
 

VII 

HIGH PERFORMANCE MULTI-FUNCTION PANELS FOR EXTREME 
LOADING EVENTS 

DAMJAN CEKEREVAC 
ISISE, University of Coimbra, Coimbra, damjan.cekerevac@uc.pt 

CONSTANÇA RIGUEIRO 
ISISE, Institute Polytechnic of Castelo Branco, Castelo Branco, constanca@ipcb.pt 

JOSÉ CAMPOS 
LEDAP/ADAI, University of Coimbra, Coimbra, andrade.campos@dem.uc.pt 

EDUARDO PEREIRA 
ISISE, University of Minho, Guimarães, eduardo.pereira@civil.uminho.pt 

ALDINA SANTIAGO 
ISISE, University of Coimbra, Coimbra, aldina@dec.uc.pt 

 

Abstract: Global climate change has led to extreme events (high tides, storm surges and floods) resulting in severe 
consequences for coastal areas and communities. In addition, the increasing terrorist attacks on unprotected targets 
has resulted in efforts to develop infrastructure that acts as protective barriers. Resistant wall protection to blast 
requires a precise blast information. This paper aims to present the research already carried out by the authors related 
to metallic panels when subject to blast action. 
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1. INTRODUCTION 

Sandwich panel solutions have been used for a wide range 
of applications, namely façade and roofing systems, 
temporary protection of public spaces or multi-purpose 
interior walls. These portable systems provide 
adaptability to the spaces; they are designed for safety and 
resistance to permanent, transient and accidental actions 
such as fire.  

This article presents a framework of the research already 
done related to these metallic structural systems and their 
applicability. Since they have enormous potential to be 
multifunctional, able to protect critical infrastructures (as 
already been used by oil and gas sector) and mitigate the 
extreme climatic effects. The research under development 
pretends to propose a design of new kind of lightweight 
multi-layer sandwich structure with improved mechanical 
properties and high blast resistance.  

2. LITERATURE REVIEW 

Half of the world's population lives by the sea and three 
quarters of all large cities are located near large stretches 
of water. Coastal zones are a privileged place, where the 
population is concentrated and consequently activities 
such as commerce, industry and tourism are developed. 
Portugal is an example of this, with the intensive 
occupation of a large part of its coastal strip. According to 
the United Nations, between 1901 and 2010, the rise in 

the average sea level occurred at an accelerated rate, the 
fastest in the last 2,800 years. This rise, associated with 
global warming and greenhouse gas emissions, leads to 
various effects: coastal erosion, flooding, contamination 
of fresh-water reserves, among others [1]. These changes 
lead to the exceptional occurrence of extreme 
meteorological phenomena such as storms and waves and 
have serious consequences for coastal areas and 
communities. To face the challenges of climate change 
effects it is necessary to provide sustainable solutions to 
protect coastal communities and infrastructures. 

Regarding the solutions developed for coastal protection 
(onshore and foreshore) there is a great diversity; however 
these solutions do not present a wide consensus among 
experts about their efficiency, long-term durability, costs 
and influence on Habitat [3]. The development and 
implementation of coastal protection solutions should not 
only meet safety and sustainability criteria (minimum 
environmental impacts) in the marine environment, but 
also maximize adaptability for other uses, such as 
supporting human activities and promoting biological 
colonization (Figure 1). 

In the area of infrastructure protection, several types of 
structures and protection devices are presented in [5] 
(Figure 2). According to [4], collisions of vessels with 
bridges are a frequent type of accidental action that can 
result in severe damage to the structure and lead to loss of 
life, as well as environmental pollution due to induced 
leaks. Thus, accidental loads resulting from vessel 
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collisions represent an important scenario to be 
considered when assessing the safety of these devices. 
The most common devices in protection systems are made 
of steel due to their behavior when subjected to impact 
forces. However, they are vulnerable to corrosion and fire 
[6]. Moreover, some of these protection systems can 
cause serious damage to vessels and can be expensive for 
bridges located in poor geological areas [5]. In addition, 
in order to avoid compromising the integrity of vessels, 
the design of these protection systems must have a 
compromise between strength and ductility, as required 
by the Norwegian standards in this field [7]. 

