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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 system
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 HyperMesh.
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 experimentation, 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.

1. Introduction

Explosives due to its intrinsic characteristics, its de-
velopment has been illuminated by the intersection
between military necessity and technological adap-
tation 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.

Many of these events are associated to terror-
ism, which true cost goes far beyond the casualties
and the financial loss. Media indirectly can play
into terrorist organization’s hands and aid them in
their campaign of recruitment [2].

Europe seems to gain increasing interest in the
use of explosives, especially improvised explosive
devices (IED). Some are very easy to manufacture,
remaining the most preferred, the homemade ex-
plosives, whose knowledge can be facilitated on-
line. Considering the increasing risk of such events
around the world, it is imperative to deal with this
issue [3, 4].

1.1. Objectives and Methodology
A number of impact engineering problems have
been investigated during the last decades, es-
pecially in the field of the dynamic response of
structures in the plastic range. The research
project PROTEDES (Protection of Strategic Build-
ings Against Explosions), where the doctoral the-
sis of TCor. Gabriel Gomes is included, aims to
employ tubes, while focusing on the protection of
infrastructures. Nevertheless, one of the most in-
teresting variations, the tube inversion, is adopted.
A major limitation of this structure is the lack of reli-
able 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 energy absorption device, its
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respective testing campaign and results;
• To build a highly-detailed 3D model of both the

energy-absorption device and the entire protec-
tive system;

• To perform a numerical analysis with a strong fo-
cus on simulating the true dynamic behavior of
the protective system against blast effects based
on experimental test data provided by Gomes’
doctoral thesis;

• To contribute to the development of knowledge
in this area, particularly regarding this protection
system, addressing: i) The analysis of the ef-
fect of magnitude of the blast wave and initial im-
pact velocity; ii) The understanding of deforma-
tion modes, and their mechanisms; iii) The study
the energy dissipation efficiency on the building’s
shield; iv) The determination of the maximum ca-
pacity of both of the connector alone and the
whole system; v) The assessment of how the
presence of the energy-absorption devices dy-
namics affects the performance of the system; vi)
The evaluation of the influence of different sce-
narios and variables.

2. Theoretical Background
2.1. Introduction
The unpredictable and destructive aftermath posed
by explosions can emerge from accidental hazards
to intentional acts of mankind. Therefore, it has
been established a concern and a need to con-
sider the behavior of engineering structures under
blast loading 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 [5, 6].
If 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)
protective hardening protective structural elements
and connections, which is an option that can be
essential to withstand gradual collapse [7, 8].

2.1.1 Explosions and Blast Effects

Explosions categories may be: physical, nuclear,
or chemical events [9, 10, 11, 12]. 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 reac-
tion, faster than the speed of sound, which makes
a detonation, and produces transient air pressure
waves, called blast waves. A huge amount of en-
ergy and hot gases is produced by an action that
only lasts some milliseconds, decaying back to am-
bient pressure over a short duration of time [9, 13].

During detonation, the hot gases produced ex-
pand outwards by pushing the surrounding air
through space, leading to the wave type propa-
gation transmitted spherically and forming a small
layer of highly compressed air on the wavefront,
the shock wave. It contains a large part of the en-
ergy released during detonation and moves faster
than the speed of sound [14]. As the shock wave
travels moving away from the focus, the air around
that region cools down and reduces the pressure.

2.1.2 Explosion Types

Explosions can be specified in function of their lo-
cation relatively to the target and the degree of the
confinement, which provides information and guid-
ance on the construction of structures to withstand
the effects of explosions. They can be classified
as confined explosions, unconfined explosions or
explosive attached to a structure. Non-contact, un-
confined explosions, external to a structure will be
the ones considered in this research. They can be
subdivided into: free-air burst; airburst and surface
burst [15, 16].

2.2. 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
[41]. In such explosions, amplification occurs at
the point of detonation due to the ground reflec-
tions. 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. However, as energy gen-
erated by the explosion is partially absorbed by the
ground. Instead an enhancement factor of 1.7 to
1.8 is taken [15, 16].

