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Abstract

One of the fundamental principles that must be satisfied, is the safety and protection of human life,

which occasionally is threatened by explosions derived from accidents or intentional actions. Studying

an innovative protective system for infrastructures against explosions can help mitigate this threat.

Within the scope of TCor. Gabriel Gomes doctoral thesis (in progress) an innovative protective sys-

tem was developed and successfully tested with proven capabilities. The present work aims to contribute

to this study by developing an advanced numerical analysis of this solution. Here the physical system

is idealized into a 3D model using SolidWorks. Then the model is divided into elements using Hyper-

Mesh. Following the definition of the problem parameters through LS-Prepost, the input is processed

by the solver LS-DYNA, and results are reviewed. Additionally, three methods are used to enhance the

trust, efficiency, and precision of results. Through benchmarking, mesh convergence, and experimenta-

tion, the numerical study aims to comprehend and simulate the system behavior. On top of that, using

simulation method, the numerical study aims to explore further ideas and solutions.

Findings reveal that the capacity of the system is high, reducing significantly the blast effects. Even

when the system has imperfections, leading to eccentricities, it does not lose its performance, on the

contrary, it tends to improve. In the more severe cases, buckling phenomena may occur, but even

then, the system always shows deformation by inversion, supporting the effectiveness of this absorption

system.

Keywords: Blast; inverted tube; energy-absorption; LS-DYNA; numerical analysis.
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Resumo

Um dos princı́pios fundamentais que deve ser satisfeito, é a segurança e proteção da vida humana, que

ocasionalmente é ameaçada por explosões, derivadas de acidentes ou ações intencionais. O estudo

de um sistema de proteção inovador para infraestruturas contra explosões pode ajudar a mitigar esta

ameaça.

No âmbito da tese de doutoramento do TCor. Gabriel Gomes, em curso, desenvolveu-se um sis-

tema de proteção inovador. Foi testado com sucesso e as suas capacidades foram comprovadas. O

presente trabalho pretende contribuir através do desenvolvimento de uma análise numérica avançada

desta solução. Nesta fase, o sistema fı́sico é idealizado num modelo 3D através do SolidWorks. De-

pois, o modelo é dividido em elementos recorrendo ao HyperMesh. Após a definição de parâmetros

do problema através do LS-Prepost, o produto é processado pelo solver LS-DYNA, e os resultados são

posteriormente revistos. Além disso, são utilizados três métodos para aumentar a confiança, eficiência

e precisão dos resultados. Através de análise comparativa, convergência de malha e experimentação,

o estudo numérico tem como objetivo compreender e simular o comportamento do sistema. Para com-

plementar, através do método de simulação, pretende-se explorar ideias e soluções adicionais.

Os resultados revelam que a capacidade do sistema é elevada, reduzindo significativamente os

efeitos da explosão. Mesmo quando o sistema apresenta as suas imperfeições que conduzem a ex-

centricidades, não perde o seu desempenho, muito pelo contrário. Nos casos mais graves, podem

ocorrer fenómenos de encurvadura. No entanto, o sistema apresenta sempre deformação por inversão,

sustentando a eficácia deste sistema de absorção.

Palavras-chave: Explosão; tubo invertido; absorção de energia; LS-DYNA; análise numérica.
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Chapter 1

Introduction

1.1 Problem and Motivation

Explosives were invented more than one thousand years ago with the development of gunpowder in

China, a dangerous mixture that releases its energy when exposed to flames. Later evolved into dy-

namite, followed by TNT, C4, and others, more safe and powerful. Due to its intrinsic characteristics,

its development has been illuminated by the intersection between military necessity and technological

adaptation in the face of economic constraints [1]. This is the duality of all explosives: they are capable

of many benefits, but they can also be chaotic and deadly.

Our malevolent nature is not a new phenomenon, in virtually every culture in history, it has existed

some word for “evil” [2]. One of the tools designed to kill, were and still are, explosive weapons. Many

of these events are associated with terrorism, which true cost goes far beyond the casualties and the

financial loss.

Terrorism true power lies in its capacity to leverage changes, to create a sense of shock, fear, and

outrage. Including consequences on the health and psychological well-being of the survivors, with

clear evidence on post-traumatic stress disorders, through an exaggerated perception of the threat [3].

Reminding Seneca’s words, “we suffer more often in imagination than in reality” [4]. Media indirectly can

play into terrorist organization’s hands and aid them in their campaign of recruitment. Likewise, political

responses that tend to reinforce the situation also enable terrorism movements to continue to recruit.

Some authors even imply that it can push democracy to its limits because it increases public support

for draconian and anti-democratic attitudes, exacerbates differences between ideological and religious

groups, and erodes trust between immigrants and host societies [5].

Focusing on available data, from 2001 to 2019, eighteen Portuguese citizens were killed in terrorist

attacks [6], which makes roughly 0,2% of the Portuguese road’s deaths, in the same time period, with

almost 9 000 fatalities [7]. However, recent reports available indicate that attackers in Europe seem to

gain increasing interest in the use of explosives, especially improvised explosive devices (IED). These

can assume many forms, ranging from homemade solutions to sophisticated devices with massive dam-

age capacities. They can also be delivered in numerous ways with ease, from suicide vests to vehicles.
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Some are very easy to manufacture, remaining the most preferred, the homemade explosives, whose

knowledge can be facilitated online [8, 9].

Subsequently, as a result of the increasing risk of such events around the world, it is imperative to

deal with this issue. The implementation of strengthening or protective techniques is a method that may

contributes to ensure the survivability of the structures and their occupants.

Protection should be intelligent, thoughtful, and holistic in approach, not blind and expensive, such

as hardening against the greatest explosive charge weight that a terrorist might theoretically be able to

deliver [3]. Additionally, increasingly more advanced, powerful computational techniques and resources,

as well as a substantial increase of publications in this field of research, create the perfect environment

to give contributions better than ever before. Moreover, numerical analysis importance has been rising

primarily due to their flexibility, the low cost, and the possibilities involved. To be able to translate a

real-life problem into a model and then into a solvable mathematical problem makes them an incredible

tool. Being able to virtually test new scenarios, understand the dynamics involved, explore new solutions

and improve the overall system, contributes strongly to a better, safer, and more affordable protection

design.

1.2 Objectives and Methodology

The problem described in the previous section, has increasingly become under the spotlight. There-

fore, a great number of impact engineering problems have been investigated during the last decades,

especially in the field of the dynamic response of structures in the plastic range. The research project

PROTEDES (Protection of Strategic Buildings Against Explosions), where the doctoral thesis of TCor.

Gabriel Gomes is included, aims to employ tubes, while focusing on the protection of infrastructures.

Nevertheless, one of the most interesting variations, the tube inversion, is adopted. A major limitation of

this structure is the lack of reliable information on its deformation mode regarding the dynamic behavior,

mainly because most of the existing studies were performed under quasi-static conditions.

The present dissertation aims to contribute to deepen the knowledge of the phenomena, with the

following major objectives:

• To present the experimental activity, explaining the mechanism of the energy absorption device,

its respective testing campaign, and results;

• To build a highly-detailed 3D model of both the energy-absorption device and the entire protective

system, including modelling details, and afterwards to divide these domains into a finite number of

elements;

• To perform a numerical analysis with a strong focus on simulating the true dynamic behavior of

the protective system against blast effects based on experimental test data provided by Gomes’

doctoral thesis;
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• To contribute to the development of knowledge in this area, particularly regarding this protection

system, addressing:

– The analysis of the effect of magnitude of the blast wave and initial impact velocity;

– The understanding of deformation modes, and their mechanisms;

– The study of the energy dissipation efficiency on the building’s shield;

– The determination of the maximum capacity of the connectors alone and the whole system;

– The assessment of how the presence of the energy-absorption devices affects the perfor-

mance of the system;

– The evaluation of the influence of different scenarios and variables.

This analysis is achieved through a highly-detailed methodology, which prioritizes the simulation of

the true behavior of the system, carrying a meticulous characterization of the model. Models constitute

the input of the analysis, therefore requiring high detail, which together with appropriate methods avoid

error propagation. Some simplifications are possible without compromising the quality of the results,

saving computational resources and attaining faster analysis.

Once concluded the modelling stage, the model is meshed and the problem parameters are defined.

Afterwards it goes through the solver, producing approximate solutions. Eventually, some methods are

applied to further increase the reliability of the results and allow the simulation phase, where new ideas

and solutions are numerically tested, saving the costs and work associated to the development of real

scale experimental blast testing, thus being an economical and suitable option for extrapolation of other

scenarios.

1.3 Dissertation Outline

The present dissertation is organized in 6 Chapters. In the present Chapter 1, a general approach to the

problem that motivates this study is outlined and the objectives and the approach adopted are delimited.

In Chapter 2, a brief introduction of the state-of-art of explosives as a threat is presented, including

the implications of the latter when designing structural elements. It is followed by some knowledge on

explosions phenomenon, blast effects and related characteristics parameters, as well as the methods to

estimate these. Chapter 3 gives a short introduction and description of the energy-absorption devices,

the materials, the campaign testing setup, methods of data acquisition and respective data results which

are the foundation of this dissertation. Chapter 4 displays the most relevant steps in numerical analysis

explaining the techniques and tools used, as well as the methodology associated. Additionally, the

models are briefly described, together with part of their parameters. Chapter 5 features all the significant

findings, comparing numerical and experimental results, as well as exploring additional ideas that were

not possible experimentally. Finally, in Chapter 6, a summary of the findings and suggestions on future

directions of related research are presented.
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Chapter 2

Explosions, Blast Effects and Loading

2.1 Introduction

The unpredictable and destructive aftermath posed by explosions can emerge from accidental hazards,

such as the gas explosion of 21st of October 2021, in China, killing four people and injuring forty-seven

[10], to intentional acts of mankind like the Kabul airport attack of 26th of August 2021, whose blast killed

169 Afghans and 13 American service members, one of the deadliest attacks in the country [11].

Attempts to create terror among combatants and civilians have reached a new significance since

the iconic terrorist attack of September 11, 2001. Terrorist organizations have revolutionized the way

terrorism is executed. Supported by a powerful propaganda engine, it combines narrative, ideology, and

spectacle to achieve levels of popularity and recruitment that any official military organization would like

to possess. Europe suffers from this propaganda: lone wolves, terrorist cells, foreign fighters, and a

polarized society [12]. Such reality is reflected in Figure 2.1.

Figure 2.1: Number of suspects arrested for jihadist terrorism in EU Member States in 2019 [13].
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In recent decades, considerable awareness has been raised to the improvised explosive device

(IED) threats. IEDs are ubiquitous across time and space, its existence goes back to the discovery of

explosive chemistry and are currently in use in most countries around the world [14]. According to the

literature, non-nuclear explosives are elected as the most prevalent terrorist weapons, often as IEDs

carried by suicide bombers [15, 16]. Their use by terrorist groups is a growing problem in modern

societies. Non-military institutional buildings, as well as areas with high concentration of people (metro

and train stations, stadiums, among others), are the common bombing targets [17].

Explosive devices have become more sophisticated: smaller in size and more powerful, which leads

to increased mobility of explosive material and a bigger range of effects [18]. Apart from the rising

number of incidents, the injuries they cause are also exponentially worse [19]. Knowledge has been

disseminated online, which granted homemade solutions easier than ever before to produce. Hence,

the risk for potential losses is increasing. Since most engineering structures are vulnerable to such type

of loading, actions should be taken to prevent extreme situations with harmful and destructive effects

identical to Figure 2.2. Incidents like the attack in Oklahoma City, USA in 1995, the bombing attack at the

World Trade Center, USA in 1993, as well as the accidental Beirut explosion recently in 2020, Lebanon,

are good examples, of how a structure failure, including shattered glass, results in far more fatalities and

injuries than the blast wave itself [3, 20].

Figure 2.2: Examples of the aftermath of different blast scenarios. First picture from the left, is relative to
USA Oklahoma City truck bombing (blast close to surface) [21]. The second image is relative to the USA
World Trade Center (underground blast) bombing [22], and the last one, concerning the recent Beirut
explosion (blast close to surface) [23].

Therefore, a concern and a need to consider the behavior of engineering structures under blast

loading has been established in order to enhance the capacity to predict the effects of an explosive blast

for design proposes.

When designing structural elements to resist blast loads, the most effective and least costly mitigation

approach is to increase the standoff distance. Nonetheless, this approach requires large perimeters with

restricted access for individuals and vehicles, and such perimeters cannot be made infinitely large due to

existing structures and urban settings [24, 25]. If sufficient standoff distances are not possible, protective

measures and systems should be used alone or combined, such as: a) shielding a structural element;

b) provide catching systems to allow existing elements to break, and c) strengthening of the structural

elements and connections, which is an option that may be essential to resist progressive collapse [26,

27]. Buildings are designed so that the onset of collapse is not sudden, meaning that there is enough
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residual structural capacity to exhibit post-elastic behavior rather than undergoing a sudden, catastrophic

failure [3]. Additionally, glazing systems must be considered or alternatives designed for blast loading

that minimize injury and damage from glazing fragments and shards [28]. Airborne glass fragmentation

remains to be identified as one of the most lethal aspects of building component responses to explosive

incidents [24].

During the lifetime of a structure, it is subjected to static and dynamic loading of higher or lower

magnitude, being explosions a sporadic event with highly dynamic actions. Explosions have character-

istics that make them different from other dynamic loadings, either by their high speed, low duration, and

high potential magnitudes. Therefore, a detailed, comprehensive approach of the phenomenon and the

dynamic response of the system is required to quantify the blast loading on structures.

Considering what was previously mentioned, [29] suggests four principles of blast design philosophy.

Firstly, strengthening the structure should be the last resort. Secondly, one should seek an equal level

of protection. Thirdly, it is advisable to follow a resilient design approach. And fourthly, one should never

forget that blast is an extreme load.

Of the several informative sources openly available, the most reliable and quoted references to pre-

dict explosion parameters and structural response to explosions appear to be some USA military pub-

lications, such as those by Baker et al. [30], Kingery and Bulmash [31], and the UFC 3-340-02, made

available by the Department of Defense, which gives information and procedures for the design of blast-

resistant structures [32].

2.2 Explosions and Blast Effects

Explosions can be both incredible and devastating. Nevertheless, without explosives and explosions,

there would be no Panama Canal, no Simplon Tunnel, and very few skyscrapers with firm foundations

[33]. Explosions have been categorized with a slight variation over time. Some authors, like Baker et

al. [30], defined explosion stored energy system categories as nuclear, chemical, electrical, or pressure

energy, while others defined explosion categories as chemical, nuclear, or mechanical [34], or even

as natural, chemical, electrical and nuclear [35]. In this research, the most common approach will be

followed, which states that explosions categories may be: physical, nuclear, or chemical events [3, 36].

Examples of physical explosions include the failure of a compressed gas cylinder, the eruption of a

volcano, or the violent mixing of two liquids at different temperatures. In the event of a nuclear explosion,

due to the formation of different atomic nuclei by the readjustment of the protons and neutrons, energy is

released [3]. Once chemical events are to a great extent, the most common, the analysis will be focused

on them.

The explosion phenomenon can be defined as the combustion of explosive material, a very rapid

chemical reaction, faster than the speed of sound which makes a detonation and produces transient air

pressure waves, called blast waves. A huge amount of energy and hot gases is produced by an action

that only lasts some milliseconds, decaying back to ambient pressure over a short duration of time [33].

During detonation, the hot gases produced expand outwards by pushing the surrounding air through
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space, leading to the wave type propagation transmitted spherically and forming a small layer of highly

compressed air on the wavefront, the shock wave. It contains a large part of the energy released during

detonation and moves faster than the speed of sound [18]. As the shock wave travels moving away

from the focus, the air around that region cools down and reduces the pressure. In some cases, it may

temporarily drop below ambient pressure until equilibrium occurs.

The velocity of energy release is an important aspect. It can be illustrated by considering compressed

air in a pneumatic tire. If this energy is released suddenly, as in a blowout, the effect is that of a small

”explosion”. If, however, there is a slow-release by leakage, this is not an explosion.

2.3 Explosion types

Explosions can be specified in function of their location relatively to the target and the degree of the con-

finement according to UFC 3-340-02 [32], which provides information and guidance on the construction

of structures to withstand the effects of explosions. They can be classified as:

• Confined (or internal) explosions;

• Unconfined (or external) explosions;

• Explosive attached to a structure.