 

 

Figure 1. Protective systems in the marine environment 

 

Figure 2. Examples of infrastructure protection systems 
in a maritime environment 

Due to the possibility of terrorist attacks on civil 
structures, the consideration of blast from fuel explosions, 
sonic booms or shock waves [8] cannot be neglected in 
this analysis of extreme actions. The tendency is to 
reinforce and or protect structures that have not 
previously been conceived to deal with this type of threat. 
Blast mitigation strategies traditionally used in industrial 
plants can provide additional safety. One such solution is 
the blast wall, which can be used for façade systems or for 
the protection of assembly areas and evacuation routes of 
metro and train stations or airports, for example. 

Possessing the favourable combination of strength and 
toughness, traditional solutions widely used by both the 
civilian and military sectors were typically monolithic and 
based on high-strength steel, aluminium [9,10] and 
ceramic materials [11,12]. These systems provide 
adequate protection for heavy armoured vehicles, aircraft 
and helicopters, but when low weight, mobility and 

adaptability are the key design parameters, their use 
becomes limited. In order to meet these requirements, 
lightweight and flexible solutions are important, with 
preference given to mixed steel solutions (considering 
composite materials). 

The development of (lightweight) protection elements has 
been the subject of research in the last two decades, 
namely structural steel sandwich panels to mitigate the 
effect of accidental actions. The investigation of stainless 
steel sandwich panels subjected to extreme loads can be 
found in [13, 14, 15,16].  

Sandwich panels allow energy to be dissipated through 
plastic deformation of the core and sheets/plates, making 
them more efficient than a single sheet [17]. Corrugated 
plates, honeycomb cores (Fig. 3a)), or with latticed or 
folders elements (Fig. 3b)), perform well, even for 
underwater blasts [18]. In [14, 15], the behaviour of these 
systems is analysed and it is demonstrated that they allow 
high levels of energy to be dissipated. In [19], the authors 
studied the effectiveness of orthotropic (Fig. 3c) and 
honeycomb typologies and the core sandwich panels with 
orthotropic elements showed great potential when 
subjected to blast loads. These systems with auxetic 
material in their core also show good energy absorption 
capacities and 3D printing can be used to manufacture 
them easily, where the sheet is printed over the core, 
avoiding the separation/ detachment [14]. 

 

a) Honeycomb core typologies: hexagonal, square and 
triangular [19]. 

 

b) Types with latticed or folded elements in its core [14] 

 

c) Orthotropic types: diamond, Y-shaped and triangular 
[19]. 

Figure 3. Examples of different types of sandwich panels 
systems 

In this compilation of the research already done, it is 
concluded that it is necessary to perform tests to complete 
and support the knowledge of these structural systems, 
particularly regarding the optimal configuration under 
impact or instantaneous loads and the fluid-structure 
interaction [15]. Complementarily, the explosion 
behaviour is revealed to have a huge potential, which can 
be improved through the introduction of alternative 
composite materials, such as fibre-reinforced polymers 
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and the consideration of dissipative connections of these 
to the primary structure, [20,21,22]. 

3. DISCUSSION AND DIRECTION OF 
THE RESEARCH 

3.1. Efficiency of blast walls for protection of soft 
targets  

This item deals with the research focused on the 
assessment of the blast response of protection walls. The 
studies developed by the authors in [20,21,22] represent 
an effort to improve the knowledge on the behavior of 
blast protection of soft targets by the use of structural 
blast mitigation solutions already used in oil and gas 
industrial facilities and in earthquake design. 

Here a parametric study is perfomed through numerical 
modeling. Two common types of pannels (bulkhead and 
corrugated) with both fixed and pinned boundary 
conditions are subjected to directly defined presuure 
loads. Their responses are compared in order to evaluate 
the effects on the primary steelwork. Reaction forces, 
displacemnets and energy dissipation is calculated. 
Possible benefits deriving from typological and 
geometrical modifications of the local element are also 
presented.  