2.3. Shock Wave Reflection
When a shock wave intersects a solid surface, as
illustrated in Fig. 1, it becomes subjected to ampli-
fication and reflection phenomenon, being the re-
flected peak pressure (Pr) always higher than the
incident pressure that originated it.

Figure 1: Numerical model representation of the reflected
pressure on the simulated protective system. 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.
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Hypothetically, in an ideal linear-elastic case, the
surface would experience approximately the dou-
ble of the acting pressure. The value of the pres-
sure reflected from the surface becomes maximum
at the point of normal distance between the deto-
nation source and the surface.

The reflected pressure’s value decreases as the
α (angle of incidence) increases and it can be de-
termined by several methods. The most common
being the Rankine and Hugoniot [9, 17]. Eq. 1 can
be derived:

Pr [MPa] = 2Pso ·
(
7Po + 4Pso

7Po + Pso

)
(1)

According to this equation the maximum and
minimum values of the reflected pressure can vary
from two to eight times the incident pressure. Nev-
ertheless, experimental investigations have con-
cluded that can be several times higher than eight
times the incident pressure, due to the non-linear
effects of the blast wave phenomenon ([15]). This
equation is only valid in the case of normal reflec-
tion ([17].

2.4. Blast Wave Characterization
During the late 1950s-1980s, blast wave parame-
ters of conventional HE materials have been widely
investigated in several studies [16, 18, 19, 15]. All
blast wave parameters are graphically sketched in
UFC 3-340-02 [15], concerning the scaled distance
using the test data collected by Kingery and Bul-
mash [19]. 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 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 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
Fig. 2, is described from the moment of detonation.

Initially, the pressure on the element is equal
to the ambient pressure (Po). It undergoes an
immense increase of incident pressure, upon the
arrival of the shock wave. After its peak value
(Pso), the pressure decreases rapidly with an expo-
nential rate until it reaches the ambient pressure,
and becomes even lower (referred to as negative
pressure), and finally returns to it. In this nega-
tive phase, the structures are subjected to suction
forces.

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

Figure 2: Typical air blast pressure profile on the left with
respective illustration of its effects on the right, adapted from

[9].

structure, being this parameter one of the most rel-
evant in the case of external explosions to charac-
terize the destruction mechanism.

The pressure drop through time is usually rep-
resented by the modified equation of Friedlander
(Eq. 2) [16, 15]:

Ps(t) = Pso · (1−
t

to
) · e−β t

to (2)

where Pso [kPa] corresponds to peak incident
pressure, to [ms] to the duration of the positive
phase, t [ms] the period of time between the instant
of arrival (ta), and β is the decay coefficient of the
curve.

For modeling purposes, in this research, the
Friedlander fitting curve will be used, due to ex-
perimental data being available, which enabled
the decay coefficient to be calculated through a
non-linear fitting of an experimental pressure-time
curve over its positive phase. The following Eq. 3
also constitutes a possible computing method, only
when the values of the is, Pso, and to are known
from experimental data by solving iteratively for the
decay parameter β [16, 15]:

is [MPa ·ms] =
Pso·to
β2

·
[
β − 1 + e−β

]
(3)

2.5. Scaling Laws
One of the most crucial parameters for blast load-
ing calculations is the distance of the detonation
point from the structure considered, the scaled dis-
tance in (Z). The effect of distance on blast charac-
teristics can be taken into account by the introduc-
tion of scaling laws. The most ordinary blast scal-
ing laws are the ones defined experimentally by
Hopkinson-Cranz and Sachs, described by Eq. 4
[9, 16, 15]:

Z =
R

W
1
3

(4)

2.6. TNT Equivalence
The term ”TNT equivalence” is applied to measure
the effects of the output of a given explosive by
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comparing it to that of a TNT explosive [11]. More
information is available about the properties of the
blast waves produced by TNT than by any other
explosive. In short, it gives us the relative strength
of explosions [20].

3. Protective Solution and Experimental Results
3.1. Introduction
Current literature lacks reliable information on open
sources regarding the dynamic behavior of energy
absorption devices adopted against blast effects.
This work is part of two ongoing complimentary
projects, that are trying to develop high perfor-
mance protective solutions against blast loading,
namely BLADE1 and PROTEDES2.