Confined explosions are related to explosions that occur within a building. The corresponding over-

pressures with the initial shock front will be elevated and will consequently be amplified by successive

reflections within the building. Depending on the level of venting, various types of confined explosions

are possible.

Non-contact, unconfined explosions, external to a structure will be the ones considered in this re-

search. Therefore, a more in-depth analysis will be herein presented. They can be subdivided into:

• Free-air burst: The explosive charge is detonated in the air, and the origin above the ground is so

high that, when the blast wave propagates spherically outwards, it impinges directly onto the target

without any prior interaction or amplification, illustrated on Figure 2.3 [30, 32].

Figure 2.3: Free-air burst explosion adapted from [37].
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• Airburst: The explosive charge is detonated in the air, and the initial blast wave propagates spher-

ically outwards and impinges onto the structure after having interacted (reflected) first with the

ground, originating a reflected wave, faster than the original incident wave, overlapping it, which

creates a Mach front, also called Mach stem. Mach stem is the result of this process, where the

reflected wave catches up and fuses with the incident wave, at some point above the reflecting

surface to produce a third wavefront. The point where the three waves cross and meet is defined

as the triple point, as shown in Figure 2.4 [30, 32].

Figure 2.4: Detonation of a TNT explosive close to the ground surface adapted from [38, 39].

• Surface burst: The explosive charge is detonated close to or on the ground surface, as represented

in Figure 2.5.

Figure 2.5: Surface burst explosion adapted from [37].
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It immediately interacts locally with the ground surface to produce a reflected wave creating inter-

medium amplifications before it hits the target. The reflected wave has a superior velocity higher

than the initial, overlapping it and propagating hemispherically outwards in group, with pressures

over two times those of the original shock wave [30, 32].

2.3.1 Surface burst

Surface burst is the type of explosion adopted in the context of the experimental testing campaign, since

it is the most common in terrorist attacks [37]. Unlike the airburst, it creates an immediate interaction

between ground and blast wave. So, instead of creating a Mach front at a certain distance from the point

of blast initiation, the incident wave is amplified at the point of detonation due to the ground reflections.

For a sufficient considerable standoff distance, this wave can be considered locally as a plane, and the

pressure loading of a structure can, for practical purposes, be considered uniform [3, 30].

Hypothetically assuming that the ground is a rigid surface, the generated pressure would be twice

that produced by the same charge under free-air burst conditions. This observation allows the use of

the pressure relationships derived for free-air blasts, also in the case of surface bombings, by doubling

the original charge weight. However, as energy generated by the explosion is partially absorbed by

the ground, resulting in the formation of a crater and ground shock, the enhancement factor has to be

reduced, usually taken as 1.7 to 1.8 [30, 32].

The physical properties along the ground surface from an explosive source on, or close to, the ground

depend strongly on the height of the burst. In this case, a significant amount of the energy may create a

crater and seismic waves in the ground. For this reason, the properties of the blast wave produced by a

hemispherical charge on the ground surface will not be identical to those produced by a spherical mass

of twice the size in the free air. As the height of burst is increased, the blast effects at ground zero, the

point on the ground immediately beneath the charge, will decrease, but the effects at greater distances

may increase. Therefore, there is an optimum height of burst for a given charge size to produce specified

blast effects at the greatest possible distance from ground zero. For this reason, the nuclear explosions

over Hiroshima and Nagasaki were airburst explosions [40].

2.4 Blast Wave Characterization

During the late 1950s-1980s, blast wave parameters of conventional high explosive (HE) materials have

been widely investigated in several studies [30–32, 41]. One of the first attempts to provide and define

parameters of the blast wave from a spherical charge of TNT was conducted by Brode [41, 42], which

later developed the well-known Brode curves based on the assumption of spherical or hemispherical

charge shape. Later, among others, the contributions of Baker’s work should be pointed out [30], a

compilation from 1984 with collected and correlated data from literally hundreds of other references on

experimental data that were the origin of the widely accepted and used Kingery-Bulmash curves [31].

Still, two of the most familiar and recurrent approaches used to define the parameters of the shock
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waves were proposed (i) by Kingery and Bulmash [31], being the basis for diagram curves used in the

American military criteria, UFC 3-340-02 [32], and TM 5-855-1 [43], and (ii) the expressions from Kinney

and Graham [44]. Their formulations are an international reference accepted in the realm of protection

design of structures against explosive loadings [45].

All blast wave parameters are graphically sketched in UFC 3-340-02 [32], concerning the scaled dis-

tance using the test data collected by Kingery and Bulmash [31]. The Conventional Weapons Program

(CONWEP) [46] software (incorporating the high degree polynomial equation as developed by Kingery

and Bulmash [31]) is generally used by engineers and researchers who carry out the evaluation of the

blast wave parameters, knowing that the pressure-time history is assumed to be similar to modified

Friedlander’s equation. In this software, the target surface is assumed to be rigid and the wave-structure

interaction is neglected. Therefore, the CONWEP results, tend to overestimate the scaled impulse and,

by doing so, they become a conservative design tool, which is corroborated by several studies (Børvik

et al. [47], Smith et al. [48]). Hence it can be considered satisfactory for practical design purposes only

[49]. Moreover, numerical methods can also be used to evaluate the blast wave parameters where fun-

damental laws of physics are usually implemented using numerical techniques such as the finite element

method.

Nowadays, commercially available software, such as ABAQUS, LS-DYNA, AUTODYN and Air3D,

are widely used by researchers to determine the blast loads and corresponding structural responses.

Several researchers, [50–61], provide the details of the methodology for the prediction blast loads.

When describing blast effects, the relevant parameters primarily depend on the amount of energy

released in the detonation [32, 62]. The characteristic parameters of a blast wave are defined for free-air

ideal burst conditions as one of the most extensively studied explosion scenarios. For the analysis of

structures under blast loading, it is necessary to identify these parameters. The most relevant are:

• Pso peak incident pressure, also known as side-on overpressure or peak overpressure;

• t+o positive phase duration;

• i+s positive incident impulse or specific side-on impulse associated with the positive overpressure

phase;

• ta arrival time of the blast front;

• Pr peak reflected pressure;

• ir reflected specific impulse.

The idealized profile of pressure in relation to time for the case of a free-air blast wave, measured in

an element at a certain distance, represented in Figure 2.6, is described from the moment of detonation.

Initially, the pressure on the element is equal to the ambient pressure (Po), instant (a), and it un-

dergoes an immediate increase, labeled by peak incident pressure (Pso), upon the arrival of the shock

wave, instant ta. The time interval necessary for the pressure to reach its peak value is minimal, and for

design proposes, it is assumed to be zero, instant (b).
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Figure 2.6: Typical air blast pressure profile on the left with respective illustration of its effects on the
right, adapted from [3].

The area under the pressure curve corresponds to the impulse caused by the detonation in the

structure, being this parameter one of the most relevant in the case of external explosions to characterize

the destruction mechanism. The area between ta and ta + t+o represents the positive impulse i+s , and

the area linked to the negative phase stands for the negative impulse (is).

After its peak value, the pressure decreases rapidly with an exponential rate until it reaches the

ambient pressure at ta + to, instant (c). Following the positive phase, the pressure becomes lower than

the ambient pressure (referred to as negative pressure), instant (d), and finally returns to it, instant

(e). In this negative phase, the structures are subjected to suction forces. This is the reason, why

sometimes, during blast loading, glass fragments are found towards the origin of the explosion, outside

of the buildings instead of in its interior [32, 40]. The negative phase has a longer duration than the

positive one, associated with lower pressure values, being minimum pressure defined as P−
so.

The pressure drop through time is usually represented by the modified equation of Friedlander (Equa-

tion (2.1)) [30, 32]:

Ps(t) = Pso · (1−
t

t+o
) · e

−β t

t
+
o (2.1)

where Pso [kPa] corresponds to peak incident pressure, t+o [ms] to the duration of the positive phase,

t[ms] the period of time after the instant of arrival (ta), and β is the decay coefficient of the curve.

Blast wave impulses depend not only on the peak overpressure and the wave’s duration, but also on

the rate of decay of the overpressure [33]. There are several documents with an extensive analysis of

possible values for the decay coefficient of the curve and, in general, several authors simplify it by using

a constant value for this parameter [30, 32]. When experimental data is available, the decay coefficient

can be calculated through a non-linear fitting of an experimental pressure-time curve over its positive

phase. It is worth noting that for modeling purposes, in this research, the Friedlander fitting curve will be
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used. Being known incident pressure (Pso), as well as the positive phase duration (t+o ), the evaluation of

the approximate specific impulses (is) produced by the shock wave is possible through the integration

of the previous equation, which results in the impulse for the positive phase as can be seen below

(Equation (2.2)) [30, 32]:

i+s [MPa ·ms] =

∫ t+o

0

Ps(t)dt =
Pso·t+o
β

·
[
1− (1− e−β)

β

]
(2.2)

Kinney and Graham [44], defined peak incident pressure (or peak overpressure) through the following

Equation (2.3), where Z is the scaled distance and W the weight of the explosive:

Pso [MPa] =
808 ·

[
1 + ( Z

4.5 )
2
]
· Po[

1 + ( Z
0.048 )

2
] 1

2 ·
[
1 + ( Z

0.32 )
2
] 1

2 ·
[
1 + ( Z

1.35 )
2
] 1

2

(2.3)

For the positive phase duration calculus, Kinney and Graham [44], suggest Equation (2.4):

to [ms] =
980 ·

[
1 + ( Z

0.54 )
10
]
·W 1

3[
1 + ( Z

0.02 )
3
]
·
[
1 + ( Z

0.74 )
6
]
·
[
1 + ( Z

6.9 )
2
] 1

2

(2.4)

Kinney and Graham [44], also introduced Equation (2.5), an empirical equation to determine the

positive impulse as well:

i+s [MPa ·ms] =
0.0067 ·

[
1 + ( Z

0.23 )
4
] 1

2

Z2 ·
[
1 + ( Z

1.55 )
3
] 1

3

(2.5)

The negative phase of the shock wave is generally much weaker and more gradual than the positive

phase and, therefore, it is usually ignored for design purposes, particularly when it comes to outdoor

explosions as [32, 62].

2.4.1 Shock wave reflection

When a shock wave intersects a solid surface, it becomes subjected to amplification and reflection

phenomenon, being the reflected peak pressure (Pr) always higher than the incident pressure (Pso) that

originated it. So, it generates a pressure-time history slightly different than the idealized time history of

the typical air blast, even though the duration of the positive phase does not change.

This increment is attributed to the nature of the propagation of the blast wave through the air. While

the wave travels, it moves along particles that collide with the surface upon arrival. Hypothetically, in

an ideal linear-elastic case, the particles should be able to bounce back freely, leading to a reflected

pressure equal to the incident pressure, and the surface would experience approximately the double of

the acting pressure (in reality, the blast wave, as a shock wave, is a non-linear phenomenon [32]).

Depending on the incidence angle, three types of reflection can occur [30, 32]:

• Normal reflection, when a surface is perpendicular to the direction of the blast wave, the most
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severe case, in terms of loading intensity values;

• Oblique reflection, when the direction of the wave incidence makes a slightly oblique angle with

the target surface;

• Mach stem creation, which occurs whenever the wave impinges on a surface at a specific angle,

more precisely between 40º and 55º.

The value of the pressure reflected from the surface becomes maximum at the point of normal

distance between the detonation source and the surface, as can be observed in Figure 2.7.

Figure 2.7: Numerical model representation of the reflected pressure on the simulated protective sys-
tem. This image clearly shows two very important aspects: i) the influence of the impact angle on the
magnitude of the reflected pressure, and ii) the fact that the shock wave propagates spherically.

The reflected pressure’s value decreases (although not linearly) as the angle of incidence (α) in-

creases. Its minimum value equals the incident pressure (Pso) and is created on surfaces perpendicular

to the shock front (α = 90◦).

The reflected pressure (Pr) can be determined by several methods. The most common one is Rank-

ine and Hugoniot method [45]. Considering the ambient pressure (Po), Equation (2.6) can be derived:

Pr [MPa] = 2Pso ·
(
7Po + 4Pso

7Po + Pso

)
(2.6)

This equation gives the value of the peak reflected overpressure in the case of reflections at zero

angle, where it is assumed that the explosion takes place at standard sea-level conditions. Due to the

current circumstances of the loading applied on the experimental campaign, it is taken into account the

situation where the shock wave impinges perpendicularly all the target’s surfaces, correlated to a normal

reflection.

According to it, the maximum and minimum values of the reflected pressure can vary from two to

eight times the incident pressure for small and large shocks, respectively. Nevertheless, experimental

investigations have concluded that the reflected pressure can be several times higher than eight times
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the incident pressure. This is attributed to the fact that under severe blast loads, the air does not behave

in an ideal manner, which is an underlying assumption of the mentioned equation, not considering the

non-linear effects. It also indicates that the ratio between the normal maximum reflected pressure and

the incident pressure is not constant, but depends on the value of the incident pressure.

This equation is only valid in the case of normal reflection ([45]. If there is an angle α (angle of

incidence) between the wave propagation direction and the affected surface, the process of reflection

might be quite different. This angle affects the resulting reflection and, consequently, the blast loading

on a structure, given by the Equation (2.7):

crα =
Pr

Pso
(2.7)

This occurrence can be taken into account using a diagram reflection coefficient, crα, which can be

found in Appendix A. The effect of the angle of incidence may be neglected, and the structure is studied

under the normal reflected pressure, which is on the safe side for most cases, especially if the peak

incident pressure is large. More specifically, from the curves of the diagrams, it can be concluded that,

whenever the angle of incidence is approximately less than 40º, the use of a normal reflected pressure

leads to a conservative design as the normal reflected pressure is higher. For angles of incidence

between 40º-55º, the reflected pressure can be underestimated if the assumption of a normal reflection

has been made. The reason for this reflected wave behavior for angles of incidence between 40º and

55º is attributed to the creation of a Mach stem.

Being conservative is acceptable for design purposes but not for research purposes. It becomes

difficult to compare experimental results with analytical or numerical data.

It is not known a formulation to find out the direct approach of the specific reflective impulse. How-

ever, Baker et al. suggested a method [30], regarding Equation (2.8), that agrees reasonably well with

experimental data, based on the assumption that the ratio between the incident and reflected impulse is

roughly the same as the ratio between the incident and reflected pressure:

is
ir

=
Pso

Pr
↔ ir =

is · Pr

Pso
(2.8)

For the design of structures, the peak reflected pressure (Pr) could also be idealized (although very

conservative) as an impulse due to a triangular equivalent load, of maximum value Pr and time duration

of positive phase of the simplified linear overpressure blast-wave profile (td), being the reflected impulse

(ir) given by Equation (2.9) [32]:

ir [MPa ·ms] =
1

2
· Prtd (2.9)
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2.5 Scaling Laws

One of the most crucial parameters for blast loading calculations is the distance of the detonation point

from the structure considered, the scaled distance in (Z). The effect of distance on blast characteristics

can be taken into account by the introducing scaling laws. The most ordinary blast scaling laws are the

ones presented by Hopkinson-Cranz and Sachs [3, 30, 32]. These laws can scale parameters, which

were defined through experiments, in order to be implemented for a broaden diversity values of distance

and charge energy release, a refinement of the Hopkinson scaling of World War I [63], and the Sachs

scaling of World War II [64].

Scaled distance is used extensively to determine blast-wave characteristics. The principle behind

both formulations is based on the idea that, during detonation, two charges of the same explosive,

that have an equivalent geometry but different weight and are set at the same scaled distance from

a selected point (under the same atmospheric conditions), produce similar blast waves at the point of

interest [30, 32].

According to Hopkinson-Cranz law, a dimensional scaled distance is introduced as described by

Equation (2.10):

Z =
R

W
1
3

(2.10)

where Z is the scaled distance, with units m/kg
1
3 ;

R is the range from the center of the charge to the target surface or standoff distance;

W is the weight of an equivalent TNT charge.

Kingery and Bulmash have developed charts to predict spherical and hemispherical airblast param-

eters concerning the scaled blast distance [31]. These charts are developed based on records from

explosive field tests conducted with charge weights from less than 1 kg to over 400,000 kg, at sev-

eral standoff distances. These empirical charts available, in UFC 3-340-02 [32], are widely used in the

literature to predict the characteristics and blast wave parameters.

