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Abstract

Protecting structures against accidental or intentional blast events is a sophisticated
task in structural engineering. If vital civilian critical structures (buildings, bridges,
embassies, etc.) are threatened, the main concern lies in developing an effective rescue plan
and rapid intervention. The integrity of the structure itself is rarely considered. However,
explosion events devasting civilian buildings and structures have been increased during the
last few decades (bomb attacks World Trade Centre (1993), Oklahoma (1995), US embassy
Kenya (1998), sugar factory explosion in Georgia (2008), Beirut (2020)), to name a few.
Consequently, shielding structures against blast hazards has become an active area for
research for many years. Numerous efforts were devoted to suggesting appropriate solutions
to this problem. Among these solutions, sandwich panels providing a quite promising
approach for blast mitigation techniques for their high strength, lightweight, and superb
energy absorption capabilities compared with single metallic plates with equivalent weight.

Sandwich panels typically have three layers; two outer plates made of metals or
composite materials and a core layer in-between. The plate facing blast wave distributes the
blast pressure uniformly across the core layer, which progressively deforms and absorbs a
large amount of blast energy, thus the pressure transferred to the structure is attenuated. The
efficiency of these sacrificial layers depends mainly on the quantity of energy absorbed by
their core. This research aimed to improve the blast performance of sandwich structures by
introducing novel core layers that can absorb an enormous amount of energy.

This research presents an innovative energy absorbing component applicable to
energy absorption applications. The developed structure comprises a superposition of two
different energy absorption techniques to enhance the energy absorption capacity of a novel
core structure. The proposed core structure can be applied to extensive blast-resistant and
crash-worthiness applications. Thus, experimental and numerical investigations have been
conducted to investigate the influence of applying internal stiffeners and wrapping composite
layers on the behavior of aluminum (AL) thin-walled tubes. Single, double, and quadruple
thin-walled metallic and hybrid tubes were tested under axial quasi-static compression test.
The specimens were fabricated from unidirectional CFRP, epoxy resin, and aluminum alloy
T6061-T6. Various crashworthiness parameters were assessed, such as the absorbed crash
energy, specific energy absorption, crush force efficiency, average crushing load, and peak

load absorbed to highlight the effectiveness of the novel configurations.
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The hybrid quadrable multi-cell structure showed the highest energy absorption
capabilities compared to the other proposed configurations. Its energy absorption improved
by 116% compared to the solo hollow AL tube.

In addition, nonlinear finite element analysis (FEA) using the commercial
ANSYS/LS-DYNA Workbench software was utilized to verify the experimental results.
Numerical simulations show a proper verification with the experimental results as the
discrepancy percentage for the energy absorption varied between 4.14 to 10.69 and 3.41 to
8.30 for the peak crushing force. So, it is impressive to adopt the novel energy absorbers
components in a sacrificial cladding structure to enhance the blast performance of reinforced
concrete panels.

This research also presents a new core topology for sandwich structures named
ribbon core configuration. The purpose of this configuration is to provide a sandwich
structure with the following advantages: very light, less expensive, simple to manufacture,
great flexibility, and the ability to construct curvature in two directions. The dynamic
performance of the new shape numerically investigated for metallic sandwich structure
panels exposed to blast loading. The FE models’ accuracy was verified using experimental
results that can be accessed in the literature that used trapezoidal corrugated core
configurations. Results indicate that the conducted finite element models are effective to
simulate the dynamic behavior of structures subjected to blast loading. The ribbon-core
sandwich panel (RCSP) blast behavior and the trapezoidal corrugated-core sandwich panel
(TCCSP) were compared. The results imply that RCSP experienced superior blast resistance
than the TCCSP. Findings were used as a guideline for designing sandwich structures under

the impact of blast loading.
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Chapter 1: Introduction
1.1 Problem statement

Usually, common structures were not prepared to withstand explosion threats, so it
IS imperative to design and retrofit structures against blast loads. A few of the available
solutions for protecting structures from blast hazard are as follows:

a) Containment of steel structures is with a thick concrete covering layer. This approach
has many flaws, such as a large deadweight added to the structure. In addition,
explosion tests showed that concrete completely pulverizes and causes casualties due
to fragmentations [6].

b) LINE-X or POLYUREA is used to coat the internal walls of a structure. This
technique is very expensive.

c) Another alternative is glass laminate aluminum reinforced epoxy (GLARE), which
is a fiber metal laminate (FML) consisting of several very thin layers of metal
(usually aluminum) combined with layers of composite materials (usually prepreg
glass-fiber), glued together with a matrix such as epoxy. It provides very good
resistance against impact, blast loading, and fire [7]. However, the material is very
expensive.

d) Finally, nanomaterials have a significant function in the blast mitigation of concrete.
However, producing nanomaterial is a very expensive process, and the gquantities
required for the construction industry are massive.

Recently, sacrificial cladding structures have attracted more attention as effective
blast mitigation systems due to their superior energy absorption capabilities and low cost [8-
10]. These cladding structures can alleviate blast loads and lessen the potential damage of
the structure by reducing the impulsive force level and increasing the duration of the pulse.

The idea of sacrificial cladding structures is to convert a high blast load with short-
duration impulse into a low load with long duration pulse, thus reducing the potential damage
of the non-sacrificial structure which was installed on it. The mechanism of a cladding
structure is to absorb energy through plastic deformation of its inner core layer. In order to
achieve this, the failure load of the sacrificial cladding structure must be less than the failure
load of the critical structural elements of civil engineering structures. Maintaining a low
failure load to the inner core may be attributed to achieving plastic deformation/brittle failure
during an explosion, and thus the peak force transmitted to the civil engineering structures

can be minimized.



The current study investigates the failure mechanisms and the corresponding
absorption energy of crushable metallic and hybrid multi-cell tubes under the effect of an
axile quasi-static compressing test. It also extended to cover the dynamic performance of
lightweight sandwich structures under the effect of blast load and introduces new efficient
core systems for sandwich structure panels to resist blast loads. Various factors such as their
lightweight, fast installation and ease of handling, high-strength lightweight structures, and
decent thermal insulation properties were also considered.

Deflection and energy dissipation are the two output considered in this study. The
mid span deflection used to assess the failure of the panels. Accordingly, the deflection is
the primary factor that controls the design of such panels, and mainly, the deflection of the
back layer as it acts as the last shield that protects occupants from blast waves [11]. Also,
energy absorption is another important factor that was investigated. The target is to achieve

maximum energy absorption with a minimum failure level represented by deflection.
1.2 Research Significance

The last few years have witnessed a growth in the number of accidental or intentional
blast events that threaten civilian and military structures. Blast hazards lead to massive losses
of lives and equipment. Blast protection and energy absorption structures have received
considerable interest from military and civilian research organizations [12]. Protecting
people and structures has become a significant engineering challenge. Consequently, blast
mitigation of structures has become inevitable for many industrial, governmental, and
military organizations. In several industries, such as cement production, coal mining, and
petrochemical fields, the consequences of accidental explosions should be carefully
considered. For example, in the petrochemical field, man-made accidents that occur in
industrial facilities could trigger explosions that are accompanied by other phenomena such
as fire and impact caused by explosion-borne missiles [13].

The governmental and military organizations use maneuverable blast walls to shield
their buildings against blast loads. Maneuverable walls provide a reflective coat of blast
waves that mitigate the blast impact on structures. For blast shielding, maneuverable walls
are constructed around structures as the first line of defense, increasing stand-off distance.
Many facilities also places blast-resistant checkpoints at their entrances or around the facility
to control access. Lightweight prefabricated moveable structures can provide a robust,

durable, and reliable replacement of the traditional sandbag bunkers used for temporary



checkpoints. Sandwich panels are being used to manufacture light-weight moveable
structures [14].

Energy absorbers are also essential for crashworthiness design. Crashworthiness is
the ability of a structure to absorb a large amount of energy and convert it into plastic strain
energy when it deforms under pressure resulted from impact events. Thin-walled (TW)
structures with different materials and geometries have been exploited as energy absorbers

in crashworthiness applications [15].
1.3 Research objectives

The aim of this research is to develop an effective blast-resistant systems using
lightweight composite structures. The findings from this research can be generalized,
providing implementations in several other potential structural applications.

Therefore, the objectives of this study are:

e Design a novel thin-walled structure with high energy absorption capabilities
that could be used as a new inner core for sacrificial cladding structure.

e Assess the crashworthiness of the proposed novel energy absorber structure
through experimental work.

e Investigate the blast performance of protected structures by applying
sacrificial cladding structure with hybrid multi-cell tubes as an effective
absorbing core.

e Develop a high-fidelity numerical model for various blast environments using
the explicit finite element program (Autodyn/ANSYS), and compare and
validate results with the field test results.

e Investigate various blast parameters on the performance of the novel

sandwich structures and provide guidance for its design.
1.4  Contributions

In the current study, the proposed tubes indicated that the novel technique is effective
for improving the energy absorptions capabilities of thin-walled structures. The new energy
absorber structure can be operated standalone in crashworthiness application such as:

e Asafety device attached to the front of the vehicles’ hull and chassis of trains.

e As energy absorption tube in aircraft fuselage.
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e Moreover, it can be used as a sacrificial cladding system for critical
governmental structures. The proposed system (inner core) will enhance its
non-linear dynamic behavior under the severe blast loading by dissipating
energy and reducing deflection.

The proposed system showed that the impulse resistance is better than the traditional
corrugated sandwich structures. The application of sandwich panels examined in this study
are:

e Maneuverable checkpoints (instead of sandbags used nowadays),

e Protection wall panels which can be placed in front of any construction that
must be safeguarded from blast events,

e Constructing moveable buildings against blast effect like in the gas and oil
industry and military buildings like barracks and ammunition stores.

e Main structural components for military vehicles, and ship hulls.
1.5  Research Overview

This dissertation presents research work carried out towards the objectives above.
The entire dissertation consists of six chapters, including this chapter.

Chapter 2 introduces the fundamentals of blast loading, the method used to predict
blast loads, and a general review of the response of structures imperiled to blast loads. It is
followed by discussion of the various types of composite material and the composite
structures used to resist blast load. A historical review of the various retrofitting systems and
protection of structures has also been conducted.

Chapter 3 introduces a novel technique to develop effective energy-absorbing structures. The
new structures were hybrid multi-cell thin-walled circular tubes. Three novel configurations
were introduced in this chapter. Experimental tests were executed to assess the energy
absorption capabilities of the new core system. Besides, an intensive numerical study was
performed to model the experimental tests utilizing commercial finite element software,
LSDYNA/Workbench.

Chapter 4 applies the novel structures as blast mitigation layers in reinforced concrete
elements, mainly RC slabs. Sacrificial cladding structures were attached to the RC slabs as
a protection layer from the destructive effect of close-range explosions. Due to the
difficulties encountered in running the blast field tests, validated available experimental test
data were used to verify the 3D FEMSs. The hydro-code program (AUTODY N), endorsed by
the finite element program (ANSY'S) has the capability to simulate explosions, and analyze



blast wave interactions. The results showed the effectiveness of using the novel sacrificial
structures in protecting concrete structures.

Chapter 5 numerically investigates the use of ribbon shapes as an innovative core topology
for sandwich structures subjected to blast loading. Applying the ribbon topology to the
traditional corrugated core topologies improved their blast performance. Also, this chapter
provides recommendations that can be utilized as a guide manual for designing metallic
ribbon sandwich structures with different protection levels.

Finally, Chapter 6 offers conclusions of this study and recommendations for future works.
1.6 Dissemination of the Work Described in this study

Some of the findings from this research have been prepared for dissemination and

presentation in the following peer-reviewed journals and conferences:

“Hybrid Multi-Cell Thin-Walled Tubes for Energy Absorption Applications: Blast
Shielding and Crashworthiness”
Journal: Composites Part B
Corresponding author: AHMED IBRAHIM
First author: Mahmoud Mohamed
Published: 15 Feb 2020

“Metallic Ribbon-Core Sandwich Panels Subjected to Air Blast Loading”

Journal: Advances on Structural Engineering, Applied sciences, MDPI
Corresponding author: AHMED IBRAHIM

First author: Mahmoud Mohamed

Published: 29 June 2020

“Impact of Blast Hazard on Metallic Sandwich Structures” . Mahmoud Abada, Ahmed

Ibrahim. 7th International Conference Integrity-Reliability-Failure.
J.F. Silva Gomes and S.A. Meguid (editors), INEGI-FEUP (2020).

“Improving Blast Performance of Reinforced Concrete Panels using Sacrificial Cladding
with Hybrid-Multi Cell Tubes”

Journal: Advances in Structural Mechanics and Finite Element Modelling, Modelling, MDPI
Corresponding author: AHMED IBRAHIM
First author: Mahmoud Mohamed



Third author: SJ Jung

Published: 7 March 2021“Energy Absorption of Hybrid Thin-Walled Tubes Filled with PVC
Foam”
Authores: Lucas de Lemos Coutinho, Mahmoud Abada, and Ahmed Ibrahim, S.J. Jung

will be submitted to modelling.



Chapter 2: Literature Review

Dynamic load on structures could be generated from various sources, for instance,
mechanical activities (a structure that was supporting rotating machinery), wind, earthquake,
high-speed impacts, and explosions (blast). Most of these loading conditions are covered by
modern design (loading) codes (European Committee for Standardizations, 2006, American
Society of Civil Engineers, 2002, Standards Australia, 2011). However, all principal design
codes have paid limited attention to explosive loading due to the scarcity and extreme nature
of the loading. The United States Army Corps of Engineers has published a series of
comprehensive blast design guidelines for constructing military and storage facilities

focusing on explosions [1].