The protective system developed and tested ex-
perimentally is based on a rigid panel (reinforced
concrete) to which are connected a plurality of duc-
tile metallic connectors, designed to explore an in-
version mechanism.

The system has three main purposes. Firstly,
rigid panels receive the blast directly, which re-
duces the reflected pressure and impulse directly
imparted to the structure. On top of that, it of-
fers protection from flying fragments, impact, and
fire. Secondly, plastic deformation of the connec-
tors, dissipates most part of the energy from the
explosion, reducing the energy transmitted to the
structure. Thirdly, the location of the connectors al-
lows to simultaneously redirect the transferred en-
ergy to the slabs of the structure, protecting vulner-
able elements (e.g., columns).

3.2. Energy-absorption connector
A number of problems have been investigated in
the field of energy-absorption connectors. There
are several typical energy absorption structures,
being tubes one of those [21, 22]. A structure that
starts to deform axially can suddenly buckle in the
global bending mode, causing a significant drop in
the structure’s capacity to absorb the impact en-
ergy [23]. 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 additionally enables a deformation with
a constant inversion load.

3.3. Materials
3.3.1 Reinforced Concrete Slab

For this study, sixteen reinforced concrete panels
were produced. Material properties were deter-
mined by Gomes [8], through tensile tests on steel
and uniaxial compressive tests on concrete cylin-
ders. Each panel had the characteristics presented
in the following Tab. 1 to 3.

1Blast Protective Walls Design Optimization
2Protection of strategic Buildings Against Explosions

Table 1: Reinforced concrete slab characteristics [8].

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 2: Tensile characteristics of the steel tubes [24].
Specimen [mm] E[GPa] σy(0.2%)[MPa] σu[MPa] εmax[%]

Φ 64 x 2 210.6 371 423 16

Table 3: Tensile characteristics of the steel rods [8].
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 ana-
lyzed in the present research. Physical character-
istics are presented in Tab. 4. On Fig. 3 and 4, it
is possible to check the application of the tube on
the connector, as well as the dynamics of its mech-
anism.

Table 4: Detailed characterization of the tube measurements
[24].

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

Figure 3: Representation of a section cut from the Energy
Absorption Device (EAD), within the protection system [8].

Figure 4: Cut section of the EAD. I) Before the blast. II) After
the blast. Reproduced with the authorization of Gomes [8].
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3.4. Components
The absorption connector includes several compo-
nents, as shown in Fig. 5.

Figure 5: Capture of the different components that constitute
the EAD.

3.5. Explosive
The explosive used in the associated experimental
campaign is known by the name of ”Goma-2 ECO”,
commercially sold as RIODIN by MAXAM’s. Al-
legedly used in the March 11, 2004 train bombings
in Madrid by the Al-Qaeda terrorist organization, is
a Spanish-made high explosive intended primarily
for industrial use, such as mining and demolition, or
military applications. The blast test was conducted
with an explosive load of 60 kg.

3.6. Blast test setup
The blast testing campaign is arranged radially
comprising 4 metallic setups, allowing simultane-
ously testing as illustrated in Fig. ??.The defined
arrangement intends to make the explosion affect
panels equally, being the distance between the
panel and the explosive was 5.0 m.

3.7. Results data
3.7.1 Pressure

All tests were monitored with pressure gages, al-
lowing tracking of the incident pressure, presented
in Tab. 5 [8].

Table 5: Experimental data, with the average adjusted
parameters for both sensors [8].

Sensor ID
Pso

[kPa]

to

[ms]

is

[kPa ·ms]

α

[−]

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

3.7.2 Impact Angle, Shortening deformation
and Force

Another interesting, although expected observa-
tion, is that the pressures measured by the el-
evated sensor were lower than the one on the
ground, illustrated in Fig. 6. The reason for this ef-
fect is the impact angle, which, when it increases,
values of pressure decrease.

Figure 6: On the left, representation of the footage from
high-speed cameras [8]. 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.