2.6 TNT Equivalence

The term “TNT equivalence” is always applied to measure the effects of the output of a given explosive

by comparing it to that of a TNT explosive [36]. In short, it gives us the relative energy of explosions [65].

TNT is commonly used as the reference standard as its blast characteristics resemble those of most

solid-type explosives. Most high explosives, such as TNT, RDX, HMX, C4, and ANFO, produce blast

waves with similar, but not identical, properties. Accordingly, the similarity in the properties of the blast

waves from such explosives is often quoted in terms of the equivalency of TNT [36, 40, 65]. Additionally,

more information is available about the properties of the blast waves produced by TNT than by any other

explosive.
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This data includes information about the properties of blast waves from so-called free-air, height-of-

burst, and surface-burst explosions [40]. Thus, TNT equivalence allows obtaining the same energy of

the explosive’s blast, impulse, and shock wave in study. The effortless way of accomplishing this is to

multiply the mass of the explosive by a conversion factor based on its specific energy and mass of TNT.

Conversion factors for a range of explosives are shown in Table 2.1, adapted from Baker et al. [30].

Table 2.1: Conversion factors for a range of explosives [66].

Explosive Mass
Specific
Energy
Qx(kJ/kg)

TNT
Equiv-
alent
(Qx/QTNT )

Amatol 80/20 (80% ammonium nitrate 20% TNT) 2650 0.586
Compound B (60% RDX, 40% TNT) 5190 1.148
RDX (Cyclonite) 5360 1.185
HMX 5680 1.256
Lead azide 1540 0.340
Mercury fulminate 1790 0.395
Nitroglycerin (liquid) 6700 1.481
PETN 5800 1.282
Pentolite 50/50 (50% PETN 50% TNT) 5110 1.129
Tetryl 4520 1.000
TNT 4520 1.000
Torpex (42% RDX, 40% TNT, 18% Aluminium) 7540 1.667
Blasting gelatin (91% nitroglycerin, 7.9% nitrocellulose, 0.9% antacid, 0.2% water) 4520 1.000
60% Nitroglycerin dynamite 2710 0.600

Thus, based on the previous data, a 100 kg charge of PETN converts to 128,2 kg of TNT, since the

ratio of the specific energies is 5800/4520 (= 1.283).

An alternative approach considers two conversion factors. The choice of which to use depends on

whether the peak overpressure or the impulse delivered of the actual explosive is to be matched to

the TNT equivalent. Table 2.2, adapted from the document TM5-855-1 [43], gives examples of these

alternative conversion factors.

There are many ways to determine the TNT equivalence, such as heat of detonation, detonation

energy, and afterburn energy measured by blast pressure [32, 36, 40]. These approaches may give

different TNT equivalence estimations of explosives. For example, the power of an explosive can be

measured by the heat of the explosion, which is function of internal energy, developed pressure, and

gases produced [32].
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Table 2.2: Indicative TNT equivalencies for common explosive materials [35].

Type of explosive Pressure Impulse

Comp. B 1.11 0.98
Comp. A-3 1.09 1.08
ANFO 0.90 0.90
Comp. C4 1.37 1.19
Cyclotol (70/30) 1.14 1.09
HBX-1 1.17 1.16
HBX-3 1.14 0.97
H-6 1.38 1.15
Minol-2 1.20 1.11
PETN 1.14 1.15
TRITONAL 1.07 0.96
Pentolite 1.42 1.00
Tetryl 1.07 1.07
TNT 1.00 1.00

An equivalent TNT weight can be determined through Equation (2.11), utilizing the ratio of the heat

produced during detonation [32]:

WTNTe =
Hd

EXP

Hd
TNT

·WEXP (2.11)

where WTNTe represents the equivalent TNT weight [kg];

WEXP the weight of the explosive in study [kg];

Hd
EXP the heat of the detonation of the actual explosive [MJ/kg];

Hd
TNT the heat of the TNT detonation [MJ/kg];
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Chapter 3

Protective Solution and Experimental

Results

3.1 Introduction

Current literature lacks reliable information on open sources regarding the dynamic behavior of en-

ergy absorption devices adopted against blast effects. This work is part of two ongoing complimentary

projects, that are trying to develop high performance protective solutions against blast loading, namely

BLADE 1 and PROTEDES2. The former with an experimental nature, is focused on using shielding sys-

tems to improve structural behaviour of buildings and blast-resistant protective walls; the latter with a

wider scope, still intended to study in detail the structural behaviour of several solutions.

The protective system developed and tested experimentally is based on a rigid panel (reinforced con-

crete) to which are connected a plurality of ductile metallic connectors, designed to explore an inversion

mechanism.

The system has three main purposes. Firstly, rigid panels receive the blast directly, which offers

protection from flying fragments, impact, and fire. Secondly, plastic deformation of the connectors,

dissipates most part of the energy from the explosion, reducing the energy transmitted to the structure.

Thirdly, the location of the connectors allows to simultaneously redirect the remaining transferred energy

to the slabs of the structure, protecting vulnerable elements (e.g., columns).

3.2 Energy-absorption connector

During the last decades, a significant number of problems have been investigated in the field of energy-

absorption connectors, ranging from applications such as crashworthiness in automotive and aircraft

industries for the protection of nuclear and offshore facilities.
1Blast Protective Walls Design Optimization
2Protection of strategic Buildings Against Explosions
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3.2.1 Tube

An energy absorber is a system that converts kinetic energy into another form of energy (e.g., plastic

deformation). There are several typical energy absorption structures, such as rings [67, 68], tubes

[69, 70], honeycomb [71–74], and corrugated structures [75, 76].

In the current research, the kernel element used was a cylindrical tube. Tubular structures perfor-

mance in terms of energy absorption and failure mechanism has been widely investigated in numerous

papers [69, 70]. The dynamic crushing response of circular tubes was also investigated by many re-

searchers, focusing on the transition between global buckling and progressive folding [77, 78]. Moreover,

circular tubes energy absorption capacity performed slightly better than square tubes [79]. Triangular

tubes were also studied, having the worst performance [80].

3.2.2 Limitations and solution

Axially compressed circular tubes are good variations of these elements for energy dissipation fol-

lowing impact and for that reason have been studied by many researchers [81]. A structure that starts to

deform axially can suddenly buckle in the global bending mode, causing a significant drop in the struc-

ture’s capacity to absorb the impact energy [82]. However, this issue was addressed by using one of

the most interesting variations of this structure, the tube inversion, which has the most efficient energy

deformation mode among the ones possible. It involves turning the edge of a thin tube made of a ductile

material, inside out or outside in. It additionally enables a deformation with a constant inversion load.

Tube inversion mechanism was introduced by the automotive industry and has been later adopted by

NASA as a device to obtain “soft” landing of the Apollo lunar module, also having applications as buffer

elements in trains and pier fenders [83]. Since then, several attempts have been made to determine the

governing geometrical parameters and improve the concept.

For the experimental research carried by Gomes [84], the energy-absorbing samples preparation

was carried out in three stages, according to Figure 3.1: a) expansion against a die; b) clamping by

welding and c) pre-inversion. After being inverted, the energy absorption core (EAC) is ready for free

inversion by dynamic loading.

Figure 3.1: Preparation of the inversion mechanism on the energy absorption tubes used.

It is interesting to highlight the fact that the forming load leading to the first stage, expansion, is

significantly higher than the inversion load, as shown in Figure 3.2. This is a remarkable aspect. It
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means that the tube will not buckle locally, since the inversion force is significantly lower than the forming

force. The resulting stress is not enough to cause local buckling and the formation of folds, such as the

concertina or diamond deformation modes, usual in axially compressed tubes as illustrated in Figure 3.3.

Figure 3.2: Typical load-displacement curves shape for expansion, pre-inversion and post-inversion
(54 x 1.5 [mm] tube) [84].

Figure 3.3: Representation of concertina or ring deformation mode [85], and diamond deformation mode
[86].

The main advantage of the inverted tube is the constant value of the inversion load, as well as the

increased predictability of the deformation behavior. On top of that, when demanded, the tube deforms

through an inversion mechanism and does not crush or buckle. The inversion mechanism of deformation

is more efficient and can absorb a large amount of energy with a lower peak force.
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3.3 Materials

3.3.1 Reinforced Concrete Slab

For this study, sixteen reinforced concrete panels were produced. Material properties were determined

by Gomes [27], through tensile tests on steel and uniaxial compressive tests on concrete cylinders. Each

panel had the characteristics presented in the following Tables 3.1 to 3.3.

Table 3.1: Reinforced concrete slab characteristics [27]

.

Concrete

Strength Class C25/30
fcm[MPa] 33
fctm[MPa] 2.6
Slab dimensions [m] 2.75 x 1.00 x 0.21
Concrete cover [m] 0.025

Table 3.2: Tensile characteristics of the steel tubes [84].

Specimen [mm] E[GPa] σy(0.2%)[MPa] σu[MPa] εmax[%]

Φ 64 x 2 210.6 371 423 16

Table 3.3: Tensile characteristics of the steel reinforcement [27].

Specimen [mm] E[GPa] σy(0.2%)[MPa] σu[MPa] εmax[%]

Φ 16 200 542 639.3 5

3.3.2 Energy absorption device

In this study, three tube diameters were used (64 mm, 54 mm, and 42 mm) to better understand the

inversion mechanism and check the importance of the different influencing parameters. Due to time

constraints, the 64 x 2 [mm] was the diameter analyzed in the present research. Physical characteristics

are presented in Table 3.4. In Figure 3.4 and Figure 3.5 it is possible to check the application of the tube

on the connector, as well as the dynamics of its mechanism.

Table 3.4: Detailed characterization of the tube measurements [84].

Inverted tube 64 x 2 [mm] characteristics

Nominal diameter [mm] 64
Tube thickness [mm] 2
Radius (ro) [mm] 32
Plug lenght [mm] 30
Plug diameter [mm] 58
Inversion radius (rinv) [mm] 12
Ratio (rinv/ro) [mm] 0.375
Max compressing force [kN ] 121
Diameter expanded [mm] 90
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Figure 3.4: Representation of a section cut from the Energy Absorption Device (EAD), within the protec-
tion system [27].

Figure 3.5: Pictures on the cut section of the EAD, where it is clear the inversion mechanism, both
taken from the experimental testing campaign. I) Shows the connector before the blast. II) Illustrates the
connector after the blast. Reproduced with the authorization of Gomes [27].

3.4 Components

The absorption connector includes several components, as shown in Figure Figure 3.6.

Figure 3.6: Different components that constitute the Energy Absorption Device (EAD).

24



An overview of these components is given below. The absorption connector has:

• An EAD, constituted by the inverted tube, which is the Energy Absorption Connector (EAC), and

the two adjacent outer plates (the impactor plate and the fixing plate) to dissipate the energy by

plastic deformation through the inversion mechanism of the inverted tube;

• Two outer plates are positioned on both extremities of the EAC. Being the fixing plate attached to

the fixed body;

– The impactor plate distributes the force transferred from the hinge to the inverted tube;

– The fixing plate links the EAC to the fixed body. Together, fixing plate and the fixed body

contain the inverted tube when the plastic deformation occurs;

– The fixed body, comprises a retaining mechanism, preventing the sacrificial panel from sepa-

rating when negative phase effects (suction) occurs.

• A sliding part, the removable body, attached to the sacrificial panel, slides linearly on the fixed

body through two bearings (avoiding friction) and is laterally restrained through external grooves

that control the shortening of the bodies when inverting the EAC.

3.4.1 Explosive

Regarding the actual explosive, there are a few studies that describe its properties [87], or use it as

a charge load [88, 89]. The explosive used in the associated experimental campaign, known by the

name of “Goma-2 ECO”, commercially sold as RIODIN by MAXAM’s, allegedly used in the March 11,

2004 train bombings in Madrid (Spain) by the Al-Qaeda terrorist organization [87], is a Spanish-made

high explosive (dynamite) intended primarily for industrial use, such as mining and demolition, or military

applications.

RIODIN is available in two designs, HE, high energy release, and XE, the highest energy release

found within the MAXAM dynamite family [90], being the latter, the one used, whose characteristics are

shown in the following Table 3.5. The blast test was conducted with an explosive load of 60 kg.

Table 3.5: Technical Characteristics of RIODIN XE [90].

Technical Characteristics

Density Range [g/cm3] 1.55
Velocity of Detonation [m/s] 5000−7500
Gases Volume [L] 842

3.4.2 Blast test setup

The blast testing campaign was conducted at the testing center of the Instituto Tecnológico da Marañosa

in Madrid, Experimental setup is arranged radially comprising 4 metallic setups allowing simultaneously

testing as illustrated in Figure 3.7. The defined arrangement intends to make the explosion affect all the

panels equally.
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Figure 3.7: Representation of the setup defined in the experimental tests [27].

Three samples have been tested with the 64 x 2 [mm] specimen. The distance between the panel

and the explosive was 5.0 m.

3.5 Results data

3.5.1 Pressure

All tests were monitored with pressure gages, allowing tracking of the incident pressure, illustrated in

Figure 3.8 [27].

Figure 3.8: Incident pressure data with the Friedlander curve fit adjustment [27].
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Nevertheless, some data collected is not valid due to noise from reflections or because some sensors

and cables did not survive the testing. The data collected was then adjusted using the Friedlander curve

fit for the positive phase as it is recommended.

The experimental results, plotted in Table 3.6 are somehow surprising in comparison with Kingery &

Bulmash (K&B) data3, outlined in Table 3.7. Some interesting aspects can be identified in terms of peak

pressures, which are significantly higher than expected. Conversely, the duration of the positive phase

it’s significantly lower. This is a crucial detail that affected the definition of the blast load in the numerical

analysis, which will be explained in detail in the following chapter.

Table 3.6: Experimental data, with the average adjusted parameters for both sensors [27].

Sensor ID Incident peak
pressure
Pso [kPa]

Positive phase
duration
t+o [ms]

Incident
Specific
Impulse

is [kPa ·ms]

Decay parameter
α [−]

Ground 1256 1.9 526.82 3.12
Elevated (2.5 m) 765.7 1.9 410.05 1.34

Table 3.7: Kingery-Bulmash parameters.

Kingery-Bulmash parameters for a 60 kg TNT charge at 5 m distance.

Incident Pressure (kPa) 794.38
Reflected Pressure (kPa) 4084.29
Time of Arrival (ms) 2.87
Shock Front Velocity (m/s) 940.41
Incident Impulse (kPa ·ms) 799.33
Reflected Impulse (kPa ·ms) 2506.23
Positive Phase Duration (ms) 8.70

In order to calculate and understand the effects of the blast wave over the system, it’s necessary

to derive reflected values. A method that agrees reasonably with experiments is suggested by Baker

[30]. It states that the relationship between the incident and reflected impulse is roughly the same as the

incident and reflected pressure, described in Equation (3.1).

The reflected pressure can be computed by several methods. The most widely used is credited to

Rankine & Hugoniot [30] whose calculus can be seen in Equations (3.2) and (3.3). This method, later in

the numerical analysis, enabled to simulate blast effects with an alternative method.

is
ir

≈ Pso

Pr
(3.1)

Pr = 2Pso ·
(
7Po + 4Pso

7Po + Pso

)
= 2 · 1256 ·

(
7 · 101.4 + 4 · 1256
7 · 101.4 + 1256

)
= 7326.9 kPa (3.2)

is
ir

≈ Pso

Pr
↔ ir =

is · Pr

Pso
↔ 526.82 · 7326.9

1256
= 3073.2 kPa ·ms (3.3)

Concluding, although the incident specific impulse (is) is lower than the estimated following the K&B
3Kingery-Bulmash parameters allow to calculate blast-wave parameters of a hemispherical blast based on empirical relations

[31]. Allowing the comparison of incident pressure, reflected pressure, incident impulse, reflected impulse, duration of positive
phase, time of arrival of the shock wave, and shock front velocity values.
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model, primarily due to the very short duration of the blast wave, surprisingly, the reflected impulse (ir)

derived it’s much higher than expected (3073.2MPa ·ms ≫ 2506.23MPa ·ms). Comparatively, the data

measured would be equivalent to a TNT charge of 112 kg or 77 kg, respectively, in pressure and impulse

equivalences.

