 5 m/s (100 /s) 

on unit blocks to be used for numerical model validation. The auxetic oval structure showed 

favourable energy absorption behaviour with an initial elastic response, plateau stress for 

energy absorption, before the final densification stage. Experimental testing also identified 

an issue with fracture occurring along the top and bottom edges of the auxetic design. This 

was rectified using a Hybrid modification, combining the geometry of another auxetic, the 

re-entrant honeycomb, into the design. Despite a more predictable response, side effects were 

present including a lower specific energy absorption (SEA). Digital image correlation (DIC) 

played a large role in the understanding of the auxetic oval structures, including the 

confirmation of the rigid rotating square mechanism driving the auxetic behaviour. 
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Numerical models were developed in LS-DYNA and validated against the experimental 

results. Initial uses of the numerical models were to examine areas of yield and where energy 

absorption occurred. The arms between the rigid rotating squares were shown to develop 

high stresses (as the DIC strain analysis had revealed in the experiments). A parametric study 

was then conducted using the numerical models to gain a further understanding of the auxetic 

oval structure’s response to compression and its energy absorption performance. It should be 

noted that the following simulations did not consider fracture. The initial step was to identify 

the representative volume element (RVE) size where homogeneous performance would be 

achieved for the auxetic oval unit cells. 8x8 unit cells were sufficient to achieve this 

performance by minimising boundary effects. All future parametric models were based on 

this 8x8 RVE. The thickness of the material between ovals was shown to affect the plateau 

stress and hence the energy absorption. With more material in the arms the energy absorption 

naturally increased with the thickness. However, the Poisson’s ratio was also affected, with 

the Poisson’s ratio negative magnitude inversely proportional to the thickness. The oval size 

showed the same results and it was determined that the thickness and oval size could be 

simplified to one parameter to describe the auxetic’s behaviour, i.e. an oval size: thickness 

ratio. The oval ratio showed unique results whereby the ratio did not affect the stress (the 

arm thickness remained the same and thus that component of the energy absorption remained 

the same). Instead, the densification strain decreased for larger ratios (more slender ovals). 

The buckling-induced auxetic phenomenon was not observed as the design transitioned from 

a ratio of 1.2 (a near circular ellipse) to 1.0 (circular). As the material model used is a metal, 

buckling did not occur and instead force was transferred directly through the material which 

is not favourable for energy absorption, and no auxetic effect was present. The moment a 

small deviation from circular to elliptical was introduced, the response changed to the auxetic 

rigid rotating square response with a consistent plateau stress. The delay in densification was 

due to the larger vertical distance which could be compressed in the 1.2 ratio ovals. This is 

an important finding required to maximise the efficiency of the auxetic oval structures by 

delaying the densification strain as much as possible. 

Finally, a study on the load rate response was conducted on the RVE. While strain rate effects 

are also important to consider, they are fairly well understood in that the plateau stress can 
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increase with increasing strain rate. This is a material property and independent from the 

geometry. The material used in the experiments, Al6061-T651, has been shown to be 

relatively insensitive to strain rates below 1000 /s. However, any loading which occurs over 

this strain rate will simply increase the plateau stress and hence energy absorption. The 

geometry of the auxetic oval however is different and will change its behaviour based on the 

load rate. Three types of responses were present across load rates from 1 m/s to 400 m/s. Up 

to 10 m/s a quasi-static response was observed where the full height of the auxetic collapsed 

uniformly. Between 10 m/s and 200 m/s there is a transition response up to the localised 

crush band response at 200+ m/s. Above this load rate the proximal end of the auxetic is 

crushed first and subsequent crushing occurs on the next row and so on. This response is 

typical of cellular structures loaded at high load rates. While the energy absorption response 

is improved (higher plateau stress due to strain rate and inertia effects present, and delayed 

densification strain), the auxetic effect is hindered and only present immediately below the 

crush band. Additionally, it is likely a metallic material would not have sufficient ductility to 

withstand the load rate without fracturing. Regardless, the observation of the localised crush 

band phenomenon supports the cellular nature of the auxetic oval design. 

The study on the auxetic oval revealed several main findings. These include: 

• The energy absorption response with a perfectly plastic plateau stress. 

• Experimental results showing consistent behaviour across quasi-static to dynamic 

loading. 

• The implementation of DIC to validate the models, confirm the mechanism dictating 

the auxetic behaviour, determine the failure strain, and determine where energy 

absorption is taking place. 