Additional data was collected, and in terms of
deformation, an average total inversion length of
87 mm was considered later in the numerical anal-
ysis for the calibration and validation of the model.
Force plots also clearly show the effect of introduc-
ing an EAD, in reducing the impulse transmit ed to
the protected structure.

3.7.3 Observations

Additionally and according to the results obtained,
it was observed relevant observations namely: i)
a differential response at the bottom and top con-
nectors; ii) in one case, part of the energy was ab-
sorbed by the bending mechanism and by pulling
out the screws from the concrete base; iii) Buckling
of the tube walls did not occur, even when signifi-
cant rotation occurred, which represents promising
performance in terms of effectiveness and reliabil-
ity of the protective system; iv) In most cases, an
eccentric impact occurred, causing a slight rotation
of the EAC.

4. Development of Numerical Models
4.1. Introduction
Generally speaking, traditional methods, involve
the idealization of physical models through simple
equations to obtain solutions. Alternatively, finite
element methods, and other numerical methods,
are meant to provide an analysis that considers
greater detail, leading to more precise and accu-
rate results [25, 26].

The finite element method is an advanced tech-
nique used to solve complex structural analysis
problems. It involves discretizing a geometry into
finite elements, connected by nodes and used in
a finite element solver to obtain approximate so-
lutions [26]. Additionally, nonlinear finite element
analysis techniques have been widely used to an-
alyze structural elements, including reinforced con-
crete slabs under blast loads [27].

4.2. Methodology
The process started with the creation of the dif-
ferent individual bodies geometries that consti-
tute the system. This task was conducted with
SolidWorks® Academic Version 2020-2021.
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Afterwards, Altair® HyperMesh® Version 2021
was employed as a pre-processor to mesh the ge-
ometric model, dividing it in 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 approx-
imate 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.

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 pro-
tective system drawings and create figures.

To complete the analysis, a set of studies was
performed afterwards to produce a more trustwor-
thy numerical study. Furthermore, results, prob-
lems, and setbacks are presented, aiming at ex-
plaining the methods adopted and the decisions
made.

4.3. Software

4.3.1 SolidWorks Modeling

The need for precision, such as considering all the
eight critical tube characteristics, turned the mod-
eling 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
software.

When developing a SolidWorks design, all the
components (parts) were designed, and put to-
gether (assembly), building the 3D model.

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 ge-
ometry precisely as in reality. It relates to the ide-
alization of the model. In the end, the goal is a
simpler model, however, not at the cost of having
bad results.

4.3.2 HyperMesh Meshing

Within HyperMesh, it was possible to mesh the 3D
model created. The feature that helped most was
the advanced automation tools, allowing mesh op-
timization from a set of quality criteria, such as the
”Solid Map”. Being further able to locally control
the number of nodes to create compatible meshes
with different and adaptive mesh densities.

4.3.3 LS-Prepost

The process with LS-Prepost embraces two sepa-
rate actions. As a pre-processor, there are essen-
tial 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 vi-
sual animation, fringe plotting, data history plotting,
among others.

4.3.4 LS-DYNA

LS-DYNA is the solver used, based on the FEM,
initially called DYNA3D, which primary applications
were to analyse bombs dropped by US Air Force
Jets [28]. The specific attraction of this software
to the industry started with its nonlinear dynamic
capabilities.

4.4. Model Characterization
4.4.1 Material Calibration

Reinforced Concrete Slab Modeling

Concrete, a brittle material which resistance and
damage behavior are strongly influenced by load-
ing rate, is used in the slab of the protective sys-
tem. Therefore any material model should incor-
porate these nonlinear characteristics. However,
due to concrete characteristics, dynamic experi-
ments that determine these parameters are much
more complicated and expensive than the static
load test [29, 30]. Consequently, responses pre-
dicted by numerical analyses have been important
resources for academics and structural engineers
to determine the behaviors of reinforced concrete
structures submitted to dynamic loads [29, 30].