3.5.2 Impact angle

Another interesting, although expected observation, is that the pressures measured by the elevated

sensor were lower than the one on the ground. The reason for this effect is the impact angle, which

when increases, values of pressure decrease. The analysis of the footage from high-speed cameras,

as well as the numerical analysis, also show this phenomenon where the pressure wave is not planar,

starting impinging the wall from the bottom to the top (Figure 3.9). This creates a differential (and

decreasing) pressure along the slab length, playing a remarkable influence on the system’s behavior.

Figure 3.9: On the left, representation of the footage from high-speed cameras [27]. On the right,
representation of pressure fringe plot across three-time intervals from the numerical analysis, to capture
the influence of impact angle over time, across the slab length.

3.5.3 Pendulum Effect

In the experimental campaign, there were a few inconveniences that needed to be considered. From the

Figure 3.10, it is evident the existence of a slight rotation of the slab. Three aspects may help to explain

this effect, in particular:

• The mentioned effect was verified experimentally, where blast pressure on the wall increases from

the ground level to the top;

• Additionally, the panel support system is suspended over the top connectors, leaving the bottom

connectors almost free to move back and forth, aided by the bearings in the sliding part, which

could further promote this effect;

• In one case, support plates from the fixed body, attached to the ground with bolts, were ripped out,

further enabling this effect.
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Figure 3.10: Representation of the rotational effects verified in the most severe cases [27].

3.5.4 Shortening deformation

In the first sample, displayed in the previous image, the bolts that attached the connector to the concrete

panel were pulled out by the forces exerted on the support, distorting the position of the connector

and preventing the complete inversion from occurring. In the face of these invalid data results, it was

disregarded. Thus, when considering the specimen 64 x 2 [mm], only the following two out of these

three tests were considered valid, presented in Table 3.8.

Table 3.8: Data results on shortening and rotation of the inversion tubes measured after testing cam-
paign [27].

Sample Location Linitial [mm] Lfinal [mm] Rotation [◦] Shortening [mm] Total Inversion Length [mm]

#1

BL 139 75 6 63.8

75
BR 136 NA 17 6
TL 138 133 3 5
TR 122 122 0 0

#2

BL 139 97 3 42

84
BR 137 97 3 40
TL 140 138 3 2
TR 141 141 3 0

#3

BL 139 100 2 39

90
BR 138 93 3.5 45
TL 139 135 3 4
TR 138 136 2 2

Where the abbreviations BL, BR, TL, and TR, refer to each one of the four connectors, precisely:

bottom left, bottom right, top left and top right respectively. NA is referent to the not available results

from the first sample.

From collected data, an average total inversion length of 87 mm was considered later in the numerical

analysis for the calibration and validation of the model. Additionally, to serve as a reference, there were

tests with rigid supports, one of the panels, with these specimen connectors, had a deflection at mid

span between 42 to 52 mm.
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3.5.5 Force

Several force sensors were placed in strategic locations to monitor the forces transmitted to the supports.

Although extensive planning was made to monitor blast tests, most of the attempts to get accurate data

on force transmitted failed. Two orders of reasons explain it, namely: very high pressures that caused

the rupture or disengagement of the connection cables during the test; and significant rotations of the

EAC which made collected data invalid. Nevertheless, from all of them, there was at least one per EAC

type that performed correctly, as plotted in Figure 3.11.

Figure 3.11: Plot of the forces applied with deformable and rigid solutions, due to the blast wave [27].

Plots clearly show the effect of introducing an EAD in reducing the impulse transmitted to the pro-

tected structure.

3.5.6 Observations

Additionally and according to the results obtained, the following relevant observations can be made:

• It was observed a differential response at the bottom and top connectors. Particularly, bottom con-

nectors responded more than expected and top connectors. It shows that energy will be absorbed

by the easiest path of resistance.

• In one case, part of the energy was absorbed by the bending mechanism (rotation of 17º) and by

pulling out the screws from the concrete base.

• Buckling of the tube walls did not occur, even when significant rotation occurred, which represents

a promising performance in terms of effectiveness and reliability of the protective system.

• In most cases, an eccentric impact occurred, causing a slight rotation of the EAC.
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Chapter 4

Development of Numerical Models

In this chapter, the development of numerical models is presented. First, it is given a brief introduction

on the relevant concepts, and methodology used. Then, it is presented in more depth the tools and the

characteristics considered. Furthermore, the last version of the models is shown, and insights are given

to explain decisions made. Finally, calibration methods are employed to improve efficiency, accuracy

and trust in results.

4.1 Introduction

Generally speaking, traditional methods, involve the idealization of physical models through simple equa-

tions to obtain solutions. Nonetheless, these approximations oversimplify the problem, and can only pro-

vide conservative estimates. These limitations imply that only a tiny portion of real engineering problems

can be solved analytically [91, 92].

Alternatively, finite element methods, and other numerical methods, are meant to provide an analysis

that considers greater detail, leading to more precise and accurate results. Applications are endless,

from heat transfer, stress analysis to other fields [91, 92].

4.2 Finite Element Method

The finite element method is an advanced technique used to solve complex structural analysis problems,

illustrated in Figure 4.1. It is based on the idealization of an existing structural system to a mathematical

model to be solved with computers that calculate the structural performance. It involves discretizing a

geometry into finite elements, connected by nodes and used in a finite element solver to obtain approxi-

mate solutions [92].

Additionally, nonlinear finite element analysis techniques have been widely used to analyze struc-

tural elements, including reinforced concrete slabs under blast loads. They have proved their ability to

effectively capture the damage modes and deformations [93]. The keyword here is approximate since

no FEM solution is ever totally accurate.
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Figure 4.1: Finite element method discriminated in a schematic representation, adapted from [92].

4.3 Methodology

The translation of the protective system and associated testing campaign into a mathematical problem,

represented in Figure 4.2, started with the creation of the different individual bodies geometries that

constitute the system. This task was conducted with SolidWorks® Academic Version 2020-2021. After-

wards, Altair® HyperMesh® Version 2021 was used as a pre-processor to mesh the geometric model,

dividing it into thousands of polygonal shapes, each of them representing an element. Subsequently,

LS-Prepost was also used as a pre-processor to define the problem parameters. The analyses were

then conducted through the solver LS-DYNA, achieving the problem’s approximate solution. Following

the analyses, the results were imported once again to LS-Prepost. In this step, the latter was used as a

post-processor to convert the output into a readable or visual form.

SolidWorks

3D Model

HyperMesh LS-Prepost

3D Model with
Mesh Generated

Elements

LS-DYNA

3D Modeling and Meshing Definition  
of Parameters

LS-Prepost

Analysis 
Solving

Results  
Preview

Input file (.k)

Output files

Figure 4.2: Diagram of the different phases of numerical analysis.

33



Autodesk AutoCAD® 2018.2 Version O.48.M.563 was also used as a secondary tool, to develop part

of the load segment method (LSS), read the protective system drawings and create figures.

The methodology outlined was effective, producing good quality results with acceptable error values.

To complete the analysis, a set of studies was performed afterwards to increase accuracy and produce

a more trustworthy numerical study.

Results, as well as errors, problems, and setbacks are presented, aiming at explaining the methods

adopted and the decisions made.

4.4 Software

4.4.1 SolidWorks Modeling

The need for precision, such as considering all the eight critical tube characteristics (nominal diameter,

diameter expanded, plug length, plug diameter, tube thickness, inversion radius, radius and the ratio be-

tween the inversion radius and the radius), turned the modeling creation process into an unpractical and

time-consuming task. Thus, considering the limitations and knowing that details would largely influence

the quality of the outputs of the numerical analysis, it was necessary to define an adequate method,

which led to SolidWorks, a Computer-Aided Design (CAD) software, which development process is out-

lined in Figure 4.3.

Initial  
3D Model

Final 
3D ModelPhysical System

Idealization Simplification

SolidWorks HyperMesh

Figure 4.3: SolidWorks approach diagram.

When developing a SolidWorks design, three categories are available. These are inherent to three

different types of SolidWorks files: parts (e.g., Figure 4.4), assemblies (Figure 4.5), and drawings. Know-

ing that components (parts) are the smallest elements that make up an artifact or a mechanical engi-

neering system (assembly), they are the first step in building any model in SolidWorks.

Figure 4.4: Three examples of the parts designed in SolidWorks.
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Secondly, after creating all the different part files, it was possible to put them together (Figures 4.5

to 4.7). SolidWorks assemblies are the environment where there are the tools to mix more than one part

with mate relationships. This approach allows to see how the different parts interact (it can simulate the

movements) and helps to evaluate whether or not the parts fit together correctly.

Figure 4.5: Representation of the assembly formed by over ten different parts using SolidWorks.

Figure 4.6: Representation of the the assembly render using KeyShot10 software.

Finally, SolidWorks drawing allows to create 2D engineering drawings of parts or assemblies. This

step was not necessary. Additionally, although it was possible to define materials and mass properties,

this task was done later in LS-Prepost with the remaining properties and variables.

Some struggles were faced with major lessons learned. Among those, a relevant matter is the level

of detail. It was a time-consuming mistake during the modelling process to craft the model geometry

precisely as in reality.

For the purpose of this analysis, this is not the proper approach. It is essential to understand that

the best model, is fast, simple, and has good results. It relates to the “idealization of the model” the

second step in the FEM mentioned in Section 4.2. Aspects such as the steel structure being strong and

rigid helped simplify the problem. The support frame could be defined as a rigid material, suffering no

deformation, which is a cost-efficient approach, that translates into fewer computer resources and faster

analysis, but in order to save memory, the support frame was removed.
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Figure 4.7: Representation of the top connector mechanism using KeyShot10 software.

Another case that was not obvious at first was the bolt’s case, which has threads, and those require

many resources when meshed. It happens due to the high detail needed in that area, as shown in

Figure 4.8. When the contact status between the bolt and the surrounding surface is not relevant, the

standard practices are to simplify the bolt, as a simple smooth cylinder plus the nuts [94]. In the end, the

goal is a simpler model, however, not at the cost of having bad results.

Figure 4.8: Representation of the detail needed on the bolts.

Also, contact between elements needs to be checked. If the geometries do not share nodes and the

parts of the model overlap, later on, solving with LS-DYNA, the analysis will give several errors.

4.4.2 HyperMesh Meshing

Within HyperMesh, it was possible to mesh the 3D model created by following the methodology illus-

trated in Figure 4.9.

3D Model with 
Generated Mesh

Elements
LS-Prepost3D Model

Mesh Optimization

HyperMesh

Solid Mapping

Figure 4.9: HyperMesh approach diagram.

The feature that helped most was the advanced automation tools within HyperMesh, allowing mesh
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optimization from a set of quality criteria, such as the “Solid Map”. It allowed to divide the solid into

multiple simpler parts and then create a volume mesh from their surfaces. Being further able to locally

control the number of nodes to create compatible meshes with different and adaptive mesh densities.

Geometry cleanup and auto meshing, often cited as the most time-consuming aspects of this kind of

FEM modeling, were critical aspects in generating a quality mesh that contributed to accurate analysis

results, as well as saving a great deal of time. HyperMesh also has CAD interoperability, providing import

and export support for the SolidWorks and LS-DYNA files, therefore delivering all the flexibility needed

to implement it in the current work.

4.4.3 LS-Prepost

LS-Prepost is the advanced pre-processor and post-processor delivered free with LS-DYNA. The pro-

cess with LS-Prepost embraces two separate actions, displayed below in Figure 4.10. As a pre-

processor, there are essential steps related to all the ongoing definitions and parameters incorporated

in the LS-DYNA input file. As a post-processor, it is possible to explore and analyze results in several

possibilities, such as visual animation, fringe plotting, data history plotting, among others [95].

Assemby 
of the Global 

Stifness Matrix
Post-Processing

Validation

Solution of the
Problem

Defininition of the
Element

Stiffness Matrices

Definition of the
Problem

Definition of Materials, 
Loads, Boundary 

Conditions, Element  
Types, among other

Parameters

LS-Prepost

LS-PrepostLS-DYNA

Approximate 
Solution

Figure 4.10: LS-Prepost and LS-DYNA approach diagram.

4.4.4 LS-DYNA

LS-DYNA is the solver used, based on the FEM, initially called DYNA3D in which primary applications

were to analyse bombs dropped by US Air Force Jets [96]. The specific attraction of this software to the

industry started with its nonlinear dynamic capabilities.

As a short introduction, LS-DYNA as a solver, uses a card system, called keywords, where variables

within the model input file are denoted by classifications (e.g., *PART, *MAT, *LOAD). Some examples

can be found in Appendix B. All the input files are in simple ASCII format and thus can be prepared

using any text editor [97].

All simulations were performed using a Workstation with Windows 64-bit running on an AMD Opteron

Hexadeca-core (16 Core) 2.50 GHz Processor with 256 GB of memory. The runtime of all models varied

between 2.1 hours to 19 days and 4 hours, for a termination time between 0.009 seconds to 0.1 seconds.
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4.5 Model Characterization

4.5.1 Material Calibration

Reinforced Concrete Slab Modeling

Concrete, a brittle material which resistance and damage behaviour are strongly influenced by loading

rate, is used in the slab of the protective system. Its full-scale structural response test data is costly

and difficult to obtain for these highly dynamic loads much due to the equipment required. Concrete is

highly strain-rate dependent, and any material model should incorporate these nonlinear characteristics.

However, due to concrete characteristics, dynamic experiments that determine these parameters are

much more complicated and expensive than the static load test. Therefore, data relevant to the dynamic

experiments are limited in the literature [98, 99].

Consequently, responses predicted by numerical analyses have been important resources for aca-

demics and structural engineers to determine the behaviors of reinforced concrete structures submitted

to dynamic loads (e.g., impacts and blast loads). Although experiments for relevant loading rates and

pressures reveal that concrete (and steel, from the reinforcement) exhibit complex nonlinear behavior

that is difficult to capture in a single constitutive model, the most basic concrete behaviors should be

captured [98, 99].

LS-DYNA Constitutive Concrete Models

LS-DYNA offers several constitutive material models to simulate the structural behavior of reinforced

concrete. Individually they have their benefits and limitations, being the three popular ones in terms of

performance, MAT072R3, MAT084, and MAT159 [98–100].

Considering the available literature and through self-experimentation, results reproduced favored the

Continuous Surface Cap Model (CSCM). In the context of blast and dynamic analysis, studies described

it as a reliable model when compared to experimental values [99, 101, 102]. This constitutive model is

a concrete material option developed in the United States of America for road safety. Sponsored by the

department of transportation to predict the dynamic performance, both elastic deformation and concrete

failure [98, 103]. Even though the model was developed and evaluated for roadside safety applications,

it should also apply to many dynamic problems [103].

One relevant capacity is the automatic generation of all the parameters, which becomes advanta-

geous. The CSC model (MAT159) can model damage-based softening, confinement effect, strain-rate

effect, among others. A comprehensive model review and validation application of this model can be

found in references [98, 99, 103]. One additional advantage is the fact that it is significantly faster time

than the alternatives.

Reinforcement and Connector Modeling

As with the concrete material models, there are several available in LS-DYNA, which allows users to

define the property of steel materials and model their behavior accurately. The material models used for
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the steel parts were Plastic Kinematic (MAT003) and Rigid (MAT020).

LS-DYNA Constitutive Plastic Kinematic Material

The Plastic Kinematic material model (MAT 003) was formulated by Krieg and Key [97]. It is a cost-

effective model suited to model the isotropic and kinematic hardening plasticity with the option of includ-

ing rate effects [98]. Also, it is available for beam, shell, and solid elements. This material was applied in

reinforcement, partly on the support structure of the connector and finally on the inverted cylinder. The

thin-walled component of the connector, the inverted cylinder, is a crucial component in which defor-

mation mode and the overall crash behavior may change if the strain-rate effects are not incorporated.

Therefore, being a highly dynamic problem, it is vital to consider the strain-rate effects. Consequently,

the Cowper Symonds model (Equation (4.1)) was used to take into account the strain-rate effect under

blast loading, which scales the yield stress by a strain-rate dependent factor:

σy = DIF · σo =

[
1 +

(
ε̇

C

) 1
P

]
· σo (4.1)

Where DIF , Dynamic Increase Factor, is the strain-rate dependent factor, ε̇ is the strain-rate, σo the

initial yield stress, C and P are the strain-rate parameters for the Cowper-Symonds model [97].