The whole world suffers from explosion events that deliberately or accidentally
damaged industrial, civilian, and military structures. These events have raised serious
concerns about countries' ability to protect their people and structures from these persistent
threats. Hence, there is an urgent demand for analyzing and design structures subjected to
such tragic events to withstand harsh loading conditions. A blast load analysis must be
conducted to anticipate the behavior of structure imperiled to blast loads. The blast
parameters, types of blast loads, and their effects on structures are covered in this chapter. It
is not economical to fortify structures to endure blast loads. Therefore, some of the strategies
that could be adapted to alleviate the influence of blast hazards were also investigated. Also,
the various approaches for anticipating blast loads are discussed. This chapter presents the

fundamentals of blast for structural engineers and researchers.

2.1 Blast Phenomena

An explosion is a rapid expansion in volume due to an abrupt energy release in an
intense manner, usually accompanied by high temperatures, pressures, and the release of
gases in a short time [1]. The explosion can be categorized as physical, nuclear, or chemical
depending on its cause. For physical explosions, energy is discharged from either failure of
compressed gas cylinder, volcanic eruptions, or mixing of two liquids at different
temperatures. In the case of nuclear explosions, energy is released due to the splitting of
atomic nuclei by redistributing neutrons and protons inside the interacting nuclei. While the
main reason for energy release in a chemical explosion is the instant oxidation of the fuel

elements (hydrogen and carbon particles)[2].



Explosives can be grouped as gases, liquids, or solids. Explosives are also
characterized according to their detonation sensitivity for primary and secondary explosives.
Primary explosives can be quickly initiated with the minimal energy from a spark or impact.
Lead azide and mercury fulminate are primary explosives. Secondary explosives require a
more significant amount of energy compared to the primary explosive. The secondary
explosive usually requires a primary explosive as a detonator to initiate the explosion.
Trinitrotoluene (TNT) is a secondary explosive. Secondary explosives can be more
dangerous and can cause widespread damage to surrounding infrastructures due to their
quantities in storage and transport [3].

Itis crucial to understand the mechanism of blast loading [4]. The blast load is created
when the explosion causes the surrounding air mass to move, producing a high-velocity
shock wave, as shown in Fig. 2.1 that travels in radial directions from the center of
detonation. Blast loads create hundreds of times more stress than wind loads. Although blast
loads have incredibly high peak pressures, the durations are extremely short. Short-duration
loads reduce the impacts of such high pressures on structures. Nearby building will
experience a short-term load in the form of a pulse (pressure embedded in time). The severity

of this impulse depends on the following factors:

. Distance from a target (stand-off distance)

. The size of the explosive charge

. Type of wave propagation

. Open or enclosed area

. Geometry of structure (an incidence angle of 0° causes the highest load case)

Fig. 2.1: Generated shock wave due to explosion.



2.1.1 Explosions Types

Explosions are either confined (inside the structure) or unconfined (outside the
structure). The confined explosion is divided into fully vented, partly vented, and totally
confined, as displayed in Fig. 2.2. A fully vented bursts happen when one or more surfaces
are open to the air. Accordingly, the pressure from the blast wave is sent directly into the
atmosphere. For partially confined eruptions, the structure contains the explosion for a
limited period before being released into the atmosphere due to the presence of a small
aperture in the structure. For entirely confined explosion, the explosion is trapped within the

structure. Consequently, the blast waves are reflected and amplified, creating an accumulated

Fig. 2.2: Types of confined explosions: a) totally vented, b) partially confined, c)

gas pressure [5].

totally confined.

Unconfined blast loads are divided into surface burst (hemispherical surface burst),
airburst, and free air burst (spherical Surface blast). Unconfined eruptions occur when the
blast waves propagate from the detonation source towards the structure due to the ignition
of an explosive charge in an open area. A free explosion occurs when the shock wave
produced by the detonation propagates away from the source and strikes the structure just
before the reflection wave occurs. For a blast in the air, the detonation occurs at a distance
from a structure that allows the blast wave to be reflected off the ground before reaching the
structure. Finally, with surface explosions, the detonation occurs near the ground, and the
primary shock wave is amplified at this stage by shock wave reflections from the ground [5].
Figure 2.3 shows the three categories of unconfined blast loading: free air blast, air blast,
and surface burst. This study deals in detail with unconfined blast loads.
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Fig. 2.3: Blast loading categories: a) surface burst, b) airburst, c) free air burst.

2.1.2 Standoff distance

The direct, unimpeded distance between the facing surface of the target and the center
of the charge weight is expressed by standoff distance (SoD) and is illustrated in Fig. 2.4. It
plays an important role in blast mitigation, as when it is increased, the intensity of the blast
overpressure of the explosion decreases [6, 7]. SoD can be established by appropriate
fencing, knee walls, and access control point to protect vital buildings [8, 9].

Explosive

Structure

Standoff-distance

Fig. 2.4: Schematic of standoff distance.

2.1.3 TNT equivalence

The diversity of explosive materials leads engineers to adopt a global quantity that is
used in all calculations of explosion strength. TNT was selected because its blast properties
are similar to those of most solid explosive types. TNT equivalent weight is calculated by
Equation (2.1) which relates the chosen design explosive weight to the corresponding TNT
weight by taking advantage of the generated heat percentage:
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_ Hexp
W, = Wexp % (2-1)
Where, W, is the equivalent TNT weight (kg),
W .. is the actual weight of the explosive (kg),
H‘e’xp is the detonation heat for the actual explosive (MJ/kg), and

HEyris the TNT detonation heat (MJ/kg)

Table 2 lists some of the pre-determined equivalent weight factors of TNT. These
factors can be utilized to calculate the weight of the TNT charge that generates the same
blast wave parameters as those produced by another explosion of a certain weight. A
comparison of these parameters can be made for either pressure or pulse values; Thus table

2.1 encloses three different factors for distinctive types of explosives.

Table 2.1: TNT equivalent factors [10].

Explosive Detonation heat Equivalent mass factor
(KJ/kg)
Pressure Impulse

TNT 4.247 1.00 1.00
RDX 6.19 1.14 1.09
HMX 2.175 1.02 1.03
AMATOL 2.931 0.99 0.98
PETN 6.69 1.27 1.11
C4 5.86 1.37 1.19

2.1.4 Blast Wave Parameters

The blast loading is evaluated either by primary or secondary parameters
(Overpressure, impulse, and duration are primary parameters for calculating the blast load.
While the peak dynamic pressure, peak reflected pressure, and the blast wavelength are the
secondary parameters). The secondary parameters are obtained from the primary parameters.
Figure 2.5 displays an ideal blast wave pressure-time history [2]. It involves two stages; the

positive pressure (pushing) phase, where incident pressure rises at the wavefront from
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ambient pressure (Po) to peak overpressure (Pso) at the time of arrival (ta). Then follows by
exponential decay until the pressure drops down to ambient pressure at the time of (ta + ta).
The second phase is known as the negative (suction) phase, where pressure decrease until a
negative peak pressure (Pso) at the time of (ta + tg+ ta). Typically, the duration of the
pressure wave is relatively very short, for that the structure component response is mainly

affected by the positive impulse which is the area under the time-pressure curve.

Pressure
Peak
Pressure — - = ' s =
[Peo]
Positive
Peak impulse [is]
overpressure |
[Pso-Po]
Incident
pressure[Pt] .
Negative
impulse [is ]
Ambient
pressure [Po] ta| b taito tA+totto
\/ 1 n
Negative | _| _ __. LT T - \I —_— . Time [t]
pressure I 1 g
[Pso ] Arrival - Positive ~° Negative
time [ta]l duration[to] ! duration [to ] 1

Fig. 2.5: Ideal blast wave pressure-time history.

The negative phase is usually neglected during the blast design as it has been
demonstrated that the positive phase is responsible for the primary structural damage.
Furthermore, pressures due to the negative phase are relatively small compared to the
positive phase pressures. The negative phase does not have much influence on the integrity
of buildings exposed to explosions. Even though the value of these pressures is less than the
ambient pressure, they are taken into account in the overall structural performance of the
building during an explosion rather than in terms of assessing its structural integrity.

The positive phase is usually described by Friedlander’s equation [11], which is

expressed as:
P() = Pyy(1— e W 22)
d
Initially, atmospheric pressure is not considered during the blast pressure calculation.

Therefore, this equation is further modified considering ambient atmospheric pressure and

became,

P() = Po + Py (1~ )e™") (2.3)
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This equation is known as the modified Friedlander equation and is widely used due
to its accuracy. The other most widely used approach to obtain the blast pressure (Pt) was
developed by Kingery et al. [12]. The equation takes the form,

P, = P.cos? 0 + P;(1 + cos? 6 — 2cos 0) (2.4)

The impulse is another essential parameter for assessing the blast load. The area
describes it beneath the pressure-time curve. The impulse is divided into positive impulse is"

and negative impulse is calculated by the following equations [13-15].

, t,+t
iy = fta dPso(t) dt (2.5)
L tyttg+ty

iy = [T, at (2.6)

2.1.5 Blast Scaling Laws

In blast analysis, scaling laws are developed to model the blast wave parameters of
large-scale explosions by using a small-scale explosion. There are many ways to scale blast
parameters, but the most used is the Hopkinson scaling law. It states that “blast waves
generated from the detonation of different charge weights of the same type and geometry of
an explosive detonated with equal scaled distance (z) are similar”. To simplify, if a charge
with weight (W) and diameter (d), is detonated at a distance (R), the blast wave parameters:
peak pressure (Pso), impulse (Is), and phase duration (ta), will be the same for an explosive
charge weight (W1), with a diameter (d1), detonated at a distance (R1).

The relation between any two kinds of explosives can be expressed as follows:
W « d® and W1 o« dq®

Where d and d1 are the diameters of the spherically shaped explosive charges, from this

relation:
1
o () = ) e

A dimensional scaled distance (Z) is introduced as described by the following
equation. As the constant Z increases, the charge weight decreases, generating smaller

incident pressure at the identical stand-off distance.
1
3 R R
— = (1)3: A Wl/s = constant = Z (2.8)

w1
where W is the equivalent TNT charge weight (kg), and R is the range (SoD) in
meters (m) [16].
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2.2 Methods used to predict blast wave parameters

The methods used for calculating the blast wave parameters are theoretical, empirical

(analytical) method, and computational techniques.

2.2.1 Theoretical and Empirical Methods

The earliest records of blast pressure discoveries date back to 1870, when Rankine
and Hugoniet described the normal shocks in ideal gases. Over many years, because of
research associated with test programs, a number of analytical methods have been developed
for predicting blast loading. Table 2.2 listed most of the analytical methods capable of
predicting the blast wave parameters. These analytical techniques are introduced in many
design manuals, for instance, TM 5-1300 and TM5-855-1. The US Army has established
these manuals and used it for military and civilian sectors to design structures against blast
loads. It contains a step-by-step analysis and design procedure. The design curves in these
guides express the blast load parameters as functions of the measured scaled distance (Z)
based on TNT equivalent weights. We can use charts to calculate all aspects related to the
blast wave (shock wave). These charts use a reference yield of 1 kiloton (KT) or 1 megaton
(MT). We can get these parameters for another yields using the scaling law. These manuals
are commonly used as engineering references for predicting blast loads on the surface and

buried structures.

Table 2.2: Summary of studies on blast pressure estimation

Researcher Year Type of Blast Method
von N;l;rtrtlznn and (1947) Spherical free air Theoretical
Brode (1955) Spherical free air Theoretical
Nev:lrarllr?sr:nand (1961) Hemispherical Empirical
Henl\r/I);(;i;rand (1979) Spherical free air Semi-empirical
ey SRS s

Mills (1987) Hemispherical Empirical




15
2.2.2 Computational Techniques

The previous analytical techniques have been automated in the computer programs
such as CONWEP, RCBLAST, AIR3D, and BIASTX [17]. These programs are distributed
through the governmentally controlled Defense Logistics Agency that monitors and controls
access to these programs due to the classified material they contain. By developing computer
science, numerical methods contribute to the structure design and are capable of predicting
both the blast parameters and the structural response to the blast loading. These methods will

be covered in detail in the following sections.

2.3 Structure response to blast loading

Analysis of the dynamic behavior of explosion-loaded structures comprises the
influence of extreme strain rates, the behavior of inelastic nonlinear materials, uncertainties
in blast load computations, and time-dependent deflections. Several reasonable assumptions
regarding the response and loads of the structure have been proposed and widely accepted
to estimate the response of structures against blast loading. An equivalent single degree of
freedom (SDOF) system is used to idealize the dynamic performance of the structure, then
the equation of motion is solved analytically or numerically to obtain a displacement-time
history of the structure. However, this approach is based on numerous assumptions as the
load and structure configuration are complicated. The discrepancies compared with the
experiments may be large and may not be appropriate when more detailed information
related to failure is required. Finite element models (FEM) can be used to examine the
structural response due to blast loads in a more rigorous fashion [18]. The FEM considers
the material geometry, dynamic properties, and nonlinearity. Numerical methods used to

simulate the blasted problem typically are based upon explicit finite element methods.

2.4 Modelling Techniques

In the past few years, numerical simulations have been replaced the blast field tests
in the structure design. The entire explosion event can be accurately analyzed, and the
dynamic structural response can be captured utilizing finite element analysis (FEA). It is
challenging to solve such problems with thousands of time steps due to the complexity of
inverting stiffness matrices to solve large groups of nonlinear equations, especially for
models with enormous number degrees of freedom nonlinearity is present. Explicit FEM
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overcomes this because it solves problems without creating a global stiffness matrix. The
explicit approach can solve large 3D models in a reasonable computational time.