Numerical modelling 

The behavior of the thin two-way elements that are prone 
to large deformations was analyzed with the software 
Abaqus. The explicit dynamic solution method was 
applied due to its computational efficiency. Shell 
elements S4R with 10 mm of size was chosen. The 
adopted mesh was according DNV recommendations 
[23]. The structural steel S355 was adopted. The dynamic 
non-linear behavior of the material, the strain rate effect, 
strain hardening and the damage evolution were taken 
from [21]. In this study the interaction between the load 
and the element was not considered. The load was defined 
by specifying the pressure variation, according to DNV 
[23] and API [24] recommended practices, Figure 4. 

 

Figure 4. The pressure variation resulting from an 
explosion, [22]  

Results and discussion  

The study here developed was conducted in order to 
identify the most favorable plate type regarding the blast 
response. The Figure 5 identifies the element sections, 
which the parameters were analyzed. The displacements 

in the central node, the factored reaction forces for fixed 
and pinned plates are given in the Figure 6 and Figure 7, 
respectively. As the reaction forces are computed in the 
nodes, the magnitude of these forces depends on the size 
of the mesh element. For this reason, the value of the 
reaction force must be factored by the ration of the 
element size and the length of the support.  

 

Figure 5. Sections in which the results were analyzed: 
Displacements (left) and reactions (right) [21] 

 

 

Figure 6. Displacments and factored reaction forces in 
fxed plates. [21] 

The results from the FEM analysis demonstrate it is more 
economical to use corrugated plates instead of bulkheads 
if the deflection of the element is the relevant design 
criterion. In this case, it appears to be more reasonable to 
allow some flexibility in the edges since the overall 
response of the plate would be more favourable due to the 
much higher energy dissipation. On the other hand, even 
though much heavier, the thick bulkhead seems to 
perform better if the magnitude of the reaction forces is 
the primary design criterion. Using this approach, it is 
possible to trace the plastic deformation of elements in 
time, distribution of stresses and to measure the energy 
dissipation for different solutions. This results 
demonstrate the importance of geometry and boundary 
conditions, even for the safe design of supporting 
structure. This research also emphasised the importance 
of having a precise blast load in order to obtain a more 
adequate blast resistant wall protection design. 
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Figure 7. Displacments and factored reaction forces in 
pinned plates. 

3.2. Explosive blasting resistance metal foil using 
Autodyn simulation 

Confined underwater blast wave generators (WBG), 
consisting of an explosive charge inside of a water tank, 
generate a wide range of the produced blast impulses and 
surface area distribution, avoiding the generation of high 
velocity fragments and reducing atmospheric sound wave, 
leading to a more precise blast wall design. Air and 
underwater explosions (UNDEX) are important for design 
of not only the warships and submarines, but also for 
offshore platforms and infrastructures for fuel 
transportation, such as pipelines [25]. 

The study already developed [18], presents the 2D 
simulations of WBG, using Ansys Autodyn ©, projecting 
water against a thin stainless steel plate as a function of 
water tank size and for different values of stand-off 
distances. The phenomenological transmission of the 
shock, through the multi-material domain, is presented 
and discussed.  

The basics of the shock physics necessary for 
understanding of detonation front formation and 
propagation as well as the fundamental equations of 
expansion of detonation products can be found in the 
literature [26-28]. More information about the material 
modelling and dynamic simulations in Autodyn are 
available in [29] and [30]. The following chapters provide 
basic assumptions for material modelling and dynamic 
simulations applied in the current study. 

Numerical modelling 

For the material characterization, in general, is necessary 
the equation of state, material strength model and material 
failure model. For the inert materials such as metals and 
liquids, the equation of state is commonly given by the 
form of Mie-Gruneisen equation of state combined with 
experimental shock velocity-particle velocity relation 

[31]. In the case of products of explosive materials used 
in this study, Autodyn offers Jones-Wilkins-Lee (JWL) 
Equation of State (EOS) [30]. Concerning the strength 
model, the Piecewise JC model available in Autodyn was 
used [32]. The failure mode of materials defined in this 
study was erosion criteria.  