LS-DYNA Constitutive Rigid Material

Approximating a deformable body as rigid is a preferred modeling technique in many real-world appli-

cations. The Rigid material model (MAT 020) does precisely that. Parts defined with this material are

considered to belong to a rigid body. It is only used on one support component, represented in yellow in

Figure 4.11 below, for the experimental load, due to the lack of registered deformations.

Figure 4.11: Representation of the input model parts of the connector. The yellow part is, in some
analyses, considered as a rigid material.

Rigid elements are bypassed in the element processing (CPU saving), and no storage is allocated

for storing history variables (memory saving); consequently, the rigid material type is cost-efficient. In
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practice, rigid parts do not increase the run time. They only slightly increase the file size.

4.5.2 Optimization and Simplification

Due to the high cost of this analysis, every effort was put in place to simplify and improve its cost-

efficiency. When considering the model, geometry simplification was a possible improvement due to the

primary component of the connector being symmetric. Most initial analyses used this simplification. It

was possible to go beyond the symmetry used (one-quarter of the model). However, having less than

one-quarter of the model would be less desirable, mainly due to the loss of perception. Considering

the entire model, the simulation could be done on only one concrete slab instead of two. LS-Prepost

post-processing has a reflection method, which allows to create the complete model afterward.

Another simplification is the detonation time offset, which does not consider the time that the wave

takes to arrive at the target. Avoiding the waste of computational time waiting for the blast wave to hit

the structure might sound redundant. However, considerable cost savings can be made by offsetting the

time in which the charge is detonated.

One similar simplification is the *DEFORMABLE TO RIGID keyword. This will make the connectors

rigid for a controlled period. This means that they do not use processing power during that period,

speeding up the analysis.

Additionally, simplification is the choice of the constitutive materials. Considering all the materials

available, the models chosen are not the fastest. However, taken into consideration the most popular

options performance-wise in blast events, for quality results, these are highly cost-effective for both

materials, reinforced concrete, and steel. As mentioned already, when possible rigid materials were

considered.

In the end, there was one critical improvement. Until now, solid elements have been used for the

inverted cylinder. Instead, shell elements were used. Due to the high detail needed in this part, its mesh

was very refined. A major part of the processing power, between 56.3% to 76.9%, would be linked to

the contacts between each element and element processing only. The change to shell elements saved

a lot of computational solve time and improved numerical results.

Blast testing

The principle adopted during analysis was to reason from first principles (simple to complex) and not

only by analogy. With this approach, if a mistake happened, it would be easier to identify.

Therefore, every study was done isolated, at the start. As an example, to study the panel, instead of

having connectors in their location boundary conditions (SPC SET) were used, as shown in Figure 4.12.

4.5.3 Element Types

Every element is made up of nodes, which connect the ends of the elements. These nodes are also

used to describe the total degrees of freedom of the element, as shown in Figure 4.13. For example,
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Figure 4.12: Representation of the initial approach, when analysing the panel.

in a triangular-shaped element, there are three nodes represented by edges. In a 2D analysis, that

corresponds to six degrees of freedom, while in a 3D analysis, it corresponds to nine degrees of freedom.

Figure 4.13: An illustration of different elements, respective nodes and degrees of freedom.

Beyond solid elements, beam and shell elements also play an important role in numerical analysis.

Shell elements, for instance, are used to model structures and components that are thin relative to their

major dimensions [104]. The implementation of shell elements in the inverted cylinder was based on

the principle that these elements are used for modeling thin structures. For many applications, far too

many solid elements would be needed to obtain a decent solution because solid elements must have a

reasonable aspect ratio to be accurate.

LS-DYNA Elements

Defining the elements can be done in different ways, namely section-wise with solid, shell, and beam

elements. Furthermore, it can be chosen its formulation and integration rule. The model used solid,

beam and shell elements complementing each other for effective and accurate results.
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Solid vs. Shell Elements

Solid elements were chosen to model everything, except the inverted cylinder of the connector, which

was defined as a shell element. Shell elements are commonly used to simplify and speed up the analysis

whenever they are adequate. For instance, in the model, there are elements like the support structure

and the concrete target with high thickness. In those parts, it would not be very accurate to consider

shell elements.

Solid elements are three-dimensional finite elements that can model solid bodies and structures

without any prior geometric simplification. It benefits from the fact that it does not require geometric,

constitutive, and loading assumptions; boundary conditions are treated more realistically (compared to

shells or beams); finite element mesh looks like the physical system. Nevertheless, it requires higher

effort: mesh preparation, CPU time, post-processing, among others; mesh refinement becomes more

expensive and often has a poor performance for thin-walled structures [105].

LS-DYNA Elements Formulation

For solid elements, defined by the keyword *ELEMENT SOLID, LS-DYNA 8-node hexahedral solid ele-

ments were used. To define the element formulation and integration rule, the *SECTION SOLID keyword

was used. Its formulation is determined under the ELFORM variable option, particularly ELFORM=1. It

denotes that the element is a constant stress solid and uses a one-point integration element. This option

is efficient, accurate, and even works for severe deformations. Therefore, it requires less solve time in

the analysis. This formulation needs hourglass stabilization. Alternatives, such as ELFORM=2, give a

fully integrated brick element formulation similar to the disadvantage of being slower than ELFORM=1. It

also becomes more unstable in large deformation applications and, in many situations, is too stiff (might

create shear locking effect), especially for poor aspect ratios. Accordingly, ELFORM=1 was used for the

concrete solid element’s formulation [105].

For shell elements, it is a similar process. It is defined by the keyword *ELEMENT SHELL and to

characterize the element formulation and integration rule. The *SECTION SHELL keyword was used. It

is given by Belytschko-Tsay formulation, under the option ELFORM=2, which also denotes a one-point

integration for efficiency reasons. Additionally, it uses a selective reduced integration to avoid hourglass

modes [106].

4.5.4 Contacts and Constrains

LS-DYNA has hundreds of different contacts, and it is necessary to define them. They are important

to avoid errors, elements penetrations, and even unreliable results (e.g., negative volume elements).

In the model NODAL RIGID BODY constrains were defined for each EAD, to attach it to the wall. The

constrains and contacts used are shown in Figure 4.14 . The several contacts implemented are briefly

explained below.

• *CONTACT AUTOMATIC SINGLE SURFACE, for the inverted cylinder shell elements only. It has
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the disadvantage of having higher costs than the others. However, it has the main advantage of

being more accurate [97];

• *CONTACT AUTOMATIC SURFACE TO SURFACE, is also recommended in the software man-

ual for solid elements. However, it is necessary to consider the thickness of the modeled shell

elements between different parts;

• *CONTACT INTERIOR enables the software to consider contact between the interior surfaces of

the faces of solid elements. This prevents what frequently happens when materials are subjected

to high pressure and highly dynamic actions, where solid elements may invert, leading to negative

volumes and error terminations.

Regarding Figure 4.14 The two keywords, AUTOMATIC SURFACE TO SURFACE (1) and AUTO-

MATIC SURFACE TO SURFACE (3) will be particularly important to later draw forces from these sur-

faces of contact. The first contact gives information on the initial force, while the second, if it surpasses

the inverted tube capacity, gives information on force arriving to the protected structure. The differ-

ence between both is the absorbed force. To clarify the methodology for the extraction of force values

mentioned, three different scenarios are considered:

• The partial deformation of the inverted tube;

• The complete deformation of the inverted tube;

• The complete deformation of the inverted tube with subsequent deformation of the fixed body

(connector).

Figure 4.14: Representation of model contacts and the NODAL RIGID BODY constrain.

When the first happens, using AUTOMATIC SURFACE TO SURFACE (1) one can determine the

initial force value; When complete deformation happens, using AUTOMATIC SURFACE TO SURFACE

(1), again one can determine the initial force value. Additionally, one can also determine the force

transmitted through the inverted tube to the fixed body, using AUTOMATIC SURFACE TO SURFACE

(3), thus in this situations, the difference between the two, will give the absorbed force values.
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4.5.5 Deformation Control

Using hexahedral elements has its advantages, mostly the combination of accuracy and runtime ef-

ficiency. Their employment usually becomes more economical than other solid element formulations.

However, it must be taken into consideration that when using hexahedral elements, there are some

possible modes of deformation, such as locking (Figure 4.15) and hourglass (Figure 4.16).

Locking Deformation

Figure 4.15: Representation of Locking deformation.

It can occur shear locking and volumetric locking. Shear locking develops due to an inability of the

element edges to bend. As a result, these elements can be too stiff. The volumetric locking causes

unrealistic pressure stresses to develop at the integration points, making the element behave too stiffly.

Hourglass Deformation

Figure 4.16: Representation of Hourglass deformation.

Due to only having one integration point, this can result in zero-strain deformation modes. The nodal

position of the elements deforms without stress being registered, causing the elements to look like a

cluster of hourglasses.

Later through the analysis of results, it was concluded that there was the need to implement hour-

glass control. There are several control type variables (IHQ). The major ones were tested, having both

IHQ = 0 and IHQ = 4 given the best results. The former for high loads of TNT gave an error of negative

volume. Therefore, the latter, IHQ = 4, was chosen.
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4.5.6 Output Database

The output files which contain the results information are defined previously in the database keyword

group. It can be done in several formats and options. The options used were:

• ASCII: mainly used for hourglass and energy (GLSTAT and MATSUM). On top of that, it was also

used to obtain forces (RCFORC);

• BLSTFOR: to measure the blast pressure. This option produces the blast pressure output (re-

flected pressure, incident pressure, among others);

• D3PLOT: for complete graphic states output (stresses, strains, energy, velocities, among others);

• D3THDT: for time history data element (stresses, strains, energy, velocities, among others).

The time interval between outputs was chosen precisely based on the first analysis to be as cost-

effective as possible. Therefore, values in seconds were 0.0001 for ASCII, BLSTFOR, D3PLOT and

D3THDT.

4.5.7 Termination Time

In LS-DYNA, the analysis is stopped at a specified time, called the termination time, which is determined

by the keyword *CONTROL TERMINATION. Termination time greatly influences the analysis runtime.

Additionally, because the response of the concrete slab occurs in a very short time, it needs to be

precisely defined to be cost-effective and long enough to capture all the pretended information avoiding

delaying the analysis and wasting processing resources. Therefore, the analyses were specified to be

stopped at 0.009 seconds in both one quarter and full connector models. In the complete system model,

it was specified values up to 0.1 seconds. The aim was to be able in each model analysis, to achieve

the maximum deformation within this period while simultaneously registering all the needed results.

4.5.8 Mesh quality

Similar to the termination time, mesh quality is also an important parameter that influences runtime

significantly. A simple mesh with good quality elements or a refined mesh with bad quality elements

can create a slower analysis than expected. Additionally it tends to create distortion of the elements

(Figure 4.17), which causes the time step to drop very low and thus increase the runtime, which may

contribute to errors.
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Figure 4.17: Example of a bad quality mesh that generated a long processing runtime, which is illustrated
by the distortion of its solid elements.

According to Figure 4.18 examples, I) shows a simple mesh which runtime was high (up to 22 days)

and gave bad results. This specific part, the inverted tube, if modeled with solid elements, it would

require many elements to avoid distortion, and to have the same results, as a mesh with shell elements.

One last detail that also increased the runtime in this specific model, was the non-compatibility between

some element nodes. Both II) and III) are good models. They are fast and produced accurate results,

being the last one more refined.

Figure 4.18: Representation of three examples of mesh improvement.

4.5.9 Strain-Rate Effects

This is a highly dynamic problem. Thus, it is important to consider the strain-rate effects. In the steel ma-

terial chosen (MAT 003), those effects are considered when defining the constitutive materials through

Cowper-Symonds parameters. These parameters have been widely studied, and there are several con-

tributions in the available literature, as can be seen in Table 4.1.

46



Table 4.1: Cowper-Symonds parameters for mild steel.

Publication C P

Cowper & Symonds [107] 40.4 5
Abramowicz & Jones [108] 6844 3.91
Abramowicz & Jones [109] 802 3.585
Yu & Jones [110] 1.05E7 8.3
Marais et al. [111] 844 2.207
Jama et al. [112] 844 2.207
Sun & Packer [113] 3023 1.65

4.5.10 Blast Load Alternative Methods

Initial Velocity Generation

Initial Velocity Generation (IVG) is an alternative method that imposes an initial velocity on the selected

elements. It is a cost-effective method to create the desired deformation, similar to the one created by

the blast, seen in the experimental campaign tests. Initially, arbitrary velocities were used to be able to

model the inversion deformation behavior accurately.

Load segment set (LSS) and load blast enhanced (LBE) methods were used to simulate a blast

similar to the experimental one and find the velocity imposed onto the connectors. Then the goal was

to use that velocity with the IVG method on the models. Nevertheless, this was not the best approach.

Surprisingly, both LSS and LBE were less expensive than the IVG. Furthermore, IVG could not reproduce

the blast effects realistically. Consequently, alternative methods were explored.

Load Segment Set

Considering blast events, it is possible in this context to use IVG. However, LSS is a more appropriate

method, and cost-effective alternative. Nevertheless, its employment is only possible when the blast

pressure data from the experiment is available, which was the case.

LSS exerts a predefined uniform pressure all over a specific segment set chosen, which can be in

function of time. It was possible to export a pressure curve from the experimental data and use it with

this method.

Since this method applies blast pressure data, it does not consider the angle of incidence on the

wall. In reality, the higher the impact angle, the higher the reduction of the pressure on the slab. This

effect along the span length is not considered with this method, and it plays a remarkable influence on

the system’s behavior.

To compensate for this effect, the slab was divided into ten horizontal segments, allowing to cal-

culate an average pressure curve for each, considering the influence of the impact angle, as shown in

Figure 4.19. A few other authors have used a similar resolution of breaking the area into many segments

with a similar approach [28].

Still, velocity values were volatile (variations up to ± 3m/s), and the minimal fluctuation intervals could

produce significant deviations. Only by the end of the dissertation, with a validated and calibrated model,

and using LBE, it was achievable to calculate an acceptable velocity value. Compared to the previous
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Figure 4.19: Representation of the division of the surface of the slab in ten segments.

method (IVG), the results were more accurate. Regardless, errors were still significant compared to

experimental data. Additionally, the output data was limited.

Four major issues were contributing to such inaccuracy: i) It is evident that the best method is

one that simulates the complete structure instead of making two separate simulations. The numerical

validation and calibration of the model may become more uncertain if done separately; ii) Although the

LSS method considers the influence of the impact angle, it does not take into account the fact that on

detonation, energy dissipates violently through a spherical shock wave, as can be seen in Figure 4.20;

iii) LSS method additionally, considers one average value for each of the ten segments, increasing

the simplification, therefore the error, and finally iv) LSS results gave, as mentioned, high variations in

velocity, that made it impossible to calibrate the model under the recommended 10% error.

Figure 4.20: Representation of the different blast effects on the panel, considering LSS and LBE meth-
ods in the analysis.
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4.5.11 Blast Load Methods

LS-DYNA has four major methods to model blast events. Namely Load Blast Enhanced (LBE), Arbitrary

Lagrangian-Eulerian (ALE), a hybrid combination of the two methods mentioned (LBE and ALE), and

Particle methods. LBE was the method used. It is based on a database of experimental data which

provides empirical pressure histories due to conventional chemical explosions. A simplified and proven

analysis approach over the expensive ALE method and Particle methods. These methods tend to be

used for more complex problems, such as the structural response of a structure, scenarios with multiple

wave interactions of multiple explosions, and blast wave reflections with the surrounding environment

[114], which in this context did not provide a valid purpose to apply them.

Load Blast Enhanced

This method is not an alternative to blast loading. It is a method specifically designed to model blast

events. Its main limitation is that it acts on a clear line of sight, applying a full blast load on the target,

even if shadowed by an intervening object. However, this limitation does not impact the present study.

LBE was one of the first methods considered to analyze blast events. However, initially, it was not

appropriate to use it. Every explosive has a few different characteristics, being most of them similar to

TNT. In this case, the explosive used had some differences. As mentioned in Chapter 3, even when

an equivalent TNT mass was determined, it would give different results considering different methods.

The significant differences were that Goma-2 ECO had a bigger value of peak pressure than TNT and

a shorter duration of positive phase. Additionally, the fact that the model was barely optimized in the

beginning culminated with expensive analysis.