Moreover, the ease of implementation and the ability to model highly nonlinear
mechanical phenomena are significant advantages for this approach. Nonlinearities may
occur due to the materials, contact (the interface between the load and the structure and the
internal elements of the structure), and the structural deformation (buckling and collapse).
Besides, the explicit approach solves through relatively small-time steps to capture the
detailed structure response during time-dependent loading with maintaining consistency and
stability (AUTODYN, 2014). Various software programs perform explicit dynamic
analyses, (e.g., ABAQUS, LS-DYNA, AUTODYN, ANSYS AUTODY N, etc.) are available
and can simulate the structure's performance under blast loading. These programs combine
different techniques (finite and discrete element method) to precise failure and crack patterns
of blast-loaded structures [19].

Additionally, there is an interaction between the blast wave and the target structure
called fluid structure interaction (FSI). Lagrangian, Eulerian, and Arbitrary Lagrange—Euler
(ALE) solvers [20] are used to simulate this kind of interaction. The Lagrange solver is
employed for solid continua modeling (e.g., structure); however, the Euler solver is
commonly adopted for fluids and gases modeling (e.g., air blast, underwater explosions).
Lagrange solvers break the structure into small parts connected by nodes that move as the
material distort, as shown in Fig .2.6 a. Euler solvers use a fixed grid in space through which

materials can flow, as shown in Fig .2.6 b.

Distorted

—

Fixed grid

—

Fig 2.6: a)Lagrange mesh b) Euler mesh [21].
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2.5  Blast Mitigation Techniques

Insufficient protection against blasts leads to loss of lives and economic loss due to
structural damage. Therefore, various mitigation strategies are needed to safeguard the
structure from primary and secondary damages. The blast mitigation strategy aims to
minimize structural damage and increase the capability of the structure to function after the
blast. Standoff distance is one of the important and most economic parameters in mitigation
strategy, as pressure due to blast wave decays rapidly with standoff distance. When it is not
possible to provide an adequate standoff distance, the structure needs to be hardened, which
makes the structure uneconomical. Sometimes buildings need to satisfy design criteria for
both seismic and blast loads on the structure, which can be provided by light weight and
energy absorptive material. Thus, there is a need for some lightweight energy-absorbing
materials to be invented [9, 13, 22]. Defense in depth is another mitigation technique,
consisting of several layers that terrorists must cross before reaching the center of the asset.
Physical barriers such as blast walls, anti-ram barriers, and vehicle barriers can also be
constructed in standoff zone, which impedes access thereby protecting the structure [9].
Orientation and shape of the building, proper landscaping, and architectural aspects can also

protect the structure against blast threats and attenuate the effective pressure [15, 23].

2.6 Mitigation Systems

There are two categories for mitigation systems active and passive mitigation
systems: Active mitigation systems activated whenever a threat is detected and damage it
before striking the target. These systems minimize the blast pressure, temperature, impulse
and subsequently reduce the destructive effects of the blast. But the main requirement of
such systems is high technology detectors. As per works of literature, these kinds of systems
are not easily available. The passive mitigation systems consist of a structure with different
geometric shapes and materials placed between threat and target rather than sensors to be
triggered. Impedance mismatch, blast or shock wave disruption, and sacrificial cladding are
different methods of passive attenuation [24]. Figure 2.7 summarizes the passive mitigation

systems.
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Fig 2.7: Passive blast mitigation systems state-of-the-art.

2.7 Impedance Mismatching

Impedance mismatch is done by layering different materials between the threat and
the target to mitigate the impact of the shock wave or explosion. Due to impedance
mismatch, there will be pressure dissipation which will act as attenuating mechanism, for
instance, filling a cavity between the blast wave and the object with water [25] as illustrated
in Fig 2.8.
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Fig 2.8: Water shields for blast mitigations.

2.8  Sacrificial Cladding

Sacrificial cladding uses multiple layers of various materials with different stress
properties to absorb energy. The sacrificial cladding represented by Figure 2.9 consists of a
solid shell plate and a core that absorb the impact pulse. The cover plate improves the
bending ability while the core provides energy-absorbing properties [26]. These layers with
different physical properties are intended to deform the plastically. Metal panels, sandwich
layers, blast walls, perforated panels can be used as cladding. The literature has also noted
that sandwich panels are a type of sacrificial layer and the best mitigation measure due to
their superior strength and stiffness [26]. Additives can vary in sandwich panels (such as
ceramic, metal foam, mesh structure, honeycomb), and highly absorbent and ballistic

resistant materials [27, 28].
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Fig 2.9: Concept of sacrificial layers.
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2.9  Composite Structure Sandwich Panels (CSSPs)

The sandwich panels are comprised of two surface plates connected by a core layer.
The components of the sandwich material are bonded together using either adhesives or
mechanical fasteners. In a typical sandwich structure, as shown in Fig. 2.10 [29], two faces
are generally fabricated from the same material and with the same thickness. The face sheets
are primarily resistant to the in-plane and lateral loads. However, in particular applications,
the faces may differ in thickness and material. In general, there are four types of cores: bulk
foam cores, honeycomb cores, trusses cores, and web cores, as indicated in Fig .2.11.
Recently, sandwich structure configurations have been proliferated due to the urgent
need for improved structural behavior without significantly increasing the weight of the
structure. There are many applications for sandwich structures include explosion protection
structures, satellites, automobiles, aircraft, ships, rail cars, and wind power systems [30]. The
advantages of sandwich construction include.
* High bearing capacity
* High energy absorbing capability.
* Excellent thermal insulation.
* Crack progress and fracture toughness characteristics improved compared to solid bodies.
* Long life at low maintenance cost.
* Excellent blast mitigating properties.
» lighter weight for applications with weight limitation and restrictions.

Face sheets / . CorcMaterial

Fig. 2.10: A typical sandwich structure.
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Fig. 2.11: Different types of steel core configurations. (a) Square honeycomb, (b)
corrugated/diamond core (c) tetrahedral lattice, (d) pyramidal lattice, (e) kagome lattice
and (f) diamond textile core [31]

2.10 Mechanism of sandwich structures to resist blast loads

Sandwich panels are often grouped into two types for blast applications. The first
type are sacrificial cladding layers installed in front of the main structure to absorb impacting
energy through the front face and core of the sacrificial layers. The second type is a structural
element, which is used as a primary structural element. The deformation of the backing sheet
mainly determines its performance. A sandwich structure subjected to blast load is exposed
to a sudden velocity on the face sheet towards the blast [32]. The blast-loaded sandwich
structure goes through three stages to mitigate the blast loading, as shown in Fig. 2.12. The
first stage is the pulse loading stage, in which the pressure impulse strikes the structure. The
front plate will rapidly move with speed (S:1) toward the backing plate. The second stage is
primary crushing, in which primary crushing resists the movement of the front plate and
slows down its movement; This crushing force depends on the energy absorption capabilities
of the core layer. Through the second stage, the advanced face layer deforms the base
material. The third stage is plate bending where the front face plate is slowed down by the
core, and the back-plate deformation resists the remaining energy.
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Fig. 2.12: Impact of shock wave on sandwich structure.

The efficiency of these layers depends mainly on the quantity of energy absorbed by
their core [33]. Thin walled (TW) structures with different materials and geometric shapes
have been exploited as energy absorbers. They absorb in a large magnitude of kinetic energy
and convert it into plastic strain energy when it is deformed under stress produced by the
shock load [34].

2.11  Thin-walled structures for energy absorption applications

Metals such as mild steel and aluminium alloys are the most common used materials
to manufacture TW energy absorbers. The ductility of metallic alloys allows the energy to
be dissipated through its plastic deformation. TW metal tubes with diverse cross-sections are
extensively adopted as energy absorption structures in the industry for their low price, high
strength to weight ratio, and high energy absorption. Several kinds of investigations have
examined the mechanisms of TW metal tube breakdown under axial fracturing. Robertson
[35] was the first to carry out experimental and theoretical studies for metallic TW tubes
under axial pressure. The results showed the ability of TW tubes to absorb a large quantity
of energy. Jones [36] notes that TW tubes are more suitable and desirable as an energy
absorbent due to their simplicity, high energy absorption. Andrews et al. [37] experimentally
studied the impact resistance of aluminium tubes under axial quasi-static pressure tests and

also examined the effect of tube length on the failure mode. Song et al. [38] explore the
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interaction between aluminium foaming and metal tubes under an axial pressure load through

experimental tests and numerical simulations.

To reduce the weight of energy absorption components, composites have been
introduced since 1970 to replace traditional metals, which provide high strength
accompanied by lightweight [39]. Metals absorb energy through plastic deformation, while
composites are brittle and disperse energy through various fracturing mechanisms such as
loosening and breaking the fibres and cracking the matrix. Palanivelu et al. [40] studied
experimentally the absorbing energy of composite tubes of different configurations
handcrafted using e-glass fabric bonded with polyester matrix under a quasi-static pressure

load.

Researchers also examined the behaviour of composite tubes filled with honeycomb
and foams. Liu et al. [41] studied the failure mechanisms of the CFRP tubes filled with Al
honeycomb under lateral and axial quasi-static crushing tests. Results showed that the
absorption energy (AE) and the specific absorption energy (SAE) of the filled CFRP tubes
increased by 6.56 and 4 times, respectively. Interestingly, G. Sun et al. [42] found through
an experimental study that the SAE of CFRP tubes filled with foam is lower than that of the
hollow CFRP, indicating the features of filled TW CFRP structures energy absorption are
not fully understood.

Recently, hybrid structures have been introduced to improve the energy absorption
of TW structures. Hybrid tubes maybe composite tubes reinforced with metal tubes or metal
tubes wrapped with fibres. Hybrid structures are a mixture of desirable properties for each
material, for example, strength to weight, stress-to-displacement ratios of composites, stable
deformation, and ductility of metals. Shen et al. [43] performed experimental tests to assess
the energy absorption of GFRP hybrid tubes under affective and axial compression loading.
They compared the average crushing load of aluminium and composite and hybrid tubes
with the same weight under axial load. The hybrid tube was found to have excellent energy
absorption capabilities. Babbage and others [44] conducted experimental studies to evaluate
the energy absorption of aluminium / hybrid composite tubes. The hybrid tubes increased
the absorbed energy by 40%. They also investigated the influence of adding more composite
layers on energy absorption. The absorption energy increases with the number of composite
layers. Mirzai et al. [45] ran an experimental examination of the effect of the stacking
structure of external GFRP composite tubes on the impact resistance of the aluminium /

GFRP circular hybrid tubes. The results indicated that the stacking configuration has a
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significant influence on the shock resistance properties. For example, exercise [90/0/0/90]
absorbs 30% more energy compared to [90/90/90/90] layup. The crushing behaviour of
CFRP coiled hybrid tubes and aluminium/carbon fibre reinforced plastics subjected to quasi-
static axial loads was experimentally studied by Guangyoung et al. [46]. The hybrid tubes
have shown more stable crushing behaviours and a larger energy absorption ability compared
to the traditional tubes. All the methods adopted for improving the energy absorption
capacity for the thin-walled structures are illustrated in Fig. 2.13.

Energy absorption
methods’
State-of-the-art
|
!
[Configuration methods] [ Imperfection methods ]

L] 1 )
[ FiIIIing ) [ |'|‘Il|3rid | Multi-cell Loca
s Y ey m
Uniform || Fanctiona e St — T ! 1 1 ' I ;.
density graded [th::::::s][ la ersg] [sliffeners][te;e ] unequal- [Corrugation} [Diaphragms][?anems] Holes [Grooves][ Cutting ][F‘{c,k""g]
ety ! ) Lcomer el initiator

Fig. 2.13: Energy absorptions techniques state of art.

2.11.1 Axial Crushing Behaviour:

The axial crushing test is a well-known procedure for predicting the axial capacity of
energy absorption in shock resistance analysis. Based on the loading rate, the crush test can
be done in two ways, the Impact test, and the quasi-static test.

21111 Impact Testing

Impact testing is performed with a hammer or impact tool, as shown in Fig. 2.14, to
simulate the shock load occurring in an impact event. Sample dimensions are usually
designed based on preliminary calculations to determine tube geometry to avoid torsion
failure [47]. The tested specimens have typical dimensions from 50 to 125 mm long, 20-100
mm diameter / outer width, and a wall thickness in the range of 1-3 mm [48].

In addition to the loading rate applied to the sample, factors such as the stress rate sensitivity
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of the material are usually taken into account. However, the overall test time is minimal.
Equipment such as high-speed cameras and electronic control devices are usually used to
collect test data and record sample responses. As a result, the impact test is costly; Therefore,

a quasi-static test is often used to assess the energy absorption of TW structures.

Weight with
|
accelerometer

Sample

L ___Fixed base

Fig. 2.14: A typical impact testing setup.

21112 Quasi-static testing

In this test, the sample is crushed axially at a constant velocity typically between 1-
10 mml/s. The test sample is compressed between two parallel level plates. One of the panels
is fixed while the other is moving at a constant velocity, as shown in Fig. 2.15. The quasi-
static tests are more accessible to control than the impact test. However, this type of test
cannot be considered an accurate simulation of actual breakdown conditions due to the
sensitivity of some materials concerning the rate of load stress. However, it can be used to

obtain energy absorption and monitor failure mechanisms.

| - Moving head

____Sample

— Fixed base
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Fig. 2.15: A typical quasi-static test setup.

2.11.2 Energy Absorption Characterisation

In axial crushing tests performed by impact loading or quasi-static pressure, impact
resistance parameters are determined from the load-displacement curve. The typical load-
displacement of a TW tube exposed to axial quasi-static pressure is divided into three regions.
The first region is the pre-fracturing region from the origin to the peak of the fracturing load.
The second is the post-fracturing region, which is characterized by an average fracturing
load. The third zone is the pressure zone and can be neglected.