• The ability to tailor the energy absorption based on different parameters, including 

the densification strain based on the oval ratio. 

• The load rate response and transition load rate from quasi-static to localised crush 

band. 
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8.2. Soil Blast Loading and Development of ALE Blast Models 

The next stage of this research examined the loading case considered, i.e. soil blast. The 

flying plate test was used to calculate the impulse imparted to a flat plate located above the 

charge, akin to a vehicle located about a mine. A series of tests were conducted on two 

different plate sizes (500 mm × 500 mm and 750 mm × 750 mm) using a 0.5 kg TNT charge 

buried in a soil bed. Soil characterisation was required as inputs into the numerical soil 

material model. Nuclear densometer testing for soil density and moisture content were 

conducted in-situ. Using these results, soil samples were reconstructed at a range of densities 

present in the soil bed at the average moisture content. Triaxial testing for soil plasticity 

parameters and bulk modulus, and bending element testing for the shear modulus were then 

conducted to characterise the main parameters of the soil.  

The Arbitrary Lagrangian-Eulerian (ALE) method was used to model the soil blast event. 

The explosive, soil, and air were modelled with Eulerian elements which allow material to 

flow through the mesh, and the plate with Lagrangian elements for which the material is tied 

to the mesh. This method was chosen as it allows large material deformation to occur (from 

the explosive, soil and air), avoiding numerical errors such as large mesh distortion. Fluid 

structure interaction allows the Eulerian materials to interact with the Lagrangian plate, 

imparting their momentum or deforming the material of the plate. While this is more 

computationally expensive than other blast loading methods, it is one of the only ways to 

accurately model and understand the behaviour of a soil blast event. Loading occurred over 

a period of approximately 7-8 ms. Using a decoupled ALE model (i.e. only the soil is allowed 

to interact with the plate) it was shown that 63% of the impulse came from the soil impacting 

the plate alone. The 750 mm plate was successfully validated. However, issues arose with 

the 500 mm plate which the numerical models were underpredicting the impulse transferred. 

It was found that the numerical models had a wider soil ejecta cone than the experiments and 

that this loading was not being caught in the numerical models. Despite this error, the models 

were still able to capture the highest magnitude loading at the centre.  

Further numerical models were developed examining the effect of different soil parameters 

on the impulse transfer through to the plate. In addition to this a series of concentric rings 

were modelled above the soil blast event which were used to characterise the spatial and 
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temporal loading of a soil blast event. The centre of the rings received the highest impulse 

with a relatively linear drop off with increasing distance before reaching approximately zero 

impulse. Secondary loading can be seen to occur at different locations as soil ejecta impacts 

the rings at different times.  

8.3. Auxetic Oval Structure Subject to Soil Blast Loading 

Combining the findings from the auxetic oval structure and soil blast studies proved to be 

difficult due to the computational resources required to simulate the auxetics with small 

elements in the large and computationally expensive domain required for the ALE 

simulation. This was overcome in a series of simplified studies using the ConWep load 

function on fully modelled auxetic structures, and the ALE model of homogenised foam 

material models representing the auxetics. The simulations were conducted in scenarios 

representing the typically failure modes of a vehicle subject to soil blast loading (structural 

failure, perforation, deformation, and global body movement).  

Prior to this, a study investigating the benefits of the negative Poisson’s ratio of the rigid 

rotating auxetics was conducted. Often these types of studies will compare two structures, 

the auxetic and conventional designs, under planar loading with full volume compression. 

This does not allow material densification to come into effect, a major benefit of auxetic 

structures. Two models were used from the thickness parametric study, one with a negative 

Poisson’s ratio and one with a neutral Poisson’s ratio. These were then loaded in the centre 

third of a long section with a flat plate, similar to the localised loading which may be imparted 

by soil blast events. It was shown that the negative Poisson’s ratio structure was able to 

improve the energy absorption through material densification and improved the SEA by 69% 

while the neutral Poisson’s ratio structure decreased the SEA by 53%. This is an important 

finding to observe, as the auxetic is able to draw material in towards the zone being crushed 

and increased the energy absorption through the utilisation of more material. This is not 

shown in full volume compression tests. 