Later, there were two major reasons which empowered to use this method. First, the possibility to

improve the numerical results by performing a blast load calibration. This enabled to virtually create

similar pressure-curve characteristics of the Goma 2 ECO blast. Second, the optimization of the model,

as it granted more quality of results in a shorter analysis period.

4.6 Numerical Models

During the numerical study, three types of model geometries have been done. Firstly, the one-quarter

of the connector model (initial approach); Secondly the complete connector model (intermediate ap-

proach), shown in Figure 4.21. Thirdly, a complete full model of the system (final approach), represented

in Figure 4.22.
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Figure 4.21: Illustration of the one-quarter of connector model (I) and the complete connector model (II).

Figure 4.22: Illustration of the full connector model (II) within the full numerical model (III).

4.6.1 One-quarter of the Connector Model

To simulate boundary conditions, SPC SET definitions were assigned, as shown in Figure 4.23. Sym-

metry boundary conditions (SPC SET 1), were achieved restricting specific translations and rotations.

It defines a mirror surface and should only be used if the pretended solution is mirrored along that sur-

face. By using such boundary conditions, the domain was reduced to one-quarter, reducing significantly

computer resources and processing time. These symmetry conditions were applied on both, xz-plane

and yz-plane.

Boundary conditions were additionally used on the fixing plate nodes of the connector (green part)

to fix the model (SPC SET 2). It simulates the rigid connector attached to those nodes. Lastly, another

boundary condition (SPC SET 3) was used on the hinge plate (purple part) to enable it to impact the

connector in an ideal way (horizontally).
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Figure 4.23: Representation of one-quarter of connector, with a restriction of y translation (δy = 0) and
rotations x and z (Θx = Θz = 0) applied on the highlighted yellow nodes to simulate symmetry boundary
conditions on the xz-plane.

4.6.2 Full Connector Model

The full connector model, has a lot of similarities to the one-quarter model. SPC SET 1 is the

boundary condition that changes because no longer is required symmetry boundary conditions, only

having SPC SET 2 and SPC SET 3, as shown in Figure 4.24.

Figure 4.24: Representation of the full connector model and its restricted nodes, associated to the
respective boundary defined condition.

4.6.3 Full Numerical Model

In order to understand the boundary conditions used in this model, first one must consider some

aspects. The numerical and experimental images (Figure 4.26), shows how the slit where the rollers

slide along was deformed by the pin of the rollers and the connection pullout. It also represents the

pendulum effect described in Chapter 3.

The main goal with finite element analysis is to reproduce the experimental reality numerically as

closely as possible to calibrate the model and validate the results. Initially, three systems of models

were built. One model where bottom connections had its displacements restricted (Full Restricted),

like a pinned support. Another with the same restrictions, except for the surface where the plate

had been ripped out, where there was no displacement restriction. Instead, rotations were restricted

(No Restricted), as illustrated on Figure 4.25.
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Figure 4.25: Illustration of the Full Restricted System (left side), restricting displacements in both con-
nector faces and the No Restricted System (right side), restricting only the displacements in one face.

In the end, what had been observed experimentally would be in between these two situations. There-

fore, a third model was created with half configurations from both systems. The bottom connectors at

slab ends were Full Restricted, and the bottom connectors in the interior were No Restricted, having

what was called Semi Restricted System.

One of the first working models, of the whole system, is displayed in Figure 4.26. It followed the

described approach. However, it had no optimization, a 4 mm mesh with only solid elements. It did not

consider strain-rate parameters. Materials parameters were not calibrated. The steel yield stress, was

even wrongly defined in the inverted cylinder (one magnitude below), which explains the buckling. The

deviation average was 32 %, however the most important, the behaviour, was similar to the experimental

data.

Figure 4.26: Representation of the experimental setup versus the first generation of models (May, 2021)
created with Semi Restricted System [27].
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Nevertheless, there are some aspects that hinder the development of this approach. In this context,

there was no information on the connection between steel and concrete. Only having those details,

of interface and connections, it would be possible to model the bolts and the ground. Additionally, the

connection of the bolt to the ground is not the focus of the present dissertation. The purpose of the study

is to evaluate the effectiveness of the inverted cylinder design in absorption the blast loads. Concluding,

it is not the proper approach to replicate the rotation effect together with the pullout of bottom connectors.

Thus, it could be a mistake to consider unreasonable boundary conditions to replicate precisely what

happened experimentally. That would be almost as deceiving the results, and it would probably only

work for one case scenario. Therefore, the initial methodology was adjusted.

It began with the simplest model, the one considered as the ideal response. The support connection

to the ground was also considered perfectly rigid, restricting every displacement on those surfaces.

Therefore, the slab would not have connectors ripped out and would suffer fewer rotation effects.

4.7 Calibration and Validation Methods

4.7.1 Blast Load Calibration

Considering the concept of the scaling laws, explained in Chapter 2, it is possible to have two charges

of the same explosive, that have different weights and are set at the same scaled distance, producing

similar blast waves at the point of interest. Through Figure 4.27, one can observe the differences in

characteristics between the explosive used (curve in blue) and its TNT equivalent (curve in red). It is

fairly clear that considering the equivalent charge in TNT, one cannot portray the same effect of the

experimental pressure curve (curve in blue), which is descending faster.

Blast load calibration is the process of numerically changing TNT mass and distance to achieve the

same experimental effects, particularly the same pressure curve slope. The changes, however, must

be coherent with the scaling laws. Therefore, different mass and standoff distances combinations were

tried to see which one gives the “best” curve.
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Figure 4.27: Examples of pressure curves used to iteratively calibrate the experimental curve.

Iteratively, it was possible to calibrate the results. It is noticeable, how the numerical calibrated

pressure curve (curve in green), gives a better match to the experimental pressure data. To be more

exact, it gives an error of 2.72 % concerning incident pressure versus the 100.84 % error from the TNT

equivalent (curve in red).

4.7.2 Benchmarking

After creating the different parts and assembling them in SolidWorks, as well as refining and simplifying

the models, the modeling phase was completed. Following the meshing process, the 3D solid was ready

to be imported and later solved with LS-DYNA. However, the progress at this stage was dependent first

on mastering LS-DYNA software.

This stage started with simple and verifiable analysis, considering elastic materials, uniform loads,

simple boundary conditions, and geometry. Through benchmarking, learning the software by practicing

with progressively harder examples, which problems and solutions were available, was crucial to virtually

understand how to consider blast loads on different constitutive materials or even variables such as

strain-rate, among others necessary aspects.

4.7.3 Mesh Convergence

One issue that is usually overlooked and affects accuracy is mesh convergence or mesh sensitivity

study. It is often used in finite element analysis to ensure that computed results converge to the actual

solution, whether the problem at hand is linear or nonlinear, that the results are accurate enough, and

mesh quality does not significantly influence the final solution [92].

Good practices recommend that at least three points need to be considered [91]. In practice, it all

starts from a relatively coarse mesh, which solution will not be wrong but will be highly inaccurate. The

finer the mesh, the better the convergence of the numerical solution. However, finer meshes tend to
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be expensive in computing resources, so an equilibrium must be met, a solution that is both close to

the “true solution” and affordable [92]. The principle is to solve the problem on a progressively refined

mesh that simultaneously will get increasingly more accurate solutions and longer computation runtime.

While doing this, the percentual variation of the current solution from the previous, coarse-mesh-solution

is calculated. The process is repeated until the current mesh-solution varies by less than 5 % from the

previous coarse-mesh-solution. If that happens, the result has converged, and the “bliss point” was

achieved, which entails that results are more reliable [92, 115].

In the beginning of the process, the first analysis focused on the simplest model, the one-quarter

of the connector (inverted tube with both adjacent plates, as shown previously), due to the existing

symmetry reducing the long analysis periods. Those first versions of the model were not optimized, and

were built only using solid and beam elements. Reasonable solutions would take up to 768 hours to

analyze, as observed in Figure 4.28.

Errors were found, and improvements were made. LBE was the method used since it was faster

and more appropriate than the IVG and LSS methods. After several simulations, performing a mesh

convergence study, the reasonable solutions would now take at least 14,9 hours, as shown in Table 4.2.

It is important to reinforce that this first part of the study does not calibrate and validate the results.

Instead, it was used to replicate the desired deformation behavior and then perform a mesh convergence

study to find the optimal mesh configuration. The calibration and validation of the numerical model were

only achieved later with the simulation of the entire numerical model.

Figure 4.28: Mesh convergence study with solid and beam elements only. Mesh densities and corre-
sponding number of elements: 2 mm (2 656 elements), 1 mm (20 147 elements), 0.75 mm (55 087
elements), 0.5 mm (156 469 elements) and 0.4 mm (307 058 elements) respectively.

Late analyses of the model, with a full connector or the full system, were only possible due to the

mesh improvements, mainly the change of solid elements for shell elements in the inverted cylinder.

The chosen mesh from the convergence study, would now take around 2,1 hours, an improvement

of approximately 710 % in terms of speed compared to the previous 14.9 hours model, illustrated in

55



Table 4.3 and Figure 4.29.

Table 4.2: Mesh convergence of the last version of the model. Only solid and beam elements.

Meshes [mm] Final Length [m] Relative Error [%] Nº nodes Nº Elements Analysis Duration [h]

2.00 0.075 - 5 580 2 656 2.26

1.00 0.111 33.091 30 795 20 147 4.12

0.75 0.115 3.467 84 096 55 087 14.86

0.50 0.117 1.648 197 652 156 469 75.25

0.40 0.123 4.357 371 158 307 058 406.51

Table 4.3: Mesh convergence of the last version of the model. Solid, beam and shell elements.

Meshes [mm] Final Length [m] Relative Error [%] Nº nodes Nº Elements Analysis Duration [h]

2.00 0.123 - 9 767 7 613 0.269
1.00 0.125 1.760 19 325 14 510 2.124
0.75 0.126 0.849 27 413 23 562 3.159
0.50 0.126 0.295 65 490 55 014 31.200
0.40 0.129 1.879 250 698 237 857 186.067

Using solid elements without symmetry simplifications does not require geometric, loading, and

boundaries assumptions. Additionally, overall conditions are treated more realistically. Therefore, spe-

cific analyses like the influence of eccentricities had now the best conditions to be studied.

Figure 4.29: Mesh convergence of both models, with and without shell elements. Mesh densities and
corresponding number of elements: 2 mm (2 656 elements), 1 mm (20 147 elements), 0.75 mm (55 087
elements), 0.5 mm (156 469 elements) and 0.4 mm (307 058 elements) respectively.

4.7.4 Experimentation

Having done the mesh convergence and benchmarking, one additional way to make results more trust-

worthy was to perform experimentation. This additional step, consists in the development of the numer-

ical model until its analyses start to produce similar results to the experimental data.
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In order to represent the correct visual deformation behavior, according to the experimental campaign

tests, the entire protective system was modeled (slab and connectors). Knowing that in post-processing,

it would be possible to replicate the model, it was only built half of the system, precisely a reinforced

concrete slab with four connectors, as shown in Figure 4.30, which in practical terms is one slab with

four EADs.

Figure 4.30: Scheme of the symmetry simplification used on the entire model.

Moreover, being a highly dynamic problem, it was vital once again to consider strain-rate effects. To

take this effect into account, all strain-rate parameters presented in Chapter 4, Table 4.1, were tested

(Table 4.4).

The process seeks to find the parameters that best fit the actual behavior of the system, namely the

total inversion. The dispersion in terms of values, obtained by comparison with experimental results,

allows to compare the different parameters and choose the one that offers the most accurate results, as

well as confirming if the error value associated is acceptable.

Table 4.4: Full System results for the equivalent and calibrated load (explained in Chapter 4).

SRC ; SRP Publications
Total
Inversion [mm]

Deviation
[%]

Velocity
[m/s]

Initial Kinetic
Energy [J ]

Internal
Energy [J ]

40.4 ; 5 Cowper & Symonds (1957) 28.4553 67.29 2.23 4 179.57 4 502.13
6844 ; 3.91 Abramowicz & Jones (1984) 71.2649 18.09 2.32 4 499.11 5 142.68
802 ; 3.585 Abramowicz & Jones (1986) 55.8398 35.82 2.29 4 405.15 5 004.65
1.05e7 ; 8.3 Yu & Jonesj (1991) 75.9581 12.69 2.33 4 551.19 5 158.38
844 ; 2.207 Marais et al. (2004), Jama et al. (2009) 64.0771 26.35 2.30 4 427.09 5 085.02
3023 ; 1.65 Sun & Packer (2014) 88.5540 1.79 2.34 4 590.76 5 221.53

There are two values for the Sun & Parcker strain-rate parameters, due to one of them having a

correction (COR)1 for higher loads of TNT, with an associated deviation was 6.32 %, that otherwise

would give an error in the analysis. From the remaining results, these strain-rate parameters produced

the results with the lowest deviation, which is under the recommended range (10 %). Therefore, the

calibration and validation of results has been achieved.
1For higher loads, the model starts to give an error on the integration of the elements. As a solution, hourglass control type

variable (IHQ), is set to IHQ=4. Additionally another contact is added (*CONTACT INTERIOR). Together both solve the problem
allowing to run the analysis for higher loads of explosive, at the expense of a slight increase of accuracy.
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It is important to emphasize that although the results are close, they do not represent exactly what

happened in reality. The values are compared based on the total inversion length. As mentioned in

chapter 4, Section 4.6.3, the model was based on the ideal response, by considering the support con-

nection to the ground as perfectly rigid, restricting every displacement on those surfaces. Furthermore,

friction on the upper connectors was not considered.

Nevertheless, considering the two valid results within experimental data one can obtain the following

table Table 4.5 while numerically, it was achieved Table 4.6. From these results, it can be seen a clear

difference from both. A common pattern is the tendency for bottom connectors to deform more than

those at the top. On top of that, even in the numerical ideal response, the pendulum effect is still

manifested although less noticeable.

Table 4.5: Data results on shortening and rotation of the inversion tubes measured after testing cam-
paign [27].

Sample Location Linitial [mm] Lfinal [mm] Rotation [◦] Shortening [mm] Total Inversion Length [mm]

#2

BL 139 97 3 42

84
BR 137 97 3 40
TL 140 138 3 2
TR 141 141 3 0

#3

BL 139 100 2 39

90
BR 138 93 3.5 45
TL 139 135 3 4
TR 138 136 2 2

Table 4.6: Data results on shortening and rotation of the inversion tubes extracted from the numerical
analysis.

Sample Location Linitial [mm] Lfinal [mm] Rotation [◦] Shortening [mm] Total Inversion Length [mm]

#N

BL 138.1 114.5 2.4 23.6

88.5
BR 138.1 114.6 2.5 23.5
TL 138.1 117.4 2.4 20.7
TR 138.1 117.4 2.5 20.7

One additional insight, is the impact of velocity in the error percentage of total inversion. As men-

tioned, the LSS method was not considered and one of the reasons was for its volatile oscillation in

velocity values (up to ± 3 m/s), since the slightest change can create big errors. Considering for exam-

ple, Sun & Packer (v = 2.3415 m/s) with Abramowicz & Jones (v = 2.29 m/s), one can observe that the

velocity difference is 0.0515 m/s, however the relative error in deformation is 34 %.

The further analysis that will be presented in chapter 5, were done taken into consideration Sun &

Parcker strain-rate parameters (SRC = 3023; SRP = 1.65) [113].
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Chapter 5

Numerical Analysis

According to Figure 5.1, at this point, the 3D model has been created and divided in elements. The

model, together with its characteristics have been through calibration methods. Once calibration and

validation was achieved, which is a good indication that it is correct, the study was complemented with

simulation. Therefore, in this chapter, analyses will be performed, to study solutions and ideas that

haven’t been tested experimentally. It starts from a micro analysis that goes through some of its defined

parameters, to its parts and details up to a macro analysis of the entire protective system, verifying its

effects and influence. Lastly, conclusions were drawn.

3D Model Benchmarking Mesh
Convergence Experimentation ConclusionsSimulation

Figure 5.1: Diagram of the final numerical analysis stages.

It should be noted that the values obtained in the various simulations involving force values should

be interpreted in a relative manner between them and not in an absolute form.