The most-reported parameters to evaluate the energy absorption are the specific
absorption energy and the crushing force efficiency. Specific absorption energy (SAE) is
defined as the absorbed crush energy (AE) per the crushed specimen unit mass (m).

SAE =2
m
Absorbed energy (AE) is the area below the load-displacement history regardless of the

compaction zone.

AE=[""" P dA

where P is the load and A is the displacement.

Crushing force efficiency (CFE) is also used to evaluate the behaviour of the energy
absorption component and is defined as the ratio between the average crushing load and the
peak load,

CFE=2%4 4 100

max

Peak load (Pmax) is the maximum load disregarding the compaction zone, and the
average crushing load Payg is the ratio of the absorbed energy in the post-crushing zone
(Ec) to the post-crushing displacement (5).

E,
Pavg = 8—C
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This review facilitates the task of achieving new configurations for sacrificial
cladding structures which is presented in the remaining chapters.
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Chapter 3: Hybrid Multi-Cell Thin-Walled Tubes for Energy Absorption

Applications: Blast Shielding and Crashworthiness

3.1 Introduction

A specific concern of reducing the potential damage of structures exposed to impact
loads has been raised in the last decade. Protecting structures from impact hazards drives
researchers to adopt sacrificial layers [1-3]. These layers are adequate to absorb various
impact loads. The protective layer systems may consist of efficient absorbing core layer, as
illustrated in Fig.3.1. These cladding structures have the ability to mitigate blast loads and
reduce the potential damage of the structure by reducing the impulsive force level and
increasing the duration of the pulse.

Efficient mitigation systems are usually made of sandwich panels [4]. Sandwich
panels typically have three layers; two outer plates made of metals or composite materials
and a core layer in-between, as demonstrated in Fig.1 [5]. The plate facing the blast wave
distributes the pressure load more evenly across the core layer that deforms progressively,
so the pressure transferred to the structure is attenuated. The core layer can have various
forms, for instance, corrugated sheets [6], woven configuration cores [7], honeycomb cores
[8], trusses cores [9], and foams. The efficiency of these mitigation structures relies on the
amount of energy absorbed by their core.

At this juncture, it can be predicted that the performance of sandwich structures
should be more efficient if the core develops progressive crushing and yielding excellent
resulting energy absorption. Hence, the objective of this study is to design a hybrid multi-

cell thin-walled structure that exhibits appropriate energy absorption capabilities along with

robust specific energy absorption and crush force efficiency.

5

|~
g 7 > Face sheets

Core layer

Fig. 3.1: Schematic of sacrificial cladding structures [2].
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Moreover, playing a crucial role in cladding structures, energy absorbers also are
essential for crashworthiness design. Crashworthiness is the ability of a structure to absorb
a large amount of energy and convert it into plastic strain energy when it deforms under
pressure resulted from impact events. Thin-walled (TW) structures with different materials
and geometries have been exploited as energy absorbers in crashworthiness applications
[10].

Numerous studies have been conducted to understand and assess the energy
absorption capabilities of TW structures. They can be produced with different cross-sections
such as circular, square, hexagonal, octagonal, oblong, conical, taper, frusta, corrugation and
S-shaped [11-16]. Among these, circular thin-walled tubes have been significantly utilized
as a crashworthy component due to their outstanding crashworthiness characteristics, low
cost, lightweight, and ease of manufacturing. Multi-cell tubes have been raised as an
effective method to boost the energy absorption adequacy while at the same time maintaining
the weight efficiency of the structure [17-20].

Besides the abovementioned multi-cell tubular structures, hybrid structures with
simple configurations have gained considerable interest due to their better energy absorption
than the simple hollow unfilled tubes. Therefore, several studies had focused on the
performance of hybrid thin-walled structures as crashworthiness mitigative structures.
Mirzaei et al. [21] demonstrated that staking sequence of the outer GFRP composite tube has
a significant effect on crashworthiness of circular aluminum/GFRP hybrid tubes. For
instance, layup [90/0/0/90] absorbs 30% more energy compared to [90/90/90/90] layup.

Zhu et al. [22] conducted an extensive study on the behavior of different three
AL/CFRP hybrid tubes configurations; aluminum tube externally wrapped with CFRP tube,
CFRP tube surrounded by aluminum tube, AL/CFRP/AL sandwiched tubes. They concluded
that the CFRP tube surrounded by an aluminum tube displayed the best crashworthiness
capabilities. Furthermore, in the same energy absorption, this type of hybrid tube reduces the
cost by 32.1% compared to the standalone CFRP tube and could reduce weight by 33.6%
compared to the standalone aluminum tube. Guangyoung et el. [23] experimentally studied
the crushing performance of filament wound CFRP and aluminum/CFRP hybrid tubes under
axial quasi-static loads. Hybrid tubes expressed more stable crushing performance and better
energy absorption capacity compared to conventional tubes.

Based on the aforementioned literature, most of the previous research focused on the
metallic multi-cell structures or on hybrid structures with empty or filled hollow profiles.

Introducing multi-cell profiles to the hybrid tubular structures will provide a proper
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technique to provide lighter weight, excellent crashworthiness performance, and an
acceptable price. The current work presents a new configuration for the hybrid multi-cell
thin-walled circular tubes as an attempt to improve their energy absorption characteristics.
The new configurations are double and quadruple cell tubes wrapped with CFRP sheets. Six
configurations of metallic and hybrid multi-cell thin-walled circular tubes were constructed
to investigate their energy absorptions characteristics. Numerical analysis was performed to
simulate the crushing performance of the proposed tubes using finite element software
(ANSYS-WORKBENCH/ LS-DYNA) [24]. All numerical models were implemented under
the axial quasi-static compression load. The numerical and the experimental results were
compared. Finally, a comparative study was carried out to compare the energy absorption
characteristics and the deformation modes among the metallic/hybrid conventional and

multi-cell thin-walled circular tubes.

3.2  Experimental setup

3.2.1 Preparation of specimens

This study includes two categories of multi-cell tubes, as demonstrated in Fig.3.2.
The first is metallic multi-cell tubes as control samples, while the second is hybrid multi-cell
tubes. The AL specimens were used as control samples. Table 3.1 illustrates the summary of

all specimens used in this study.

3.2.1.1 Metallic multi-cell tubes

The metallic specimens tested in the present work were fabricated from aluminum
alloy 6061-T6. The stress-strain curve of the AA6061-T6 was obtained by performing tensile
tests with the standard dimensions specified in ASTM E8M-04. The engineering stress-strain
curve of AA6061-T6 and the specimen are shown in Fig.3.3. The mechanical properties are
given as follows; p = 2.7 x 103 kg/m3, Poisson's ratio u = 0.33, Young's modulus E =
69 GPa, initial yield stress 0,0 = 230 MPa, and the ultimate tensile strength is g, =
345 MPa.

The cross-sectional dimensions of the AL tubes are illustrated in Fig.3.2., where all
the cells were designed to avoid global buckling failure. The length of all specimens was 120
mm, while the inner diameter of the tube was 60 mm. The thickness of the tube wall and the

interior stiffeners were 1.6 mm. A gas tungsten arc welding technique was applied to



35

assemble the AL plates inside the tubes to get the desired configuration and to clamp the
component during the test.

3.2.1.2 CFRP/AAG061 multi-cell tubes

Hybrid tubes were manufactured by wrapping unidirectional CFRP sheets around the
AAB061-T6 tubes. Simpson-Strong-Tie’s CFRP sheets and the manufacturer epoxy resin
with the recommended curing process were used in this study. Tensioning was applied
during the fabrication process to guarantee that all samples have the required thickness with
no trapped air between the wrapped CFRP sheets and the Al tubes. The ends of the tubes
were ground to ensure that the tubes ends were even to avoid eccentricity loading during the
test.

Two different-Hybrid AL/CFRP samples were prepared to select the proper layout
of CFRP plies that attains more energy absorption capacity. Sample A consisted of four
CFRP layers with [0°/90°/0°/90°] layout while sample B was composed of the same number
of plies with [90°/0°/90°/0°] layout. The total thickness of the CFRP layers was 1.6 mm.
Results showed that hybrid tubes with [0°/90°/0°/90°] CFRP layers achieved 35% more
energy absorption as illustrated in Fig. 3.4.

Consequently, the new hybrid multi-cell tubes were fabricated by wrapping four
unidirectional CFRP sheets with orientation [0°/90°/0°/90°] around AA6061-T6 multi-cell
tubes as shown in Fig. 3.2. The hybrid tubes were crushed with the aforementioned quasi-
static uniaxial compression test. The dimensions of the hybrid tubes were the same as the
metallic tubes. The dimensions of the cross-sections of the hybrid tubes are shown in Fig.
3.2.
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Table 3.1 Specimens description used in the study.

Specimen Configuration Weight (g)  Length Materials

(mm)

AL single- 106 120 AA 6061
cell tube
(Al-SCT)

130 120 AA 6061
AL double-
cell tube
(AI-DCT)

157 120 AA 6061
AL
quadruple-
cell tube
(Al-QCT)

Hybrid O 152 120 AA 6061-
single-cell CFRP

tube
(H-SCT)

Hybrid O 176 120 AA 6061-
double-cell CFRP
tube
(H-DCT)

Hybrid O 203 120 AA 6061-
CFRP

quadruple-
cell tube (H-

QCT)
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3.2.2 Experimental test

In order to investigate the crushing behavior of the specimens depicted in Fig. 3.2,
the crushing behavior is determined through a quasi-static test. The quasi-static axial
compression test was performed by a material testing machine (MTS) with computer control
and data acquisition systems, as shown in Fig. 3.5. The specimen was aligned with the
machine head and compressed at a constant loading rate of 8 mm/min. the total crushing

displacement was set to be 70 mm to avoid excessive loading of the testing machine.

Fig. 3.5: Material testing machine (MTS) used for Quasi-static tests.

3.2.3 Experimental results

3.2.3.1 Deformation mode

All the tested specimens were crushed progressively with the formation of folds.
Figure 3.6 depicts the deformed shapes of the metallic multi-cell tubes. The diamond mode
was observed for the AL-SCT, concertina mode was noticed for the AL-DCT, while the AL-
QCT deformed in a mixed-mode as shown in Fig. 3.6.

Deformation modes of the hybrid specimens were more sophisticated than those of
the metallic specimens. They developed progressive crushing accompanied by the formation

of fronds which propagated outward, as illustrated in Fig. 3.7. These failure modes
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(9

correspond to the ‘‘splaying’’ and ‘‘lamina bending’’ types of composites’ stable brittle
fracture. Once the peak load is attained at the end of the linear elastic limit, the progressive
failure modes of the samples were initiated with cracks formation parallel to the longitudinal
axis of the specimens, which produced local stress concentration. The emerged cracks were
followed by an abrupt drop in the compressive load as well as its progressive crushing
parallel to the longitudinal axis of the specimen. Based on the experimental observations,
the energy dissipated that is related to the collapse mode could be combined with any of the
following failure characteristics; Composite lamina bundle, splaying and fragmentation of
the composite skins, and cracks that grow in the longitudinal direction of the specimens as

noticed from Fig. 3.7.

Fig. 3.7: Hybrid specimens after axial crushing.
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3.2.3.2 Energy absorption

An automatic data acquisition system recorded Load-displacement histories. The
following crashworthiness parameters were determined from the recorded load-displacement
curves: the peak load (Pmax) is the maximum load achieved by the specimen before crushing.
The energy absorbed (EA) is the area under the load-displacement history disregarding the

compaction zone.

EA= fod max

PdA (3.1)

where P is the load and A is the displacement.

The specific absorption energy (SAE) is defined as the absorbed crush energy (EA) per the

unit mass of the crushed specimen (m).
_EA
SEA=— (3.2)

Crush force efficiency (CFE) is also used to assess the behavior of the energy
absorption component and is defined as the ratio between the average crushing load
and the peak load,

CFE=2%% x 100 (3.3)

max

Peak load (Pmax) is the maximum load neglecting the compaction zone; and the
average crushing load Payq is the ratio of the absorbed energy in the post-crushing zone

(Ec) to the post-crushing displacement ().

Pavgz% (34)

In this study, load-displacement and energy-displacement curves of the metallic and
hybrid tested samples are demonstrated in Fig. 3.8. The details of the performance
parameters of the tested samples are tabulated in Table 3.2. These parameters indicate that
the total energy absorbed and specific energy absorption of the H-QCT is around 6 kJ and
29 kJ/kg, respectively. These values highlight the outstanding performance of the new
proposed configurations. Hybrid multi-cell components are an efficient energy absorber

structure.
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Table 3.2 Crashworthiness parameters of the specimens used in the study.

Specimen Energy Specific CFE Average Peak Improvement
ID absorbed energy crush force crush (%)
(kJ) absorbed Pavg (kN) force Pmax
(kJ/kg) (kN)

Al-SCT 23.6 0.41 36 89.4 Control
2.505 Sample
Al-DCT 3.164 24.34 0.49 46 93.01 26.30%
Al-QCT 4.25 27.07 0.697 68 97.64 69.70%
H-SCT 3.385 22.27 0.49 46 94.05 35.10%
H-DCT 4.193 23.82 0.51 65 126.29 67.40%
H-QCT 5.803 28.59 0.7 90 128.6 131.70%

AL-SCT AL-DCT AL-QCT H-SCT H-DST H-QST

Fig. 3.9: Energy absorption for different configurations multi-cell thin-walled tubes.

3.3  Finite Element Analysis

The explicit non-linear finite element code LS-DYNA/WORKBENCH ANSYS [23]
was adopted to investigate the energy absorption behavior of the presented multi-cell tubes
subjected to axial quasi-static compression load. The parameters of the AA6061-T6 and the
CFRP sheets, besides the interface between the AA6061 and CFRP parts, are demonstrated

below.