The first study looked at subjecting the auxetic to a ConWep blast load (chosen over using 

the Initial_Impulse_Mine method due to its ability to provide temporal loading with 

pressures). A rigid backing structure was simulated using a concrete material model to show 
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how damage would form on the structure. The normal and Hybrid auxetic designs were 

compared to an equivalent areal density monolithic panel. The benefits included reduced 

stress transmission through the structure down from an average pressure of ~80 MPa for the 

monolithic panel, down to ~40 MPa for the auxetic panels. Greater load distribution over the 

surface of the concrete was also present and the concrete damage was significantly reduced. 

The auxetics were shown to compress under the localised load and drawn material in towards 

the point of load, the same as the auxetic loaded with a flat plate with localised conditions.  

Perforation was not assessed due to it being predominately resisted by the front plate and not 

the auxetic core. Deformation however was examined using sandwich plate configurations 

with an auxetic core and equivalent areal density monolithic core of the same material. Core 

crushing of the auxetic was achieved through a ConWep load and auxetic behaviour was 

once again observed in the case of a deformable plate. Backface deformation was slightly 

reduced using the auxetic core, but the main benefits were shown in the reduction in the 

velocity. The monolithic panel backface reached a peak velocity of 72.5 m/s, which was 

brought down to 14.6 m/s for the auxetic. Finally, the plastic energy dissipation of the auxetic 

was almost twice that of the monolithic sandwich panel, with the auxetic core dissipating 

significantly more energy alone than the whole monolithic sandwich panel. 

The final study used the stress-strain curves from the experimental and numerical 

compression tests to develop a homogenised crushable foam model of the auxetics. This was 

not able to show the correct auxetic behaviour (only a single static Poisson’s ratio can be 

input), but it was able to recreate the stress strain response of the auxetics. Global rigid body 

movement was then assess using the ALE soil blast load. The energy absorption provided by 

the crushable auxetic core meant the resulting acceleration and velocity of the rigid body 

could be reduced compared to a monolithic armour panel. Furthermore, there are additional 

benefits of an auxetic core with its increased energy absorption, as it would be able to offer 

better performance than a conventional positive Poisson’s ratio core. Finally, convex 

deformation of the auxetic was observed in both fully modelled and homogenised foam 

states, an important response of auxetics for its ability to deflect blast waves. 

The auxetic oval structure performs best under localised loading which is a scenario always 

present with soil blast loading. This allows the auxetic mechanism to activate and draw 
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material towards the load point. Furthermore, the increased strength of the auxetic oval 

design compared to other cellular structures, including the re-entrant honeycomb, is likely to 

be better suited to the higher impact loading imparted by soil blast over air blast events. 

8.4. Future Work 

The findings from this research are not limited to the protection against soil blast, but can be 

extended to other forms of blast and impact for the defence of other structures. This includes 

the more planar loading which may be experienced from far-field blast waves, although the 

same benefits may not necessarily be achieved.  

The auxetic oval geometry is relatively heavy with volume fractions between 40-60%. While 

the energy absorption is equivalent to foams of the same material, the performance still stands 

to be enhanced through further modification to its behaviour. Modifications to the design to 

increase the densification strain (while decreasing the plateau stress to maintain the same 

energy absorption) would offer better performance. Decreasing the volume fraction through 

modifications to the rigid rotating squares which do not contribute to the main portion of 

energy absorption would also be beneficial. This has been achieved with the inclusion of 

elliptical exclusions in the experimental studies of Chapter 3, but has not been thoroughly 

investigated or optimised to increase the SEA. Better understanding of the fracture behaviour 

of the auxetic oval is also required. The Hybrid design was developed to limit fracture but 

was not investigated in depth. It is possible for the Hybrid design to maintain the energy 

absorption performance while also delaying or avoiding fracture. The 7 Layer Hybrid design 

showed better performance than the 7 Layer Oval due to a higher densification strain and 

lower mass, even though the plateau stress was reduced. Additional research into the Hybrid 

modification may yield positive findings for the auxetic oval’s energy absorption capabilities. 

Further numerical models did not consider fracture and instead assumed an ideally ductile 

material was used in the simulations. A more ductile aluminium could be used to delay 

fracture, however this is likely to have a lower yield stress and would result in a lower plateau 

stress for the same mass and would lower the SEA. An alternative material would require the 

same strength-to-mass ratio as Al6061-T651 and a higher ductility to be used effectively. 
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Finally, the vehicle studies conducted in this research are simplified versions of the real thing. 

Additional models incorporating shaped hulls, more realistic mass distribution, and boundary 

conditions would provide better estimates for the benefits the auxetic oval geometry can 

deliver. 

 