LS-DYNA Constitutive Concrete Models

LS-DYNA offers several constitutive material
models to simulate the structural behavior of rein-
forced concrete [29, 30, 31]. In the context of blast
and dynamic analysis, studies described it as a re-
liable model when compared to experimental val-
ues [30, 32, 33]. CSCM constitutive mode, known
as Continuous Surface Cap Model, is a concrete
material option developed in the United States of
America for road safety. Sponsored by the depart-
ment of transportation to predict the dynamic per-
formance, both elastic deformation and concrete
failure [29, 34]. Even though the model was de-
veloped and evaluated for roadside safety applica-
tions, it should also apply to many dynamic prob-
lems [34].

Reinforcement and Connector Modeling

The material models used for the steel parts
were Plastic Kinematic (MAT003) and Rigid
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(MAT020).

LS-DYNA Constitutive Plastic Kinematic Material

The Plastic Kinematic material model was formu-
lated by Krieg and Key [35]. This material was ap-
plied in reinforcement, partly on the support struc-
ture of the connector and finally on the inverted
cylinder. Consequently, the Cowper Symonds
model Equation 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 (5)

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 [35].

LS-DYNA Constitutive Rigid Material

Parts defined with rigid material model,
MAT 020, are considered to belong to a rigid
body. In practice, RIGID parts do not increase the
run time, only the file size.

4.4.2 Optimization and Simplification

Due to the high cost of this analysis, every effort
was put in place to simplify and improve its cost-
efficiency. Considering the model, geometry sim-
plification was a possible through symmetry. An-
other simplification was the detonation time offset,
which does not consider the time that the wave
takes to arrive at the target. One similar simplifi-
cation is the *DEFORMABLE TO RIGID keyword.
Additionally, considering all the materials models
available, the models chosen are cost-effective for
both materials, reinforced concrete, and steel. As
mentioned already, when possible RIGID materials
were considered. Until now, solid elements have
been used for the inverted cylinder. Instead, it was
used shell elements. The change to shell elements
saved a lot of computational solve time and im-
proved numerical results.

Blast testing

The principle adopted during analysis was to
reason from first principles and not only by anal-
ogy. With this approach, if a mistake happened, it
would be easier to identify. Therefore, every study
was done isolated, at the start.

4.4.3 Element Types

Every element is made up of nodes, which connect
the ends of the elements. Defining the elements
can be done in different ways, namely section-wise

with solid, shell, and beam elements. Beyond solid
elements, beam and shell elements also play an
important role in numerical analysis. For many ap-
plications, 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. They are commonly used to simplify
and speed up the analysis whenever they are ade-
quate.

4.4.4 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 un-
reliable results (e.g., negative volume elements). In
the model nodal rigid body constrains were defined
for each EAD, to attach it to the wall.

4.4.5 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, there are some possible modes of defor-
mation, such as locking and as hourglass that must
be considered.

4.4.6 Output Database

The output files which contain the results informa-
tion are defined previously in the database keyword
group. It can be done in several formats and op-
tions. The options used were: ASCII: mainly used
for hourglass and energy (GLSTAT and MATSUM),
on top of that it was used for the force results (RC-
FORC); D3PLOT and D3THDT for aditional data
(stresses, strains, energy, velocities, among oth-
ers).

4.4.7 Termination Time

In LS-DYNA, the analysis is stopped at a specified
time, called the termination time, which is deter-
mined by the keyword *CONTROL TERMINATION.
Additionally, it needs to be precisely defined to be
cost-effective and long enough to capture all the
pretended information avoiding delaying the analy-
sis and wasting processing resources. Between all
the models, this value ranged between 0.009 sec-
onds to 0.1 seconds.

4.4.8 Mesh Quality

A simple mesh with good quality elements or a re-
fined mesh with bad quality elements can create a
slower analysis than expected. Additionally it tends
to create distortion of the elements. According to
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Fig. 7 example, I) shows a simple mesh which run-
time was high (up to 22 days) and gave bad re-
sults (error ≈ 13 %), while both II) and III) are good
models, which are fast (less than 3 hours) and pro-
duced accurate results (error ≈ 2 %), being the last
one more refined.

Figure 7: Representation of three examples of mesh
improvement.