43
3.3.1 FEM of the AA6061 multi-cell tubes:

The AAG061-T6 tube was generated by extrusion. The dimensions of the tubes were
1.6 mm in thickness, 60 mm for the inner diameter, and 120 mm in length. The internal ribs
were constructed to fit the inner diameter of the tubes and obtain the desired configuration
of the multi-cell tube. The sidewall of the tube was modeled by using the Belytschko-Tsay
four-node shell elements with five integration points through the thickness and one
integration point in the element plane, enabling a sufficiently accurate stress profile [24].
Stiffness-based hourglass control was adopted to avoid spurious zero-energy modes usually
arising due to the usage of reduced integration elements [25]. A mesh sensitivity study was
conducted in order to minimize the computational time while maintaining an accurate
response of the numerical model. The AL-SCT was used to perform the convergence study
using different element sizes of 5.0, 4.0, 3.5, 3.0, 2.5, 2.0, and 1.0 mm, as shown in Fig.3.10.
These values were chosen to assess the numerical accuracy, and convergence for all
configurations was considered in the present investigation. A mesh size of 3.0 mm is found
to be sufficient to simulate the tubes with good accuracy (Fig. 3.10).

Coarse meshing is used to model the plates, as they are defined as rigid parts. The
material model MAT 123 ‘MAT _MODIFIED PIECEWISE LINEAR PLASTICITY’ in
LS-DYNA library was used to model the aluminum material [25]. It is an elastoplastic
material with an arbitrary stress-strain constitutive relationship and strain-rate values [23,
26]. The stress-strain curve shown in Fig.3.3, was utilized to describe the mechanical
properties for AA6061. All the tubes and the internal ribs were made of aluminum alloy
(AAB060-T6). Aluminum alloys' strain rate effect shows little sensitivity to the strain rate
[27]. Thus, the strain rate effect was neglected in FE modeling. The FE models were placed
between two rigid plates modeled as illustrated in Fig. 3.11. The upper plate was constrained
in all degrees of freedom except for the applied velocity direction. The lower plate was fixed,
so it was constrained in all degrees of freedom. A rigid body impacts the finite element model
with 100 kg and an initial velocity of 100 mm/s. Three different types of contacts were used
to simulate the interaction between surfaces. The first one was used to model the interfaces
between the walls of the tube and the top and rigid bottom plates by using ‘AUTOMATIC _
SURFACE _TO_SURFACE.’ The second contact type was adopted between the moving
plate and the tube to prevent the interpenetration between them during fold formation by
using ‘AUTOMATIC SINGLE SURFACE’. The contacts between all surfaces were
described as ‘FRICTIONAL’, with a dynamic coefficient equal to 0.25 [28]. The friction

coefficient was based on various trial values, and 0.25 was found to be a good prediction for
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the studied cases. While the last contact is bonded defined to model the bond between the

internal ribs and the sidewalls of the tubes.

25

15

0.5

0 1 1
6 5 4 3 2 1 0

ELement size (mm)

Fig. 3.10: Mesh sensitivity for AL-SCT.

Fig. 3.11: Finite element models for the quasi-static axial compression test and the metallic

specimens; a) Al-SCT, b) AlI-DCT, and c) Al-QCT.
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3.3.2 FEM of the hybrid multi-cell tubes

The hybrid CFRP/AA6061 tubes were fabricated by wrapping CFRP sheets around
the AA6061 tube as shown in Fig.3.12. The wrapped CFRP placed outside the inner AL
multi-cell tubes was simulated by combining the FEM of the AL tubes with the CFRP model.
Material model 54 (MAT54) was utilized to simulate the performance of the CFRP under
axial compression load. MAT54 is mainly designed to model the behavior of orthotropic
materials such as unidirectional composite laminates [26]. MAT54 uses the Chang-Chang
failure criterion to define the individual CFRP ply failure [26, 29-31]. The material
parameters of CFRP were displayed in Table 3.3. The CFRP meshed with Belytschko-Tsay
reduced-integration shell elements with four integration points through the thickness. Each
ply is defined by one integration point along with the thickness, with the proposed orientation
[0/90].

a) b) c)

Fig. 3.12: Finite element models for hybrid specimens: a) H-SCT, b) H-DCT, c) H-QCT.

The contact between the CFRP sheets and the AA6061 tube was modeled by
‘CONTACT _AUTOMATIC SURFACE TO SURFACE TIEBREAK’, And this contact
interface allows delamination at the interface between shell element layers. The normal
failure stress (NFLS), shear failure stress (SFLS) and critical distance (CCRIT) [31] were
assigned to describe the status of the contact surfaces. Damage occurs once the stresses on

the interface satisfied the failure criterion in Eq. 5 [26].

() + (5" 09

NFLS SFLS

Where, on is the normal stress, and os is the shear stresses acting on the contact
surfaces. Once the damage has begun, the two surfaces start to detach, and the interfacial

stresses decrease as a linear function of the separation distance. The critical distance
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symbolized by CCRIT, was implemented to examine whether the failure occurs or not and
is given by Eq. (6) [26].

2XE¢ie

CCRIT = (3.6)
where:
S = \/max(an,O)Z + o, |? (3.7)

and Etie is the energy released due to the failure of the interface. The critical distance

can be calculated from [26]:

2XGyrc
SFLS

where Gyic is the fracture energy release rate. No standard procedures were available
to get the value of Giic [29]. Numerical simulations of the CFRP/AA6061 hybrid tube under

axial compression with different NFLS and SFLS were executed to obtain a proper value for

CCRIT = (3.8)

Gic. The numerical simulations were performed until the deviation between the

experimental data and simulation results were acceptable.

3.3.3 Numerical results

Numerical simulations of the axial quasi-static compression test were performed
using the abovementioned models utilizing LS-DYNA/WORKBENCH ANSYS. The results
obtained were compared with those from the experimental work. Figure 3.14 shows the
force-displacement histories acquired from both the experiments and simulations. It can be
observed that the peak force obtained from the numerical simulations was higher than that
from the experimental work. This may be due to some flaws during the manufacturing of the
specimens. In spite of that, numerical results exhibit reasonably good agreement with the
experimental results. The experimental and FEA simulation of the multi-cell tubes are
displayed in Figs. 3.13 and 3.14. There is a decent agreement between the experimental
results and the FEA results. A maximum discrepancy of 6.75%, and 10.69% attained for the
peak crushing force and energy absorptions respectively for the metallic specimens. While
for the hybrid samples the maximum discrepancy of 7.40% attained for the energy
absorption. Table 3.4 summarizes the results obtained from both the experimental and

numerical investigation of multi-cell tubes.
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Fig. 3.13: Experimental and FE simulations for the metallic and hybrid multi-cell tubes subjected to
quasi-static test.
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Table 3.3: The material of CFRP adopted in LS-DYNA/WORKBENCH ANSYS

Density (kg/m?®) Rho 1.45
Young’s modulus X direction [MPa] = 121000
Young’s modulus Y direction [MPa] Ez 6800
Young’s modulus Z direction [MPa] Es 6800
Poisson’s ratio XY V12 0.27
Poisson’s ratio YZ V23 0.4
Poisson’s ratio XZ Vi3 0.27
Shear modulus XY (MPa) G2 4700
Shear modulus YZ (MPa) Gas 3100
Shear modulus XZ (MPa) Gis 4700
Axial tensile strength (MPa) Xt 2245.3
Axial compressive strength (MPa) Xc 1924.06
Transverse tensile strength (MPa) Yt 55.6
Transverse compressive strength (MPa) Yec 198.5

Table 3.4: Experimental and FE results.

Specimen Exp. EA Num. EA Discrepancy  Exp.Peak  Num. Peak Discrepanc

ID (kJ) (kJ) (%) crush force  crush force y
Pmax (KN) Prmax (KN) (%)
Al-SCT 251 2.65 5.58% 89.40 92.45 3.41%
AlI-DCT 3.16 3.49 10.44% 93.01 99.29 6.75%
Al-QCT 4.25 4.70 10.69% 97.64 103.89 6.40%
H-SCT 3.39 3.55 4.72% 94.05 101.86 8.30%
H-DCT 4.19 4.50 7.40% 126.29 134.65 6.62%
H-QCT 5.80 6.04 4.14% 128.60 135.60 5.44%

3.4 Conclusions

In this study, the crushing behavior and the corresponding energy absorption
capabilities of metallic and hybrid thin-walled circular tubes have been studied. Hybrid
CFRP/AA6061 multi-cell tubes were presented in this paper. The presented hybrid tubes
were manufactured by wrapping the CFRP sheets around the Al 6061-T6 tubes. Finite

element models of multi-cell tubes were conducted. The energy absorption and the peak
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force of the multi-cell tubes were shown in detail. Some of the main conclusions were as

following:

(1) The ply orientations of the CFRP sheets had a considerable influence on the energy
absorption capacity of the hybrid tubes as CFRP sheets with orientation [0°/90°/0°/90°]
improved the EA by 35% compared with [90°/0°/90°/0°].

(2) The number of cells controls the behavior of the hybrid and the metallic tubes. The
crashworthiness parameters were improved by increasing the number of cells.

(3) For each hybrid tube, the energy absorption of the hybrid configuration exceeded the
sum of those of metallic components. The novel CFRP/AA6061 hybrid quadruple-cell
tube (H-QCT) was the highest of the six metallic and hybrid structures. The improvement
in energy absorption of H-QCT has increased by 131.70% compared to the control AL
tube.

(4) The SEA of the H-QCT was 70.7 % higher than the SEA of the AI-SCT tube. Thus,
providing multiple cells within the tube and wrapping the tube with composite layers
creates the most efficient energy absorber structures for blast and crashworthiness
applications.

(5) Finite element simulation can be adapted to run an optimization for the design of hybrid
multi-cell tubes.

(6) The hybrid multi-cell tubes can be adopted from this detailed study as a novel
configuration for the core of the vulnerable sacrificial layers for protecting structures

from blast hazards.
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Chapter 4: Improving Blast Performance of Reinforced Concrete Panels
using Sacrificial Cladding with Hybrid-Multi Cell Tubes

4.1 Introduction

The investigation of buildings and their structural elements capability to tolerate ex-
plosions has become an active area of research in structural engineering fields. Blast loads
result from terrorist attacks and industrial or transportation-related accidents that may have
flammable materials such as petroleum, propane, etc. These accidents destroy these
buildings resulting in significant human casualties. Thus, protecting structures against blast
hazards become inevitable for military and civilian governments in many countries.

A few of the available solutions for shielding structures against blast risks are as
follows: (a) Attaching a thick concrete covering to steel members. Unfortunately, this
approach has many drawbacks, such as adding a large deadweight added to the structure.
Furthermore, explosion tests showed that concrete completely pulverizes and causes
casualties due to flying fragmentations [1], (b) Coating the structure's internal walls by
LINE-X or POLYUREA; however, this technique is costly. (c) Applying glass laminated
aluminum reinforced epoxy (GLARE), a metallic sheet consisting of many very thin layers
of aluminum interspersed with layers of prepreg glass-fibers, bonded with an epoxy matrix.
It has excellent resistance against impact, blast loading, and fire [2]. However, this material
is expensive. (d) Applying nanomaterials can contribute to the blast mitigation of concrete
structures. However, producing nanomaterial is a costly process, and the quantities required
for the construction industry are massive.

Recently, sacrificial cladding structures have attracted more attention as effective
blast alleviation techniques due to their superior energy absorption capabilities and low cost
[3-5]. The sacrificial cladding structure has two layers (an outer plate and an inner core
layer), as illustrated in Fig.1la. The face plate's function is to evenly distribute the blast
pressure across the crushable core layer, which gradually deforms and absorbs a large
amount of impact energy. Thus, the pressure transferred to the structure is attenuated. To
safeguard structures from these devasting impulses, the proposed cladding structures must
be installed at the fagade of those structures, as shown in Fig. 1a. During the explosion, the
sacrificial cladding layers will be exposed to a high load pulse (Po) of a short duration. The
objective of the sacrificial cladding structure is to convert a high impulsive load with a short
duration to a lower load with a longer duration, as illustrated in Fig. 1b. Thus, the applied

load conveyed to the main structure is minimized [6, 7] to avoid permanent damage to the
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unprotected structure (main structure), the failure load on the sacrificial cladding structure
(Fmax) must be less than the minimum elastic capacity of the main structure. The efficiency
of the sacrificial cladding structures mainly depends on the amount of energy absorbed by
its core [8]. TW structures with various materials and shapes have been employed as
effective energy absorber components in crashworthiness applications. They can attenuate a
large portion of impact energy by converting it into plastic energy when it is deformed by
the applied pressure produced by the shock wave [9]. Hence, they can be exploited as an
effective core layer for sacrificial cladding structures.