5.1 Simulation 1: Sensitivity analysis of Young Modulus variation

Young’s modulus or elastic modulus is a mechanical property of linear elastic solid materials. Young’s

modulus defines the relationship between stress and strain in a solid material, and is given by Equa-

tion (5.1):

σ[MPa] = E · ε (5.1)

where E is the Young′s modulus of the material;

σ is the stress;

ε is the strain.

In general, all solid materials are not linear elastic, especially when they are subjected to high levels

of deformation. Furthermore blast analysis is highly nonlinear. The stresses and strains of materials

exhibit nonlinear behavior such as plasticity or failure. Therefore, this propriety should not have much in-
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fluence on the results. The purpose of this study was to confirm this hypothesis on its energy-absorption

performance.

From the obtained results, represented in Table 5.1, it can be stated that with higher values of young’s

modulus:

Table 5.1: Table of Young’s Modulus study.

Young
Modulus [GPa]

Final
length [m]

Total
Inversion [mm]

Velocity
[m/s]

Max Kinetic
Energy [J ]

Internal
Energy [J ]

Resultant Force
Variation [%]

150 0.1180 80.59 11.21 175.33 313.23 - 2.69
200 0.1179 80.78 11.17 174.23 311.95 0.00
250 0.1178 81.08 11.15 173.51 311.26 0.28
300 0.1178 81.11 11.13 172.94 310.58 - 0.07
350 0.1179 80.80 11.12 172.47 310.08 - 0.14
400 0.1179 80.71 11.10 172.09 309.62 0.25

• Total inversion length is almost the same. There is a very small oscillation of approximately 0.5 mm

between the two outlying values.

• Velocity decreases very slightly too (around 0.1 m/s), which probably is related to the material

becoming increasingly more rigid. It is coherent with initial kinetic energy that also has a small

reduction;

• Internal energy also has a small decrease of values. Which entails that with higher values of

young’s modulus, less energy gets absorbed;

• Resultant force increases initially from 150 GPa to 200 GPa and between 200 GPa and 400 GPa

values oscillate lightly between each other.

As expected, considering all the parameters involved, young’s modulus does not influence signifi-

cantly the performance behavior of the EADs.

5.2 Simulation 2: Hinge influence

One interesting feature of this solution is the hinge element, welded in the plate attached to the wall

(Figure 5.2). It was expected that this element would prevent the loss of performance of the system. The

purpose of this analysis is to verify this hypothesis and understand how its influence affects results.

Figure 5.2: Representation of the hinge element.
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One must remember that when the system is installed, there is some tendency to have some level of

eccentricity as already mentioned. To analyse its influence, instead of using the hinge element, a steel

plate with the same thickness was used. Nevertheless such change is also expected to have a good

behavior. Two scenarios were studied: i) the most common, where the wall may be slightly inclined and

ii) the one with perfect conditions, where the plate may be in full contact with the impactor plate. The

first situation was analysed, considering both cases of rotation, as illustrated by Figure 5.3:

Figure 5.3: Example of two possible scenarios due to the slope of the panel: I) rotation in the clockwise
direction (CW) and II) rotation in the counterclockwise direction (CCW).

In the analyses it was admitted a conservative estimate of 5 degrees of inclination at the top, which

corresponds to the bottom of the slab being displaced by 24 cm. The results with and without hinge are

displayed in Tables 5.2 and 5.3.

From the results collected, some conclusions can be drawn, such as:

• Total inversion across all loads is higher in the case of having the hinge element (except for the

250 kg of TNT, with CW motion);

• Velocity values are higher when using the hinge element, which may portray an easier deformation

of the material, and consequently, a more efficient energy dissipation;

• Internal energy is also higher across all the tested charge loads, which indicates that more energy

is absorbed in case of having a hinge, coherent to the total inversion results;

• Force results are divided. For smaller blast loads, the system with a hinge is slightly more effective,

except for the 150 kg of TNT. However, from 200 kg of TNT to higher loads, which includes the last

two cases (with the exhaustion of the absorption capacity), generates a greater force due to the

impact resultant from the EAC crushing.

• Considering the two last more severe cases with EAC crushing, is evident the amplification ef-

fects it has on both solutions. However, the amplification on the case with the hinge element, is

considerably lower.

Observations on the 150 kg case, with hinge element

The 150 kg case is an outlier, and therefore, deserving of being studied to better understand the

origin of the high peak force. Thus, it was decided to analyse by comparison both cases, 100 kg and

150 kg, as shown in Figures 5.4 and 5.5 to understand such differences.

61



Table 5.2: Load increment results for the maximum eccentricity case with hinge, for increasing loads of
TNT.

Charge
Load [kg]

Final length
Top [m]

Final length
Bottom [m]

Total
Inversion [mm]

Velocity
[m/s]

Max Kinetic
Energy [J ]

Internal
Energy [J ]

Peak Resultant
Force [N ]

Peak Impact
Force [N ]

Impulse
[N · s]

300 TNT - 0.0226 - 0.0061 609.68 46.85 10 461.36 16 043.08 229 574.40 271 962.80 352.00
250 TNT - 0.0109 0.0056 562.86 39.35 7 345.07 12 218.13 186 051.70 205 933.50 402.02
200 TNT 0.0000 0.0241 504.24 31.40 4 635.80 8 734.47 158 135.20 - 324.22
150 TNT 0.0508 0.0742 302.38 23.40 2 793.02 5 262.75 183 988.50 - 267.65
100 TNT 0.0903 0.1165 138.76 14.69 1 076.90 2 435.02 114 547.10 - 185.00
60 RIODIN 0.1161 0.1333 53.63 9.03 399.42 807.30 78 659.48 - 100.80

Table 5.3: Load increment results for the maximum eccentricity case without hinge, for increasing loads
of TNT.

Charge
Load [kg]

Final length
on Top [m]

Final length
Bottom [m]

Total
Inversion [mm]

Velocity
[m/s]

Max Kinetic
Energy [J ]

Internal
Energy [J ]

Peak Resultant
Force [N ]

Peak Impact
Force [N ]

Impulse
[N · s]

300 TNT (CW) - 0.0103 - 0.0168 606.55 41.63 8 918.75 13 655.08 186 283.40 328 120.80 480.00
300 TNT (CCW) - 0.0152 - 0.0101 602.94 41.34 8 705.55 13 395.62 197 475.00 303 986.20 476.00
250 TNT (CW) - 0.0014 - 0.0041 563.42 35.02 6 222.07 10 465.18 170 373.50 194 875.70 425.00
250 TNT (CCW) - 0.0043 0.0010 559.03 34.60 6 072.02 10 275.18 178 344.50 219 464.70 411.00
200 TNT (CW) 0.0375 0.0304 416.69 27.73 3 903.41 7 233.04 166 476.20 - 316.00
200 TNT (CCW) 0.0321 0.0395 409.17 27.45 3 816.30 7 094.50 163 050.40 - 316.00
150 TNT (CW) 0.0755 0.0686 264.32 20.66 2 158.74 4 373.17 157 996.00 - 254.00
150 TNT (CCW) 0.0697 0.0769 259.36 20.43 2 109.84 4 296.76 159 798.90 - 253.00
100 TNT (CW) 0.1092 0.1022 129.50 13.75 951.93 2 142.70 119 232.30 - 198.00
100 TNT (CCW) 0.1038 0.1106 123.59 13.23 886.17 2 078.31 104 300.40 - 188.00
60 RIODIN (CW) 0.1313 0.1258 38.25 8.69 390.74 725.14 92 928.09 - 127.00
60 RIODIN (CCW) 0.1263 0.1326 34.64 8.14 358.57 699.38 88 211.65 - 117.00

From the graph (Figure 5.4), a similar pattern is shared between the two. Initially force values in-

crease due to both, local buckling and inversion, although local buckling is the most dominant mecha-

nism in terms of deformation. Somewhere in between, it is registered a peak force value, which soon

after, returns to a lower and constant force pattern, which the inversion mechanism is the most dominant,

until force values cancel out.

Considering the fringe plot (Figure 5.5), relative to the instant of maximum force value in each model,

its important to clarify that the fringe plot color range is different from (I) and (II), with the aim of better

illustrating the behavior developed by them.

In the first case (I), the EAC deforms axially. Peak force is registered with the development of local

buckling. EAC has almost no bending deformation, except for the impactor plate. As soon as the first

”fold” is formed, there is a phase of resistance, illustrated by a), a fine red line, around the ”fold”, at

3.1 ms time-frame. This area concentrates stresses until the ”fold” is crushed impinging the peak force

value through the tube. This phase of resistance is present in other cases as well, although this one, is

more severe.
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Figure 5.4: Representation of the Force in relation with time, for the 100 kg and 150 kg of TNT, with
hinge element.

Figure 5.5: Representation of the stress fringe plot of the respective models in the study: (I) for the 150
kg of TNT case with the predominant buckling mechanism and (II) for the 100 kg TNT case with the
additional bending mechanism.
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Conversely, in the second case (II), with 100 kg of TNT, deformation occurs through bending and in-

version. Peak force is registered in the instant where both buckling and bending mechanism deformation

occur. Bending mechanism of the tube and the impactor plate, create the higher values of stress into

two areas: i) on the tube inversion area illustrated by b); and ii) around the ”fold” area, outlined by c) and

d), at 4.3 ms, concentrating more stress in the lower part of the tube, illustrated by d), due to the bending

mechanism. This mechanism is an important effect, that allows the EAC to deform in a slightly effortless

manner, with less resistance, dissipating energy more effectively, thus reducing peak force values.

Observations for the perfect setting

Let’s consider now, the second scenario with perfect conditions. When full contact is achieved, and

the system has no eccentricity, illustrated in Figure 5.6 whose results are detailed in Table 5.4.

Figure 5.6: Example of the 200 kg case deformation, to highlight the inversion mechanism without
buckling deformation.

Table 5.4: Comparison of results with a perfect hypothetical situation using no hinge, for increasing loads
of TNT.

Charge
Load [kg]

Final
length [m]

Total
Inversion [mm]

Velocity
[m/s]

Max Kinetic
Energy [J ]

Internal
Energy [J ]

Peak Resultant
Force [N ]

Peak Impact
Force [N ]

Impulse
[N · s]

300 TNT - 0.0125 602.36 40.80 8 467.89 12 824.89 179 396 345 360 472.00
250 TNT - 0.0024 562.12 33.97 5 887.82 9 821.67 162 947 269 233 408.00
200 TNT 0.0315 426.42 27.00 3 697.05 6 758.63 123 548 - 316.00
150 TNT 0.0733 259.33 19.89 2 014.23 4 043.91 104 355 - 252.20
100 TNT 0.1070 124.34 12.63 804.04 1 906.49 84 810 - 184.00
60 RIODIN 0.1282 39.55 7.79 305.20 631.97 81 132 - 104.00

From the obtained results, conclusions are, to some extent, similar to the previous ones, related to

the scenarios with imperfections (rotation) due to the slope of the panel.

• Values where the final length is negative, indicates that the connector has collapsed, exhausting its

energy absorption capacity and deforming the adjacent plate, which in turn absorbs more energy.;

• Total inversion length values are lower compared to the hinge case;

• Velocity values, are also lower, as well as the Kinetic Energy (except for the 100 kg of TNT case);

• Peak Resultant force, is once again divided. For the experimental load (60 kg of RIODIN) and the

two highest charge loads (250 kg and 300 kg, of TNT) the hinge case has better behavior and

64



vice-versa;

• The amplification effects are also very high compared to the hinge case.

Nevertheless, the latter analysis supports, that the compounding effect of both bending and inversion

deformation mechanism of the EAC, can be more beneficial to energy and force absorption than axial

inversion deformation mechanism alone.

5.3 Simulation 3: Contact between EAC elements

During the previous analysis, a few aspects stood out. Among them, the risk of contact (Figure 5.7),

between the EAC elements. Therefore, it was analysed the worst case scenario, considering eccentric

loading, to accurately assess if there is contact between elements, precisely the inverted tube surface

and its adjacent plate edges. Several possibilities have been tested to better understand this effect,

whose results are presented in Table 5.5.

Figure 5.7: Example of the 150 kg case, with CW direction, where there was an impact between EAC
elements, precisely between the fixing plate edge (green part) and the inverted tube surface (blue part).

From the table, values of ”maximum proximity” illustrate how close the elements of the inverted tube

and the fixing plate were from contact. From those, certain observations can me made, namely that:

• The last values are null, on account of the absorption capacity of the system being exceeded,

resulting in the total collapse of the system;

• The first values increase, and tend to a constant value of 6.4 mm, which is the vertical distance

between the tube surface and the fixing plate, under undeformed conditions (perfectly straight and
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Table 5.5: Load increment results on the maximum eccentricity case with the hinge element, regarding
contact risk.

Charge
Load [kg]

Final length
Top [m]

Final length
Bottom [m]

Total
Inversion [mm]

Maximum
Proximity [mm]

300 TNT - 0.0226 - 0.0061 609.68 0.00
250 TNT - 0.0109 0.0056 562.86 0.00
200 TNT 0.0000 0.0241 504.24 3.08
150 TNT 0.0508 0.0742 302.38 6.92
100 TNT 0.0903 0.1165 138.76 4.89
60 RIODIN 0.1161 0.1333 53.63 1.09

perpendicular). This data results capture the bending effect. For lower loads, the tube deforms not

only by inversion mechanisms (and in some cases, local buckling) but also by bending mechanism.

Being this effect more pronounced for lower loads;

• All the testing carried out, only happened in one case (200 kg of TNT charge load, with 20.7 mm

of eccentricity), which suggests that, as long as the protective system has the capacity to absorb

the blast load, there are low probabilities of having contact between elements in blast loading

conditions. Nevertheless, in that specific case with contact, the protective system performed even

better. The usual peak force value, turned into three, reducing peak force values, which again

reinforces the system’s ability to, not only deal well with imperfections and severe issues, but also

to perform better in these situations.

5.4 Simulation 4: Deformation behavior

From the results obtained in the previous simulation, some additional findings were made in relation

to the development of the EAC deformation mechanisms, whose results are given in Table 5.6 and

Table 5.7.

Table 5.6: Load increment results on the maximum eccentricity case with the hinge element, regarding
deformation behavior.

Charge
Load [kg]

Final length
Top [m]

Final length
Bottom [m]

Total
Inversion [mm]

Angle
[◦]

Capacity
[%]

300 TNT - 0.0226 - 0.0061 609.68 12.57 116.12
250 TNT - 0.0109 0.0056 562.86 12.59 107.77
200 TNT 0.0000 0.0241 504.24 18.02 100.00
150 TNT 0.0508 0.0742 302.38 17.60 63.74
100 TNT 0.0903 0.1165 138.76 19.55 35.52
60 RIODIN 0.1161 0.1333 53.63 13.03 17.05

• Buckling deformation occurs from a specific charge of TNT, although its starting value is not very

high, (around 60 kg of RIODIN charge, where results show some minor evidence of local buckling,

represented in Figure 5.8). With 100 kg of TNT, buckling phenomena is clear, with the formation of

one ”fold” and its respective crushing.

• Local buckling, near the area where the hinge impacts the impactor plate, is the first mechanism

of response to high force values originated by the blast loading. It buckles locally (forming a fold)
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Table 5.7: Load increment results with no eccentricity, regarding deformation behavior.

Charge
Load [kg]

Final
length [m]

Total
Inversion [mm]

Capacity
[%]

300 kg TNT - 0.0130 604.20 109.25
250 kg TNT - 0.0057 575.02 104.04
200 kg TNT 0.0157 489.70 88.80
150 kg TNT 0.0633 299.02 54.75
100 kg TNT 0.1021 144.04 27.08
60 RIODIN 0.1264 46.65 9.69

and crushing it afterwards, where it transitions from buckling to inversion mechanism (Figure 5.9).

• Through Figure 5.10 and Figure 5.11, it is possible to observe that the instant in which the transition

of deformation mechanisms occurs, can be linked to a loss of efficiency.

Figure 5.8: Illustration of minor signs of local buckling, from the model with 60 kg of RIODIN charge.

Figure 5.9: Representation of the successive moments that characterise the local buckling of the EAC.
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Figure 5.10: Diagram of deformation modes progression as load increases.

Figure 5.11: Graph of force and impulse ratio values, with increasing charge load.

• For higher loads, from 100 kg of TNT and upwards, the local buckling becomes more evident.

There is, therefore, significant stress to cause local buckling.