4.4.9 Strain-Rate Effects

This is a highly dynamic problem. Thus, it is im-
portant to consider the strain-rate effects. In the
steel material chosen (MAT 003), those effects are
considered when defining the constitutive materi-
als through Cowper-Symonds parameters. These
parameters have been widely studied, and there
are several contributions in the available literature,
as can be seen in Tab. 6.

Table 6: Cowper-Symonds parameters for mild steel.

Publication C P

Cowper & Symonds [36] 40.4 5
Abramowicz & Jones [37] 6844 3.91
Abramowicz & Jones [38] 802 3.585
Yu & Jones [39] 1.05E7 8.3
Marais et al. [40] 844 2.207
Jama et al. [41] 844 2.207
Sun & Packer [42] 3023 1.65

4.4.10 Blast Load Alternative Methods

Initial Velocity Generation (IVG) is an alternative
method that imposes an initial velocity on the se-
lected elements. It is a cost-effective method to
create the desired deformation, similar to the one
created by the blast, seen in the experimental cam-
paign tests, was used initially to model the defor-
mation behavior.

Load Segment Set (LSS), the alternative, more
appropriate method, and cost-effective. Was pos-
sible to use, due to having the experimental curves.
Since this method applies blast pressure data, it
does not consider the angle of incidence on the
wall, nor the spherical shock wave propagation
(Fig. 8). This effect along the span length is not
considered with this method, and it plays a remark-
able influence on the system’s behavior.

In the end, both methods velocities results were
volatile , and the minimal fluctuation could produce

significant deviations that made it impossible to cal-
ibrate the model under the recommended 10% er-
ror.

Figure 8: Representation of the different blast effects on the
panel, considering LSS and LBE methods in the analysis.

4.4.11 Blast Load Methods

LS-DYNA has four major methods to model blast
events, namely Load Blast Enhanced (LBE), Ar-
bitrary Lagrangian-Eulerian (ALE), a hybrid com-
bination of the two methods mentioned (LBE and
ALE), and Particle methods. The hybrid and par-
ticle 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 [43], which in
this context did not provide a valid purpose to apply
them. Therefore, LBE was the method used.

4.5. 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 (interme-
diate approach),and finally the complete full model
of the system (final approach).

4.6. Calibration and Validation Methods
4.6.1 Blast Load Calibration

Considering the explosive used and its blast char-
acteristics, there are differences compared to its
TNT equivalent. It is fairly clear that consider-
ing the equivalent charge in TNT, one cannot por-
tray the same effect of the experimental pressure
curve, which is descending faster. Blast load cal-
ibration is the process of numerically changing
TNT mass and distance to achieve the same ex-
perimental effects, particularly the same pressure
curve slope.

4.6.2 Benchmarking

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
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variables such as strain-rate, among others nec-
essary aspects.

4.6.3 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 ac-
tual 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 [26].

4.6.4 Experimentation

This additional method, consists in the develop-
ment of the numerical model until its analyses start
to produce similar results to the experimental data.
In order to represent the correct visual deformation
behavior, according to the experimental campaign
tests, the entire protective system was modeled.
The process intended also, to find the strain-rate
parameters that best fit the actual behavior of the
system, namely the total inversion. Knowing that in
post-processing, it would be possible to replicate
the model, it was only built half of the system, pre-
cisely a reinforced concrete slab with four EADs.

5. Numerical Analysis
At this point, the 3D model has been created
and divided in elements. The model, together
with its characteristics have been through calibra-
tion methods. Once calibration and validation was
achieved, which is a good indication that it is cor-
rect, the study was complemented with simulation.
Therefore, in this chapter, analysis will be per-
formed, to study solutions and ideas that haven’t
been tested experimentally. Lastly, conclusions
were drawn.

5.1. Simulation 1: Sensitivity analysis of Young Mod-
ulus variation

In general, all solid materials are not linear elas-
tic, especially when they are subjected to high lev-
els of deformation. Furthermore blast analysis is
highly nonlinear, and this parameter should not
have much influence on results. The purpose of
this study was to confirm this hypothesis.