Several studies have been performed to understand and evaluate the blast behavior
of protected structural elements under the impact of blast loads. Hanssen et al. [10] used
aluminum foam (ALF) with different densities as sacrificial layers. They found that the
transmitted energy and impulse vary according to the foam density. Mazek et al. [11]
experimentally and numerically investigated the performance of the RC panels with and
without aluminum foam (ALF) layers and rigid polyurethane foam (RPF) layers to fortify
the RC panels subjected to blast loads. The blast performance of the RC panel was improved
by 45% and 70% for the panels strengthened by RPF and ALF layers, respectively, with
respect to the bare RC panel. Van et al. [7] executed a detailed numerical and experimental
study on the blast performance of a sacrificial cladding with various configurations of
composite tubes. They found that using sacrificial cladding maintains structural integrity.
Codina et al. [12] introduced a novel sacrificial cladding for minimizing blast damage of RC
columns by covering the structural element with reinforced resin panels. The experimental
findings implied a reduction in the final deflection compared to the un-protected column of
57.4% for the steel jacket and 66% for the reinforced resin panels. Al Rifaie et al. [13]
numerically investigated the blast performance of novel sandwich panels with unconnected
graded layers. They found that sandwich structures with graded layers had a superior blast

performance than those with upgraded core layers.
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This chapter presents sacrificial cladding structures with a core layer consisting of
three different groups of hybrid multi-cell tubes. The new proposed sacrificial cladding
structures were mounted in front of the RC concrete panel to enhance the RC panel's blast
behavior. An unprotected RC panel exposed to close-range free air blast test executed by
Wang et al. [14] was selected to be a control panel to highlight the impact of the new

proposed mitigation techniques.
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Fig. 4.1: a) Schematic of sacrificial cladding layers, b) sacrificial cladding structure

concept.
4.2 Numerical model validation

Recently, numerical modeling has been replaced the blast field tests in the predesign
stage of structures as well as investigating their performance under extreme load conditions.
The field blast tests are reliable approach to examine the dynamic performance of blast-
resistant structures. However, the blast field tests are expensive to conduct in some cases,
and sometimes it is impossible to carry out such field tests because of their size, complexity,
safety, and cost [15].
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In this study, the numerical approach was adopted to examine the dynamic
performance and the failure of the presented structures under blast loading. All numerical
models were carried out by utilizing the commercial explicit finite element program
Autodyn/ANSYS 2019 Version R2. Numerical results obtained by the FEA were verified by
the data obtained from the field blast test executed by Wang et al. [14]. Three one-way square
RC slabs subjected to close-in blast loadings with different scaled distances (Z) of 0.518 and
0.591 m/kgl/3 were considered in this study. The dimensions of the panels are shown in
Table 4.1.

The setup of the field blast test is shown in Fig. 4.2.a. The specimens' reinforcements
were constructed using 6 mm steel bars in both directions with the spacing of 75 mm in-
between bars, as shown in Fig. 4.2.b. The reinforcement ratio in both directions was 1.43%.
The concrete had a compressive strength of 39.5 MPa, tensile strength of 4.2 MPa, and
Young’s modulus of 28.3 GPa. The reinforcement had a yield strength of 600 MPa and
Young’s modulus of 200 GPa. The test rig was constructed, as illustrated in Fig. 4.2. The
RC slabs were fixed on the sides to avoid lifting during testing [14]. TNT explosive charges
were hung above the center point of the specimens at a specific stand-off distance (SoD)
[300, 400, and 500 mm] measured from the center of the explosives to the upper surface of
the slab. Table 4.1 summarizes the experimental program.

Table 4.1: Blast field test data [13].

Panel Dimensions Charge SoD (mm)  Z (m/kgl/3)
(mm) weight (gm)
Panel A 750x750%30 130 300 0.591
Panel B 750x750%30 190 300 0.518
Panel C ~ 1000x1000x40 310 400 0.591
Panel D 1000x1000x40 460 400 0.518

Reinforcement <L
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Fig. 4.2: a) Setup of the experimental blast test [13], b) Slab cross-section and reinforcement.

4.3  Numerical Modeling
4.3.1 Material models

4.3.1.1 Concrete model

Dynamic modeling for concrete structures exposed to blast load still a challenge and
needs high fidelity computer simulations. It is important to have a precise finite element
model representing concrete material characteristics for the high-stress rate effect. In this
study, Riedel-Hiermaire-Toma (RHT) model was utilized to simulate the hydrodynamic
behavior and crack trajectory of the concrete under the impulsive blast load. RHT model is
a complex plasticity model established by Riedel et al. [16] and adopted for brittle materials
(concrete). This model considers numerous features, for instance, strain hardening, pressure
hardening, strain softening, strain rate hardening, and third invariant dependence. The RHT
model adopts three strength surfaces to define the failure surface, elastic limit surface, and

residual surface, as shown in Fig. 4.3.

1;
Uniaxial Tension Uniaxial Compression
Failure Surface
Elastic Limit Surface
Compressive
Tensile Elastic Stren Residual Surface
Elastic

Fig. 4.3: Three strength surfaces of RHT model [16].

The failure surface Yt can be expressed as a function of pressure P, the lode angle 6, and

strain rate ¢,

Yl (p*, 0, €) = Y(p*) X R3(0, p*) X Fraee(é) (4.1)
where Y (p*) is the compressive meridian and is defined as:
Y(p*) = fe X [A (p™ - p*spait X Frate(¢)) N] (4.2)

in which f¢ is the material’s uniaxial compressive strength, A is the failure surface
constant, p* is the pressure normalized by fc, p*span=p*( ft/ fc) (ftis the material’s uniaxial

tensile strength), Frae(¢) stands for the dynamic increase factor (DIF) function, and N is the
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failure surface exponent. R3(0, p*) is the failure surface (Y+il) reduction factor, which is a
function of the Lode angle (8). The elastic limit surface is scaled from the failure surface,
Ye= Yl X Fe X Fcap (4.3)
where Fe is the ratio of the elastic strength to failure surface strength. Fcsp controls the elastic
deflection stresses under hydrostatic compression and fluctuates in the range of (0,1).

The residual failure surface is defined as:

Yresidual = fc X B X (p* Ifc) M (4.4)
Where B is the residual failure surface constant, and M is the residual failure surface
exponent.

The parameters (B and M) control the residual stress and affect the post-failure surfaces.

fail
min’

while D1, D2 and e as illustrated in Egs. (4.5), (4.6), and (4.7) control the concrete post-

softening behavior.

Di=[7 | ——2—| for Dy (P* — Ppa) "> €% (4.5)
Dy (P*_Ps*pall)

D, = [ Agp f X X Dy fail 46

2= fO eJail or Dy (P - Spall) < €nin (4.6)

fail _ 2Gf (4.7)

min = GixL,
Gy; is the fracture energy; ot; is the tensile failure stress, and Leg; is the characteristic length
of the element (the diameter of a sphere with the exact size of the 3D element [17]).
The modified concrete model adopted in this research is illustrated in Table 4.3.

4.3.1.2 Material model for reinforcement steel

The Johnson and Cook's material model was utilized to simulate the reinforcement
steel [18]. This model is ideal for material under high strain rates and elevated temperatures.
The model of its flow stress is expressed by Eq. 4.8:

& .
o, =[A+ B(ef,q)”][l + cln(ﬁ)][l —(TH™] (4.8)
where oy is the dynamic stress, ;! and £, are the equivalent plastic strain and
equivalent plastic strain rate, respectively. While m is the thermal softening exponent. A, B,

n, ¢, &, and m are constants obtained from the flow stress data. T* is the homologous

temperature calculated from Eq. 4.9.

T* — T-T,
Tn=T,

(4.9)
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T is the material temperature, Tm is the material melting temperature, and T, is the room
temperature. To capture the rupture of the reinforced concrete, a failure criterion was adopted
on the basis of equivalent plastic strain.

The constants of the steel material developed in this research were obtained from data of
steel 4340 material. The mechanical properties are bulk modulus, K = 159 GPa; reference
density, p = 7.83 g/cm?; reference room temperature, Troom = 300 K; specific heat = 477 J/kg
K; shear modulus, G = 81.8 GPa; yield stress, A = 792 MPa; hardening constant, B = 510
MPa; hardening exponent, n = 0.26; strain rate constant, C = 0.014; thermal softening

exponent, m = 1.03; and melting temperature, Tmeit = 1793 K.

4.3.1.3 Material model for Air and TNT

In blast models, the surrounding air and the product of the TNT explosion were

assumed to behave like an ideal gas. An ideal gas equation of state (EOS) was used to
describe air and was expressed by:
P=(y—1pgyeo (4.10)
where P is the hydrostatic pressure, v is the ideal gas constant and is 1.4 for air, p,is the
density of the air, and e,is the specific internal energy. The internal energy of air was used
as 2.068x 10° kJ/kg. This internal energy initialized the air medium to an atmospheric
pressure of 101.3 kPa.

The Jones-Wilkins—Lee (JWL) equation of state was used to model high explosive

material such as TNT [18], which is in the form of:

P =A(1—:—V)e-R1V+B(1—;’—V)e-RzV+w7E (4.11)

1 2

where A, B, Ri, Ro, and ® are empirically derived constants that depend on the type of
explosives, V is the volume of charge, and E is the detonation energy per initial unit volume
[20]. TNT's material properties used in the present study A, B, Ry, Rz, and o are 373.75 GPa,
3.747 GPa, 4.15, 0.9, and 0.35, respectively.

Table 4.2: Constitutive material models adopted in Autodyn.

Reinforced concrete (p- o EOS, RHT strength, RHT failure)

EOS p- o Compressive strength, fc (MPa) 39.5
Reference density (kg/m?) 2.75x 10  Tensile strength, ft/ fc 0.1
Porous density (kg/m?3) 2.31 x 10%®  Failure surface constant, A 1.6
Porous sound speed (m/s) 2.92 x 10  Failure surface exponent, N 0.61
Initial compaction pressure, 0.0233 Meridian ratio, Q 0.68

(GPa)
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Solid compaction pressure,
(GPa)

Compaction exponent
Bulk modulus, A: (GPa)
Parameter, A, (GPa)
Parameter, Az (GPa)
Parameter, Bo

Parameter, B;

Parameter, T1 (GPa)
Parameter, T, (GPa)

Reference temp. (K)

Specific heat (J/kg K)

6.0

3.0
35.27
39.58
9.04
1.22
1.22
35.27
0.0
295.0

654.0

Brittle to ductile transition

Fractured strength constant, B
Fractured strength exponent, Mc
Damage constant, D,

Damage constant, D>

Minimum strain to failure

Residual shear modulus fraction
Principal tensile failure stress (GPa)
Fracture energy, Gt (J/m?)

Erosion criteria

Erosion limit

Reinforcement steel bars (Linear EOS, Johnson cook strength)

Reference density (kg/m?)
Bulk modulus (GPa)
Shear modulus (GPa)
Yield stress, A(GPa)
Hardening constant,
B(GPa)

Hardening, exponent, n

7.83x 103

159
81.8
0.792
0.51

0.26

Strain rate constant, ¢

Thermal softening exponent, m
Indoor temperature, Tm(K)
Melting temperature, T(K)

Ref. strain rate, £°

Al 6061-T6 (linear EOS, Johnson cook strength, plastic strain failure)

Reference density (kg/m?)
Bulk modulus (GPa)

Shear modulus (GPa)

Yield stress, A(GPa)
Hardening constant, B(GPa)
Hardening, exponent, n

Ref. strain rate,

2.7x 108

27.6

0.34

0.32

0.41
1

Strain rate constant, ¢

Thermal softening exponent, m
Indoor temperature, Tm(K)
Melting temperature, T(K)
Failure

Plastic strain

GFRP composite (ortho EOS, elastic strength)

Reference density, (kg/m?)
Young’s modulus, Ej;
(GPa)

Young’s modulus, E»
(GPa)

Young’s modulus, Ez3
(GPa)

Poisson’s ratio, vi2, vi3

Poisson’s ratio, va3

1.45 x 103

12.10

6.80

6.80

0.27
0.4

Shear modulus, G, (GPa)
Shear modulus, Gz3 (GPa)

Shear modulus, Gz; (GPa)

Tensile failure stress, fu11 (GPa)

Tensile failure stress, fuz (GPa)

Erosion criteria

0.0105

1.6
0.61
0.04

1.0
0.01
0.13

0.015
100.0
Geomet
ric
strain
0.60

0.014
1.03
300

1793
1

0.01
1
300
1220
plastic
0.42

4.70

3.10

4.70

0.261

0.0261

Material

failure
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4.3.1.4 Numerical model

For blast loading, the shock wave interacts with the structure through fluid-structure
interaction (FSI). Explicit finite element programs are able to simulate this kind of
interaction. In this research, all the numerical simulations were performed utilizing
ANSYS/Autodyn V-19. R2. which is engineering hydrocode software designed to solve
nonlinear dynamic problems, using Eulerian, Lagrangian, and Arbitrary Lagrange-Euler
(ALE) solvers [17].

The computational cost of the 3D model for explosion simulations is quite expensive
(consuming time and needing high computer storage). Two techniques were adopted in this
study to overcome this problem while maintaining precise results. The first was taking
advantage of symmetry, by modeling one quarter of the structure. The second was using the
remapping technique. This technique allows a 2D model with fine mesh to be mapped into
a 3D model with a coarser mesh. The remapping is usually done through a 2D axisymmetric
model with a Imm element size to simulate the detonation of the explosive charge, as shown
in Fig. 4. The 2D model was run until the shock vector just before reaching the concrete
panel. Next, a remap file was created and then imported to fill the 3D Eulerian domain (air
block) as an initial condition, as shown in Fig. 4.5.

The Lagrange solver was employed to simulate solid continua (concrete panel) as
the mesh move with the material distortion. The Euler solver was adopted to model the gas
flow resulting from an explosion as the Euler model assumes that the material can flow
through a fixed grid. At the same time, beam element was utilized to simulate the
reinforcement steel bars. The FE model consists of air domain in which the explosion was
initiated. The Euler sub-grid (air domain) boundary condition was set as a flow-out boundary
at the four faces of the air block, as illustrated in Fig. 5. In the area supporting the slab, a
fixed boundary condition was applied by restraining all the translational degrees of freedom
for the nodes located on that edge. A reinforcement bond is considered between the steel
bars and the concrete. And the element size was selected to be 5 mm to attain consistent
results. This size was selected relying on an executed mesh sensitivity study. The erosion
technique was implemented to model the severe damage that occurred to the panels, such as
spalling that might occur at the slabs' bottom surface. An instantaneous geometric strain of

0.6 was adopted in this study.
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TNT Air

Detonation point /
\A .
« SoD —>
Fig. 4.4: Geometry of 1D wedge filled with TNT and air with axial symmetry.