• Until the first two cases (60 kg of RIODIN and 100 kg of TNT), the EAC was deforming by bending

and inversion mechanisms (and eventually local buckling with the 100 kg case). However, after this

point, the bending deformation decreases significantly (almost to none). The instant of transition

will occur between the 150 kg case and the 200 kg case. Indeed, the bending mechanism occurs

in virtually unnoticed manner in the first instants with 150 kg case. However by the 200 kg case it

is non-existent.

• An interesting aspect, in the results with maximum eccentricity, is the angle formed by the impactor

plate, that receives the hinge on impact, after the blast, which allows to see the transition of the

different deformation mechanisms. Around 13 degrees (≈ 60 kg of RIODIN), will be the limit of a

perfect inversion without local buckling. For higher angles, local buckling starts to become more

pronounced.

5.5 Simulation 5: Eccentricity analysis

One of the most relevant analyses is the eccentricity one. As mentioned before several times, in-

cluding Chapter 3 observations, most cases verified an eccentric impact, causing a slight rotation of the
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EAC. Therefore, the influence of eccentricities was analysed.

5.5.1 Eccentricity Analysis for 60 kg of RIODIN

An isolated EAD, was analysed under the same loading conditions, corresponding to the experimen-

tal load, for different eccentricity values, as displayed in Table 5.8.

Table 5.8: Eccentricity analyses results for the experimental load, 60 kg of RIODIN.

Eccentricity
[mm]

Final Length
on Top [m]

Final Length
on Bottom [m]

Total
Inversion [mm]

Velocity
[m/s]

Initial Kinetic
Energy [J ]

Internal
Energy [J ]

Impulse
Variation [%]

0.0 0.1264 0.1265 46.4812 8.7127 363.9171 745.3704 0.00
5.2 0.1254 0.1272 47.2328 8.8303 367.4683 756.0086 -0.49
10.3 0.1240 0.1284 47.5378 8.8393 368.2507 758.8854 -2.34
15.5 0.1223 0.1298 48.0506 8.8392 371.2195 761.1432 -3.83
20.7 0.1206 0.1310 49.3750 8.8602 373.4810 764.5676 -4.61
25.9 0.1181 0.1321 51.9326 8.8836 382.6451 774.8716 -4.55
31.0 0.1161 0.1333 53.6526 8.9905 399.4160 806.8705 -3.75

From the given results, some insightful remarks can be made. For higher values of eccentricity:

• Total inversion increases, which together with increasing values of internal energy (Figure 5.16),

can be taken as an increase in energy-absorption;

• Velocity increase slightly, which again reinforces the previous point. Having higher values of veloc-

ity entails that deformation occurs in an effortless manner. Such effect translates in more deformed

material, therefore, more energy dissipated.

Observations on bending deformation effect

There is a relevant effect that is related to higher values of eccentricity. If a force is eccentric, this

means that there will be a coupling moment on the structure and thus it will have more deformation.

When the EAC is demanded, at 0 mm eccentricity, it undergoes a plastic deformation by inversion.

Nevertheless, when eccentricity increases, there will be a specific point where the EAC, will not only

deform by inversion but will also occur a bending deformation, which becomes more significant for

higher eccentricity values.

One could think that this effect would difficult the inversion, therefore absorb less energy. However,

when analysing data results carefully, through fringe plotting its possible to conclude that the EAC has

a similar plastic deformation by inversion, followed by the plastic deformation by bending. Energy is

dissipated by both plastic deformations, being the overall value of energy-absorption superior to the

cases where there is no bending deformation.

Total inversion and impulse values (Figure 5.12), also support this aspect, by having the highest

values of impulse and lowest values of deformation near the center of the cylindrical structure (0 mm

case), and having the lowest values of impulse and highest values of inversion length for higher values

of eccentricity.
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Figure 5.12: Graph of the force and impulse ratio for the 60 kg of RIODIN case.

To conclude, hypothetically, if a controlled introduction of eccentricity was possible, then data shows

that it could contribute to a more efficient energy absorption, thus a better performance by the EADs.

However, in reality it is difficult control such variable and implement it, in practice. What can be con-

cluded instead, is how effective the system is, that even if it has this initial imperfections (rotations,

eccentricities, and others), it most likely isn’t prejudicial, much on the contrary, it probably will have a

better performance.

Observations on peak force values from 0 mm to 5.2 mm

Regarding the development of the force values, theoretically, it was expected that data results would

show maximum values at 0 mm of eccentricity. It was also expected that those force values would

progressively decrease with higher values of eccentricity. However, in the very beginning, analysis

results show an increase of force values up to at least 5.2 mm of eccentricity (Figure 5.13), and just

then, they decrease as expected. Such effect deserves, therefore, to be analysed.

Despite being relatively similar, a comparison between the two situations, at the instant of peak

force, reveals slight differences. Namely, in the case of 0 mm, where a greater concentration of stresses

is observed in the inverted tube and in the contact area between the impactor plate and the hinge.

Moreover, it is observed that in the case of 0 mm, there is a slightly greater plastic deformation, compared

with the alternative. This effect allows greater absorption of energy and consequently a lower peak force.
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Figure 5.13: Graph of the force and impulse ratio for the 60 kg of RIODIN case, with the illustration of
the respective fringe plot results. (I) relative to the 0.0 mm case and (II) to the 5.2 mm case.

5.5.2 Eccentricity Analysis for 200 kg of TNT

This analysis was motivated to better understand if the previous observations were also verified for

higher load conditions. Results are presented in Table 5.9.

Table 5.9: Eccentricity analysis results for the 200 kg load of TNT.

Eccentricity

[mm]

Final Length

on Top [m]

Final Length

on Bottom [m]

Total

Inversion [mm]

Velocity

[m/s]

Max Kinetic

Energy [J]

Internal

Energy [J]

Force

Variation [%]

Impulse

Variation [%]

0.0 0.0157 0.0157 489.67 30.12 4 295.81 7 920.88 0.00 0.0000

5.2 0.0144 0.0160 491.62 30.09 4 299.57 7 925.12 - 3.73 0.3155

10.3 0.0143 0.0168 490.18 30.15 4 307.12 7 922.64 - 7.52 0.6309

15.5 0.0142 0.0191 485.85 30.19 4 323.00 7 943.21 - 16.63 0.9464

20.7 0.0092 0.0325 469.03 30.79 4 607.78 8 265.01 - 25.76 6.9401

25.9 0.0004 0.0268 497.92 31.05 4 613.69 8 501.09 2.04 1.2618

31.0 0.0000 0.0241 504.24 31.36 4 635.80 8 734.47 - 7.97 2.2713

Figure 5.14: Graph of the force and impulse ratio for the 200 kg of TNT case.

71



Observations on peak force and impulse values from 20.7 mm to 25.9 mm eccentricities

Looking to the previous analysis, it was expected that force values would decrease continuously,

however, they increase, with a maximum peak value at 25.9 mm of eccentricity.

Comparing both models, of 20.7 mm and 25.9 mm of eccentricity, it is possible to notice some

relevant details, through Figure 5.15.

• The 25.9 mm case is similar to the previous situation, (150 kg of TNT, with 15.5 mm of eccen-

tricity), where it was found an instant with higher resistance, after the local buckling effects (”fold”

formation);

• According to Figure 5.15, the 20.7 mm case, unlike the usual pattern, describes three evident peak

values of force;

• The first peak value corresponds to the plastic deformation of the surrounding area of the inverted

tube due to the impact with the hinge plate, occurring local buckling, illustrated by the ”fold” formed

(highlighted in red);

• The second peak value matches the instant where the ”fold” is crushed;

• The third peak value is due to an impact between the inverted tube surface and the fixing plate

edge;

• Overall, the 20.7 mm case constitutes a trade-off, because it does not have a maximum strength

value higher than the case of 25.9 mm as expected. However, these three peaks of force, ultimately

contribute to a greater impulse.

Figure 5.15: Graph comparing force values for 20.7 mm and 25.9 mm of eccentricities.
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5.5.3 Internal Energy

One important variable, which gives us an insight into the absorption capacity of the system is the

internal energy. Considering the results (Figure 5.16), some remarks can be made:

• Internal energy is lowest when eccentricity corresponds to the 0 mm case and increases progres-

sively for higher values of eccentricity. That is expected. This is justified by cylindrical structures

being the strongest when the load is on their longitudinal axis. In this case, there is only an ax-

ial type of deformation, inversion deformation. With stronger structures, deformations are smaller

which means less internal energy, thus less energy absorbed;

• Across the three cases analysed, it is possible to see, that although the progression is constant

towards the range between 10.3 mm and 15.5 mm, for higher values of eccentricity, there is an

increase of internal energy, and therefore, in energy absorbed;

• Hypothetically, if the control of eccentricity in reality was something feasible, one could admit that

having maximum eccentricity would improve its performance. However, in practice, its very difficult

to guarantee these conditions.

Figure 5.16: Graph of the internal energy ratio values compared to the minimum one.

5.6 Simulation 6: Full System Analysis

The goal of the following analysis was to obtain a quantifiable perception of the energy dissipation effi-

ciency on the building by the shielding, and assess how the presence of the energy-absorption devices

affects the performance of the system.

Unlike the previous deformable models, this new model with rigid EACs cannot be calibrated based

on deformations. Since the EACs are considered rigid, it prevents it from deforming. In this case, the

analysis used another parameters, namely the reaction forces registered on the wall, shown in Table 5.10

and in Figure 5.17. Furthermore, the deformation at midspan was also considered.
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Table 5.10: Rigid System numerical results.

Model Resultant Force - Wall [N ]

Rigid system 206 910.2

Experimental results, Figure 5.17, display the reaction force curve of rigid and deformable systems.

By analysing it, insights on the absorption performance that this system offers, can be obtained by

their difference, which corresponds to an energy-absorption of the force peak approximately by 38%.

Additionally, it reduces impulse as well, by 42%.

The numerical results achieved similar outcomes in relation to the internal energy, as shown in Ta-

ble 5.11 and Table 5.12, precisely around 44% of the internal energy, in the respective load-case sce-

nario. When addressing higher loads, it is registered a progressive increase of efficiency, registering an

approximate reduction of 226% at the load of 200 kg.

Figure 5.17: Full System experimental results [27].

Table 5.11: Full system analyses with increasing charges of TNT.

Charge
load [kg]

Total
Inversion [mm]

Capacity
[%]

Velocity
[m/s]

Max Kinetic
Energy [J ]

Internal
Energy [J ]

δmidspan

[mm]

Angle
[◦]

250 TNT 670.8372 121.44 11.45 104 113.40 90 278.68 16.4 6.80
200 TNT 613.2228 111.01 9.56 72 958.74 65 674.22 13.6 5.66
150 TNT 525.0992 95.06 7.58 45 835.70 45 913.85 7.76 3.23
112 TNT 511.0724 92.52 5.99 23 797.69 32 256.03 4.92 2.05
100 TNT 431.0395 78.03 5.47 18 503.63 27 114.29 4.86 2.02

60 RIODIN 88.5540 16.03 2.34 4 590.76 5 221.53 3.69 1.54

Briefly, considering the deformable and rigid systems, one can observe that internal energy values

are higher in the deformable cases. Therefore, one can assume that the attenuation of the building

response by the shielding will correspond to a favorable energy-absorption by the protective system,

which increases for higher loads.
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Table 5.12: Full rigid system analyses with increasing charges of TNT.

Charge load [kg] Internal Energy [J ] δmidspan [mm] Angle [◦]

250 TNT - - -
200 TNT 20 171.85 - -
150 TNT 22 427.88 - -
112 TNT 19 726.71 11.10 4.62
100 TNT 16 560.18 9.59 3.99
60 RIODIN 3 635.10 3.54 1.48

Results are coherent from those obtained in the experimental campaign. The capacity of the system

is surprisingly good, being virtually able to withstand big loads before the collapse of the system.

Through several tests, the conclusions were that the system was most efficient until 200 kg of TNT,

where it has been verified evidence of partial destruction of the wall at the rear side, simultaneously with

the collapse of the EACs.
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Chapter 6

Concluding remarks and future work

6.1 Observations and Conclusions

Engineering should aim to find solutions to the problems that arise on a daily basis. Taking into

account the increasing possibility of terrorist attacks using explosives, it is important to mitigate this

threat. In this regard, it is intended to give a contribution by evaluating the performance of this protection

system when subjected to the effects of this action. Thus, the study of the phenomenon of an explosion,

and its effects on an innovative system of energy absorption, was carried out, and its behaviour was

analysed as well as the analysis of additional ideas.

The study conducted consisted in the numerical analysis, using the LS-DYNA software, of a protec-

tion system based on a concrete wall and energy absorption connectors, which mechanism relies in an

inverted steel tube. The results of the developed numerical models were calibrated and validated, by

experimental tests performed at full scale.

Nonetheless, the analysis carried out allowed the identification of the most important aspects for the

development of a numerical model:

• To model a complex geometry, it is advantageous to consider dedicated third-party software, such

as SolidWorks, capable of making the process more practical and less time-consuming;

• Modelling the geometry with full detail can become a waste of time and a waste of resources;

• The integrity of the model, must be confirmed to avoid errors in the analysis;

• To mesh it is beneficial to use third-party software such as HyperMesh, which offers automatic

cleaning and meshing functions, saving time and avoiding errors;

• Simplifications, become critical tools to achieve good results in a reasonable time;

• Being a highly dynamic problem, it is vital to consider strain-rate parameters in the model;

• Benchmarking, mesh convergence and experimentation are essential methods to create a trust-

worthy model;

With regard to the analyses, the most relevant aspects were:

• The numerical analysis confirms the resilience and efficiency of the solution in adverse conditions:
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– When the system has eccentricities;

– when there is contact between elements;

– When buckling phenomena occurs;

• EAC deformation limits, are derived from the deformable tube, which can be increased to certain

lengths (conditioned by the possibility of global buckling phenomena of the tube);

• The EAC deformation behavior has three states of deformation: i) for lower loads has bending and

inversion mechanisms; ii) for higher loads has buckling and inversion mechanisms; in between, it

might a joint effect of the three.

• The protective system has the best performance for loads up to 100 kg of TNT. After 200 kg, the

EAC exhausts the absorption capacity;

• For severe loads that lead to the exhaustion of the absorption capacity, having the hinge element,

significantly reduces the amplification of forces on the protected structure;

• The higher the eccentricity the greater the energy dissipation;

• Bending mechanism leads to a effortless deformation, with less resistance, having a greater en-

ergy dissipation, thus reducing peak force values;

• The compounding effect of both bending and inversion deformation mechanisms, improves energy-

absorption performance;

• The best results achieved, were obtained with the models where several different plastic deforma-

tions have occurred, without the premature rupture of the latter;

• The absorption effect depends not only on the EAC but also on the connector that contains it;

6.2 Future Work

• Elaboration of a similar analysis with a similar method, such as tube splitting;

• Elaboration of a similar analysis with the tube filled with energy-dissipation material (e.g., alu-

minium foam);

• Elaboration of a similar analysis of the remaining EADs and its comparison;

• Evaluate the effects of varying geometric properties of the EAC (e.g., diameter and thickness);

• Elaboration of a hybrid analysis, combining different connectors to combine their different capaci-

ties;

• Analyse the amplification effects of the full entire system;

• Evaluate a mixed solution, which would combine and complement this system;
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Appendix A

Influence of Angle of Incidence

As explained in Chapter 2, the following diagrams (Figure B.8 and Figure A.2) present how the impact

angle affects the resulting reflection, and consequently, the blast loading on the structure. This allows to

calculate the resulting reflection considering its non-linear effects.

Figure A.1: Influence of angle of incidence on the reflected pressure coefficient for larger incident over-
pressure values [32].
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Figure A.2: Influence of angle of incidence on the reflected pressure coefficient for smaller incident
overpressure values [32].
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Appendix B

LS-DYNA Keywords

The following images, represent a sample of the most relevant LS-DYNA Input cards used throughout

the numerical analysis.

Figure B.1: Control and Database Parameters - Part I.

Figure B.2: Control and Database Parameters - Part II.
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Figure B.3: Blast Load Parameters (Experimental Load).

Figure B.4: Concrete Material Part.

Figure B.5: Steel Connector Material Part.
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Figure B.6: Contacts.

Figure B.7: Constrains.

Figure B.8: Outputs.
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