Before the implementation of the experimental case study 
a mesh sensitivity (the mesh element size of 0,1 mm was 
the most promising), computational demand, critical 
length of explosive, particularities of different 
discretization methods and overall performance of the 
model with emphasis on distribution of pressure and 
velocities through defined domain was done. 

Particular cases: results and discussion 

This group of simulations is performed to study 
transmission of the shock through multi-material domain, 
assess the use of WBG for experimental study of thin 
plates and to help de-sign appropriate experimental 
samples.  

The models for the assessment of the thin plate’s kinetic 
energy and impulse in y direction (Figure 8) was created 
with Eulerian solver as explained in [18]. Particular 
simulation cases have their dimensions varied, where 
“wg” stands for water gap (representing the height of 
water above pbx: 7,5, 15 and 30 mm), “sd” represents the 
stand-off distance (3,75, 7,5 and 15 mm) and “ag” 
represents the air behind the stainless steel plate. Here is 
presented three models MP1(wg=7,5 mm; sd=0 mm), 
MP2 (wg=7,5 mm; sd=3,75 mm), and MP3 (wg=7,5 mm; 
sd=7,5 mm).  

 

Figure 8. Layout of the particular cases models 

The curves of the Figure 9 show that the kinetic energy of 
the stainless steel thin plate can be controlled by the water 
gap and stand-off distance. For the constant water gap, the 
kinetic energy reduces with increase of the stand-off 
distance. The overlap and the comparison of the thin 
stainless steel plates position for these three cases (MP1, 
MP2 and MP3) is shown in the Figure 10. These show 
that for the constant water gap, the increase of stand-off 
distance leads to lower movements of the plate. 

The expansion of detonation products and the pressure 
transmission through water and air was observed for 
models with Lagrangian solver. An example of pressure 
transmission through these different material zones and 
expansion of detonation products is shown in the Figure 
11 for model MP11(wg=7,5 mm; sd=7,5 mm).  

The left image (a) shows the pressure at the end of the 
PBX 9304-3 material zone, whereas the central (b) and 
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the right (c) image show the pressures at the end of water 
(wg) and air (sd) zone. 

 

Figure 9. Kinetic energy for models with water gap of 7,5 
mm 

 

Figure 10. Comparison of the stainless steel position for 
the case of MP1, MP2 and MP3 

 

Figure 11. Pressure transmission and expansion of 
detonation products for the model MP11 (wg=7,5 mm; 

sd=7,5 mm) 

The main conclusions of the work are: 1. WBG can be 
used effectively for small scale blast test of plates. The 
kinetic energy of the element can be controlled by the size 
of the water tank and the stand-off distance; 2. The 
increase of the water tank size and of the stand-off 
distance will in both cases lead to a reduction of the 
kinetic energy and of the impulse in the thin plate; 3. The 
increase of the stand-off distance will slightly delay the 
response of the plate and affect the size of the impacted 
area. 

4. FINAL REMARKS AND FUTURE 
RESEARCH 

Due to the research already developed it can be conclude 
that the design of new kind of lightweight multi-layer 
sandwich structure with improved mechanical properties 
and high blast resistance requires an accurate blast 
information. This demands the validation of model and 
constants by the correlation, with experimental results, of 
water blast and stainless steel plate deformation, showing 

the role of the resistant blast wave wall. The research 
under development will take the following steps: 

1. Definition of JWL parameters (EOS) for emulsion 
explosive in Autodyn based on theoretical calculations 
performed by THOR Code;  

2. Propose new coefficients in existing empirical 
equations of Sadovsky and Zamyshlyaev for blast 
properties of emulsion explosive;  

3. Validate the numerical model concerning propagation 
of the blast wave through the non-reacted emulsion and 
water domain with experimental results already existent.  

4.With the numerical procedure validated for emulsion 
and water domain the attention will be focused on the 
experimental response of the plated elements, which 
include the following configurations: a. Single steel plate; 
b. Double steel plate; c. Steel sandwich panels with 
aramid honeycomb core; d. Steel sandwich panels with 
aluminum foam; e. Sandwich panels with aramid sheets 
and fabric honeycomb core;  
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