Flow-out B.C.

Reinforcement

steel bars

Axes of symmetry

Fig. 4.5: 3D FE model for RC panels under blast impact.

4.3.2 Results and discussion

4.3.2.1 Midspan deflection of the panels

The displacement-time histories at the mid-span of the concrete panel structures due
to blasting load were captured using the finite element models, as shown in Fig. 4.6. The
performance of the RC panels was investigated under the effect of ignition of several TNT
charges at different SoD, as stated in Table 4.1. In each case, the displacement-time history
at the mid-span is plotted. Panels exhibit more extensive deformation in conjunction with
the increasing TNT charge. Panel A attained 8.74 mm residual deformation obtained from

the numerical simulation whereas, the experimental residual displacement was 9 mm with
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an error of around 3%. Panel B showed 25.4 mm central residual deflection versus 26 mm
based on the experimental result with a difference of 2.3%. In addition, panel C showed 14.8
residual central deflections compared to a 15 mm resulting from the experiments with a
discrepancy of 1.3%. Finally, Panel D demonstrated 33.5 mm residual displacement while it
deflected by 35 mm in the field blast test with a difference of 4.2%. The central numerical
deflections are less than the experimental deflections, and this difference may be due to the
boundary conditions are always an idea in the numerical simulation, and also a full bond
assumed between the concrete and the rebars. However, these ideal conditions do not exist
in the field test.

(@) (b)

Displacement (mm)
N
(9]

0 L J 0 1 )
0 50 100 0 50 100
Time (msec) Time (msec)
(c) (d)
35 - 35 .
30 | 30 |
g 25 = 25 }
g £
€ 2 =
é E 20 H
£
Q
g 15 F g 15
& 5
A 10 2 10
5 5 —_— Ium.
0 . === Exp.
0 50 10 0 50 100

Time (msec) Time (msec)

Fig. 4.6: Numerical displacement time history and experimental deformations for; a) Panel
A, b) Panel B, c) Panel C, d) Panel D.
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4.3.2.2 Damage patterns

Figures 4.7 and 4.8 show that the damage that occurred at the top and bottom faces
of the concrete slabs. The damage level rises with increasing the TNT charge. For
comparison purposes, the damage contours obtained from numerical simulations and the
damaged experimental panels were displayed. The damaged areas for the top of the panels
are as follos; those from Panel A under a 0.13 kg TNT charge and with SoD 0.3 m showed
no evident damage, except for some minor cracks at the center of the slab surface. For panel
B subjected to the detonation of 0.19 kg TNT charge with SoD 0.3 m, several small cracks
were also observed in the center area, which resulted from the high pressure of the explosion.
Panel C, under the impact of 0.31 kg TNT charge with SoD 0.4 m, showed a 3 mm crack
through the mid-span of the slab. For panel D, there were circular and radial cracks with a
small damaged area in the center of the upper side of the slab, matching the test results. In
the numerical simulation, only cracks occurred at the top surface of the concrete panels while

the bottom surface experienced spalling.

Panel A Panel B

At

T-n
i
“:g |

Fig. 4.7: The upper surface damage of the RC slabs; a) Experimental examination [13], b)
FE simulations.
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Fig. 4.8: The bottom surface damage of the RC slabs; a) Experimental examination [13], b)

FE simulations.

The bottom surface of the slab panels suffered from higher damage compared to the
upper surface. The bottom damage area and patterns are shown in Fig. 8, which compares
the damaged areas for the panels' bottom surface obtained from the numerical simulation and
the field blast tests. Panel A spalled with a radius of 45 mm lower than the exact value by
10%. For panel B, the numerical simulation presents the radius of the damaged area as 95
mm, which is wider than the experimental damage radius by 11.7%.

Similarly, spalling occurred on panel C's bottom surface in the test, as shown in Fig.
4.8. The computed damage area was approximately 100 mm with a 10% discrepancy from
the test results, which is in good agreement with the numerical approach. This panel
experienced moderate damage.

Spalling also occurred in panel D bottom surface as illustrated in Fig. 4.8. The
computed damage area on the lower surface was approximately 135 mm, wider than the
experimental by about 12.5%. The slab also showed severe damage. The numerical radii of
the spalled area were slightly larger than the experimental test, which might be due to erosion
arithmetic and material constants. Nevertheless, these differences are within the limit and
reasonable to assess the blast performance of the panels. Table 4.3 illustrates the

experimental and simulation results.
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Table 4.3. Experimental test and numerical model results.

Panel Mid-span deflection Discrepancy  Spall radius (mm) Discrep

(mm) (%) ancy

Exp.[13]  Numerical Exp. Numerical (%)

[13]

Panel A 9 8.74 3.0% 50 45 10.0%
Panel B 26 25.4 2.3% 85 95 11.7%
Panel C 15 14.8 1.3% 90 100 10.0%
Panel D 35 335 4.2% 120 135 12.5%

Panel D was selected to highlight the competence of the new proposed sacrificial
cladding structures for protecting RC panels from blast hazards.

4.4  Proposed Sacrificial cladding structure

This section presents a sacrificial cladding structure consisting of a set of thin-walled
hybrid structures. Numerical models have been analyzed for three configurations of the
hybrid tubes; hybrid single cell tube (H-SCT), hybrid double cell tube (H-DCT), and hybrid
quadrable cell tube (H-DCT) as illustrated in Fig. 4.9. It is crucial to determine the behavior
and characteristics (energy absorption, deformation pattern, peak crush load, etc.) of the
standalone crushable core layer before designing a full-scale cladding structure. The authors
themselves have investigated the energy absorption capabilities for metallic and hybrid
multi-cell tubes [21]. They all showed a progressive crushing performance and desirable
energy absorption capacity compared to solo metallic tubes. The sacrificial layer is designed
with r (tube radius) distance in-between tubes, as shown in Fig. 4.9. To allow the incidence
of the progressive failure of the core layers. The core layer was covered with a front skin
sheet made of aluminum with a 2 mm thickness. In contrast, the core layers presented in this
study were fabricated from hybrid tubes wrapped with four uni-directional CFRP sheets. The
CFRP layers had [0°/90°/0°/90°] layout around the AA6061-T6 tubes with three different
configurations as illustrated in Fig. 4.9. The tubes' dimensions were 1.2 mm wall thickness,
60 mm inner diameter, and 120 mm in total length. The inner ribs were done to suit the tubes'
inward diameter to obtain the desired multi-cell tubes' configuration. The RC panel's blast
performance was numerically investigated utilizing ANSY S/Autodyn. Panel D experienced

the highest level of damage, so it was selected to highlight the effectiveness of the new
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proposed sacrificial cladding structures for protecting RC panels from blast hazard. four-
noded Belytschko-Tsay shell elements were used to model the front skin plate and the
metallic tubes; however, a composite shell was adopted to represent the wrapped composite
sheets. The RC panel was modeled as specified before. In the model, stress-criteria breakable
bonded face connection was assumed between the structural elements (front skin, metallic
tubes, CFRP tubes, and RC panel). The failure parameters listed in Table 3 were assumed
for different breakable contact types. The constitutive models for the materials are listed in
Table 3. The whole structure was located in the modeled air domain and exposed to the blast
loading produced by detonating 0.46 kg of TNT located at 0.4 m from the upper surface of
the concrete and 0.386 m from the front skin plate.

r A/Eront skin plate
Energy
T
RC absorption tubes

H-SCTO = '|=>
H-DCTO = . =

H-OCT O'=> ' =

Fig. 4.9: Schematic and inner core structures of the proposed sacrificial cladding layers.
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45  Blast performance of Protected RC panels

ANSYS/Autodyn V-19.0. R2 was also adopted to study the dynamic performance of
the protected RC panels subjected to the impact of blast loading. The blast wave firstly struck
the front skin plate, where fluid-structure interaction (FSI) took place. The front skin face
acquired an initial velocity once the shock wave impacted on it and deformed. Then, the skin
plate distributed the blast load more evenly on the core layer which was shaped from hybrid
multi-cell thin-walled tubes. The tubes mitigated a significant portion of the blast load
(pressure) through the AL components' progressive plastic deformation and the wrapped
CFRP layers' delamination and fracture. Consequently, the pressure was attenuated before it
reached the RC panel. The entire structure went into oscillation until the kinetic energy was
gradually dispersed by stretching, and plastic bending. Finally, the panels underwent residual
deformation, as shown in Fig. 10.

In this study, the plastic deformation and damage patterns were displayed to highlight
the effectiveness of applying novel sacrificial cladding structures to the concrete structures.
Figure 10 shows that the RC panel shielded with sacrificial layer has attained residual
deformations of 12.69, 7.31, and 4.52 mm for H-SCT, H-DCT, and H-QCT cores,
respectively. It is concluded from the results that the front skin plate suffered from larger
deformations than the RC deformation due to the energy dissipated by the cladding structure
cores. Thus, a sacrificial cladding structure is a distinctive approach to protect structures
from blast hazards. Also, damage patterns were displayed in Fig. 4.11. Applying this
technique is very useful as the cladding structure prevents the RC panel from spallating and
the bottom of the RC panels only had tiny cracks. The level of damage gradually decreased
from extreme damage for the bare concrete to just tiny cracks for the RC panel protected by
H-QCT sacrificial structure. Table 4.4 indicates the damage level for the protected and

unprotected RC panels.

70
60
B
£ >0 H-SCT Front Plt.
é 40 = = =H-SCT RC panel
§ 30 — = = H-DCT RC panel
25 H-DCT Front Plt.
&) >
10 he™l -~ i R i H-QCT Front PIt.
el [T Ll WL L e Ll PR
. ooST e~ T2 =05 < U= 225~ - —H.QCTRC panel
0 5 10 15 20 25 30

Time (msec)



70

Fig. 4.10: Mid-span displacement time history for Panels with different cladding structures
(H-SCT, H-DCT, and H-QCT cladding structures).

Fig. 4.11: Damage patterns on the lower surface of the RC slabs: a) un-protected panel, b)
Panel with H-SCT cladding structure, c) Panel with H-DCT cladding structure, d) Panel
with H-QCT cladding structure.

Table 4.4: Panels’ damage levels.

Panel Damage level
Un-protected RC panel Severe damage
H-SCT protected panels Moderate damage
H-DCT protected panels Low damage
H-QCT protected panels Low damage

Also, the sacrificial cladding layers were compared with previously implemented
sacrificial cladding structures in order to highlight the effectiveness of the cladding structures
presented in this study. The improvement for the final maximum deflections was used to
assess the difference between other systems and the proposed technique, as displayed in
Table 4.5.
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Table 4.5: Improvement percent for different cladding systems.

Reference Cladding Structure Improvement
Mazek et al. [11] rigid polyurethane foam (RFP) 45.0%
cladding layers
Aluminum foam (ALF) cladding 70.0%

layers
Codinaetal. [12] Steel jacketing 57.4%
Reinforced resin panels 66.0%
Current work H-SCT cored layers 62.0%
H-DCT cored layers 78.0%
H-QCT cored layers 87.0%

4.6  Effect of front plate thickness variation on the blast behavior of the sacrificial

layers

The front skin plate has a crucial contribution to the sacrificial cladding structures'
behaviour as it is responsible for distributing the impact load on the core layer. Thus, this
study was extended to investigate the influence of varying the front plate thickness on the
cladding structures' blast behavior. Four different front plate thicknesses were applied 2, 4,
6, and 8 mm. The peak deformation of the skid plate and the relative energy dissipated by
each core configuration were numerically calculated and are displayed in Figures 4.12-4.14.
The energy dissipated by the core layer came out from the variance between the total energy
(ET) and the initial energy (EI). Figure 12 demonstrates the peak deflections for the four
different scenarios of the H-SCT cores and the energy dissipated by them. The results show
that the contribution of the front skin sheet was significant for the peak deflections of the
front plate. Overall, the peak deflection has decreased by increasing the front skin thickness
(reduction of about 74.5% by increasing the thickness from 2 mm to 8 mm). In comparison,
it had less effect on the RC panels’ peak deflection as it was decreased by 40%. For the
energy dissipated by the core layer, increasing the front skin thickness had a negative impact
on it as the energy was dissipated by the core layer reduced by 90.8%. For H-DCT cores, the
results followed the same trend as peak deflection, where the energy of the front plate has
decreased by 58%, and the peak deflection of the RC panel has also decreased by 33.1%. In
addition, the energy dissipated by the tubes was reduced by 92.8%, as shown in Fig. 4.13.
Figure 4.14 displays the results obtained for the H-QCT cores. The peak deflection of the
front plate has decreased by 53.5%, and the peak deflection of the RC panel decreased by
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64.8%. Also, the energy dissipated by the tubes decreased by 85.8%. The results indicate
that when using a 2 mm thick front plate shell, the energy dissipated attains the highest value
and decreases until it reaches the minimum when the front plate thickness is 8 mm. The
energy dissipation decreases when the thickness of the front panel increases. In conclusion,
sacrificial cladding structures with a thin front skin plate improve the energy absorption
capabilities of the structure. However, under intense blast loading, the thinner front face may

rupture.
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Fig. 4.12: Peak deflections and energy dissipated with skin plate thickness variation for RC
Panel with H-SCT cladding structure.
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Fig. 4.13: Peak deflections and energy dissipated with skin plate thickness variation for RC
Panel with H-DCT cladding structure.
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Fig. 4.14: Peak deflections and energy dissipated with skin plate thickness variation for RC
Panel with H-QCT cladding structure.