As expected, considering all the parameters in-
volved, young’s modulus does not influence signif-
icantly the performance behavior of the EADs.

5.2. Simulation 2: Hinge ingluence
One interesting feature of this solution is the hinge
element, welded in the plate attached to the wall
. It was expected that this element would prevent
the loss of performance of the system. One must
remember that when the system is installed, there

is some tendency to have some level of eccentricity
as already mentioned. In general, values of total
inversion, velocity and internal energy are higher
than the compared solution. It additionally reduces
the amplification of force on impact.

5.3. Simulation 3: Contact between EAC elements

During the previous analysis, a few aspects stood
out. Among them, the risk of contact, between
the EAC elements. Therefore, it was analysed the
worst case scenario, considering eccentric loading,
to accurately assess if there is contact between el-
ements, precisely the inverted tube surface and its
adjacent plate edges.

Results data capture the initial bending effect for
lower loads, where the tube deforms not only by
inversion mechanisms but also by bending mecha-
nism. Being this effect more pronounced for lower
loads and having a better efficiency in such sce-
narios.

5.4. Simulation 4: Deformation behavior

From the results obtained in the previous simula-
tion, some additional findings were made in re-
lation to the development of the EAC deforma-
tion mechanisms. Its progression, from bending
mechanism transitioning to the buckling mecha-
nism, while simultaneously having inversion defor-
mation mechanism.

An interesting aspect is the angle formed by im-
pactor plate, that receives the hinge on impact, af-
ter the blast, which allows to perceive the transition
of the different deformation mechanisms.

5.5. Simulation 5: Eccentricity analysis

One of the most relevant analyses is the eccentric-
ity one. An isolated EAD, was analysed under the
same loading conditions, corresponding to the ex-
perimental load and for 200 kg of TNT, for different
eccentricity values.

The total inversion increase, together with in-
ternal energy increase as well as higher veloc-
ities, can indicate more deformed material, and
effortless deformation, therefore more energy-
absorption.

It reinforces the resilience of the system, when
in a specific case there was contact between ele-
ments, and the system instead of worsening, im-
proved its performance by decreasing the peak
force (Fig. 9).
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Figure 9: Graph comparing force values for 20.7 [mm] and
25.9 [mm] of eccentricities.

5.6. Simulation 6: Full System Analysis
Considering the deformable and rigid full models of
the system, one can observe that internal energy
values are higher in the deformable cases.

The capacity of the system is surprisingly good,
being virtually able to withstand loads up to 200
kg of TNT, where it has been verified evidence of
partial destruction of the wall at the rear side, si-
multaneously with the exhaustion of the EACs.

6. Conclusions

Taking into account the increasing possibility of ter-
rorist 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 ef-
fects of this action. Nonetheless, the present nu-
merical analysis carried out allowed the identifica-
tion of the most important aspects for the develop-
ment 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 be-
come 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 soft-
ware 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 con-
sider strain-rate parameters in the model;

• Benchmarking, mesh convergence and exper-
imentation are essential methods to create a
trustworthy model;

With regard to the analyses, the most relevant
aspects were:

• The numerical analysis confirms the resilience
and efficiency of the solution in adverse condi-
tions:

– When the system has eccentricities;
– when there is contact between elements;
– When buckling phenomena occurs;

• EAC deformation limits, are derived from the de-
formable 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 be-
tween, 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 ele-
ment, 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 defor-
mation, with less resistance, having a greater en-
ergy dissipation, thus reducing peak force val-
ues;

• 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 defor-
mations 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;

7. Future Work

• Elaboration of a similar analysis with a similar
method, tube splitting;

• Elaboration of a similar analysis with the tube
filled with energy-dissipation material (e.g., alu-
minium foam);

• Elaboration of similar analysis of the remaining
EADs and its comparison;

• Evaluate the effects of varying geometric proper-
ties of the EAC (e.g., diameter and thickness);

• Elaboration of a hybrid analysis, combining differ-
ent connectors in order to combine their different
capacities;

• Analyse the amplification effects of the full entire
system;

• Evaluate a mixed solution, which would combine
and complement this system;
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