4.7 Conclusion:

This study's main contribution is to present a new sacrificial structure with hybrid multi-cell
tubes as an effective energy absorber component. The sacrificial structure has been proposed
for protected and unprotected concrete panels. Numerical simulations of four blast tests were
executed to verify the damage patterns of RC panels subjected to a close-in blast loading
under various TNT charges. Non-linear 3D explicit FE models consisted of air domain,
explosive, and RC slab (reinforcing steel bars inside plain concrete), were generated to
validate experimental results obtained by Wang et al. [14]. The advanced models of concrete
material and reinforcing bars, taking into account the effects of the high strain rate and proper
coupling interface between the Euler and Lagrange elements (the explosion domain and the
structure), were exploited to simulate the RC slab's dynamic behavior. The erosion technique
was also used to model the damage process.

A good agreement was accomplished through numerical models to predict the
deformation/damage patterns of the blast field-tested panels. Results were attaining a
maximum deviation of 4.2% and 12.5% for the mid-span deflection and spall radius,
respectively. The behavior of the proposed protective structures was invcestigated under the

same conditions as the experimental tests to highlight the effectivness of using sacrificial
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cladding structures. Three different core configurations (H-SCT, H-DCT, and H-QCT) were
adopted as core layers for the cladding structures. The dynamic performance of the protected
RC panels was studied under in-close blast load by adopting a nonlinear explicit finite
element model. Results revealed that the cladding structure attained a desired protection for
the RC panel as the residual deformations decreased by 62%, 78%, and 87% for H-SCT, H-
DCT, and H-QCT cores, respectively, compared to the unprotected panel, which indicates
that a large portion of the blast energy was mitigated. Furthermore, the damage pattern for
the shielded panels improved from severe damage and spalling to just minor cracks on the
back face of the RC panel. A parametric study was performed to investigate the effect of
skin plate thickness on the blast performance of the cladding structure. Slab deflection has
decreased as the front skin plate thickness and stiffness increased. However, it had a negative
impact on the deformation of the core layer and its energy dissipation. A larger portion of
energy was dissipated by the skin plate as the thickness of the skin plate increased, so the
core layer did not engage with its full capacity. To conclude, the novel proposed sacrificial
structures have shown superior blast shielding for the RC structures.
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Chapter 5: Metallic Ribbon-Core Sandwich Panels Subjected to Air
Blast Loading

51 Introduction

This chapter numerically investigates the performance of the sandwich structures
under the impact of air blast loading. The hydro-code program (Autodyn) supported by the
finite element program (ANSYYS) is adopted to study the response of the structure under the
impact of blast load. The accuracy of the FE models was verified using experimental results
available in the literature. The results show that the finite element model can be reliably
exploited to simulate the dynamic behavior of the sandwich structure with the new proposed
core topologies under the impact of blast load.

Sandwich structures are widely used in blast dissipation applications due to their
excellent physical and mechanical properties [1-5]. They are adopted as sacrificial cladding
structures, which are designed to attach at the facade of structures in order to absorb energy
through the progressive plastic deformation of the front-facing plate and the inner core layer
minimizing the transfer of the peak force to the non-sacrificial structure [6-8]. Sandwich
panels are three-layer composite structures consist of two outer plates made of metals or
composite materials and a crushable core layer in between. The plate faces blast wave
distributes blast pressure more evenly across the core layer that deforms progressively and
absorbs most of the energy.

The core layer could have several topologies, such as corrugated [5,9], honeycomb
[5,10], trusses [11,12], hybrid cores [13], and functionally graded cores (FGC) [14]. Under
those topologies, several configurations could be used to shape the core of the sandwich
panels to provide adequate stiffness and strength to support structural loads. For instance,
the corrugated topology can have trapezoidal-folded, diamond-folded, Y-frame-folded, and
triangular-folded core configurations [7], a zig-zag trapezoidal corrugated core [15], and
woven corrugated cores [16].

Research work has been dedicated to examining the impact of assorted core
topologies on the blast performance of sandwich structures. Wei et al. [17] examined the
response of metallic triangular honeycomb sandwich panels and equivalent solid plates
under localized blast loads. They noticed that the sandwich panels were superior to a solid
plate when subjected to blast load. Moreover, they proposed a sandwich panel with a double-
corrugated softcore, which surpasses the performance of a triangular honeycomb core. As

an attempt to investigate the effect of the core topology; Dharmasena et al. [18] examined
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the behavior of metallic sandwich panels with diverse core topologies; square honeycomb,
triangular honeycomb, multi-layer pyramidal truss, triangular corrugation, and diamond
corrugation core topologies with a core relative density of approximately 5%. They found
that truss and corrugated cores had a significantly lower strength with a long plateau, like
metal foams, while honeycomb cores revealed a high initial strength with a softening post-
peak response. Moreover, they found that crushable cores reduce the transmitted impulse by
25% compared with high rigid cores.

Liang et al. [19] investigated three core topologies (square honeycomb, I-core, and
corrugated) for a sandwich structure subjected to a blast load. They concluded that the best
overall performance was attained by the soft cores (corrugated). Alberdi et al. [7]
numerically investigated the performance of six different core topologies for metallic
sandwich panels under blast loading. They concluded that folded shapes attenuate more
energy than honeycomb shapes.

Ahmed et al. [20] conducted a comprehensive numerical analysis on the response of
metallic sandwich structures with different core configurations under the impact of blast
load. They also introduced woven shapes as a novel core topology for the metallic sandwich
structures. The study revealed that woven shapes achieved superior energy dissipation
capability compared to the folded and honeycomb shapes; however, this novel pattern
required more core relative density compared to corrugated cores.

Various researchers focused on the far-field blast; however, close-in explosions often
cause a severe damage to various structural components. The American Society of Civil
Engineers (ASCE) classifies explosions with a scaled distance (Z) of less than 1.2 m/kg1/3
as a close-in explosion [21]. The scaled distance is defined as Z = R/W*3, where R is the
range (distance between the explosive and the target) and W is the charge weight equivalent
toa TNT explosive [21]. As opposed to far-field explosions, blast waves released from close-
in explosions can produce both localized and global failure for the structural elements. The
localized failure takes place in the form of localized punching and spalling, while global
failure usually occurs as a flexural failure.

The field blast tests are a reliable experimental approach to investigate the dynamic
behavior of blast-resistant structures. Blast tests conducted in the field face many challenges,
such as test setup, high cost, people injury, environmental risks, and measurement accuracy.
Alternatively, finite element analysis (FEA) using hydro-code programs allows researchers
to observe the response and failure modes of structural components subjected to blast loading

[22]. Numerical results obtained by the FEA are usually verified by the data obtained from
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the field blast test. So reliable numerical models validated against measured field data is an
effective tool to analyze structural performance under blast impact. In this study, the
numerical model is validated using the experimental work done by Zhang et al. [23,24]. Once
the numerical model has been validated, detailed numerical models were conducted to
investigate the behavior of the proposed core topology.

This chapter proposes a new ribbon core topology for sandwich structures. This
configuration aims to provide a sandwich structure with many advantages, such as being
very lightweight, the least expensive, simplicity in manufacturing, great flexibility, and
curvature that can be built in two directions. The ribbon configuration consists of folded
strips placed in two perpendicular directions forming the ribbon pattern as illustrated in Fig.
5.1. This technique exploits the material for better stress distribution, enhancing the ribbon
cores' capability against blast loads. Various blast mitigation parameters such as front and
backplate deflection and energy absorption were assessed to highlight the outstanding
behavior of the ribbon configuration compared with ordinary corrugated cores. A parametric
study has been conducted considering design parameters such as the front plate’s thickness,
back plate’s thickness, the core layer’s thickness, the height of the core layer, and the angle

of corrugation to investigate their influence on its blast performance

(@)

Fig. 5.1: a) conventional corrugated core sandwich panel, b) ribbon core sandwich panel
5.2 Structure Configuration and Finite Element Model Validation
5.2.1 Geometric Description

Figure 1 shows a typical set-up for the field blast test just before detonation. Based
on the field blast tests carried out by Zhang et al. [23,24], The target structures adopted for
the current validation were trapezoidal (TZ) and triangular (T) corrugated sandwich panels.
They consist of front and back plates and a corrugated folded shape core layer made of
annealed 304 stainless steel alloy. The tested panels were clamped along the four edges,

providing a 288 x 300 mm? exposure area to the shock wave, as shown in Figure 5.2. In the
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present study, only the exposure area of the panel was modeled, as the outer region of the
panels was used for clamping purposes, as depicted in Figure 5.2. The geometric parameters
of the panels are demonstrated in Table 5.1. The blast wave was generated by the detonation
of a 55 g cylindrical TNT charge located over the center of the panel with a given standoff
distance (SoD). The SoD is the distance between the center of the explosive and the front
face of the target. Three different SoDs of 50 mm, 100 mm, and 150 mm were adopted to
validate the deformation and failure mechanisms of the sandwich panel under air blast
loading. The SoDs of 100 and 150 mm generated localized plastic deformation. However,
the blast intensity under the SoD of 50 mm was to simulate the fracture and failure of the
panel.

Table 5.1. Parameters of the sandwich panels.

Pane Explosive Geometric Parameters
I

SoD (mm) ~ W(g) tr(mm) he(mm) t(mm) t(mm) B(mm) o) ,

%)
TZ-1 50 55 1.38 14 0.7 1.38 7 45 6.34
TZ-2 100 55 1.38 14 0.7 1.38 7 45 6.34
TZ-3 150 55 1.38 14 0.7 1.38 7 45 6.34
T-1 50 55 1.38 14 0.7 1.38 - 45 6.6
T-2 100 55 1.38 14 0.7 1.38 - 45 6.6
T-3 150 55 1.38 14 0.7 1.38 - 45 6.6

*data from Zhang et al. [23,24].
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Figure 5.2. Schematics of (a) an experimental set-up, (b) trapezoidal (TZ)-panel
cross-section unit cell, and (c) triangular (T)-panel cross-section unit cell.
(Reproduced from refs. [23,24]).

5.2.2 FE Modeling

Numerical investigation works well in analyzing the dynamic response of structures,
especially the deformation mechanisms and fluid-structure interaction (FSI). Numerical
models were conducted, and their results were compared with the experimental results for
validation purposes.

There is an interaction between the shock wave and the target structure (FSI) in blast
loading. Hydrodynamic codes are capable of simulating this type of interaction. In this study,
the numerical simulations were performed by using ANSYS/Autodyn V-19.0. R2 which is
designed to solve non-linear dynamic problems such as impact, penetration, and blast events
using Lagrangian, Eulerian, and Arbitrary Lagrange—Euler (ALE) solvers [22]. Generally,
the Lagrange solver is used for modeling solid continua (structures) as the mesh moves with
the material as it deforms, while the Eulerian solver is preferred to describe the gas flow
from an explosion as it assumes that a grid is fixed in space through which material can flow.
The FE model comprised the air block in which the explosion occurred. The target panel
either with a Trapezoidal (TZ) or triangular (T) corrugated core suited between two facing
sheets.

The computational time for the 3D model of blast simulations is very high. Two
techniques were used in this study to reduce the computational time while maintaining
accurate results. The first was using symmetry to model a quarter of structure. The second
was adopting remapping to overcome the complete 3D structure’s meshing problem as fine
mesh in 3D model consume much time till the blast wave reaches the structure and starts to
interact with it. This technique allows a 2D model with fine mesh to be mapped into a 3D
model with a coarser mesh. The remapping is usually done through three steps. First, a 2D

axisymmetric model is created to simulate the detonation of the explosive charge, as depicted
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in Figure 5. 3(a). The 2D model is run until the shock vector just arrives before striking the
front face of the target. Next, a remap file is created and then imported to fill the 3D Eulerian
domain (air block) as an initial condition, as shown in Figure 5.3(d). Finally, the 3D model

is executed to solve from that point.
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Figure 5.3: Remapping blast pressure from a 2D model to a 3D model. (a) The 2D model
before detonation. (b) The pressure contour of the 2D model before striking the target. (c)
The pressure vectors of the 2D model before remapping. (d) The pressure contour of the

3D model after remapping just before hitting the structure.

The air block was only generated over the center part of the panel due to the localization
of the blast wave [25]. A typical air block with 70 mm x 70 mm x 250 mm was created by
the Euler solver. The boundary conditions were selected to flow out at the four faces of the

air block. Thus, any pressure flowing over the structure during the blast will flow out from
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the boundary of the air block. A flow-out boundary was used to reduce the reflection of stress
waves from the numerical boundaries back to the structure which might be considered an
internal detonation problem. Belytschko-Tsay shell elements modeled the sandwich
structure. After executing mesh sensitivity, the following element sizes were selected, 0.1
mm for 2D models, 1 mm for 3D models, and 1 mm for the shell elements. The Lagrange
solver was used to model the shell elements of the structure. A fixed boundary condition was
applied to the outer edges of the panel as illustrated in Figure 5.4. Euler elements (air) were
assumed to be intersected by the Lagrange interface (structure). To deal with this interaction,
a fully coupling algorithm was used to connect the Lagrange solver and Eulerian solver with
a cover fraction limit of 0.5 [26]. The contact between the sandwich structural elements (face
sheets and core) was considered in  simulations and defined by
CONTACT_AUTOMATIC_SURFACE_TO SURFACE. The contact algorithm was
formulated using the penalty method, and the contact state was taken to be frictionless.
Moreover, gauges were applied to the facing plates to track their response (same locations
for the experimental measuring). The CPU times for the 2D simulations used to create the
remapping files to fill the 3D domain for three different stand-off distances (50, 100, and
150 mm) are 5, 10 and 13 min, respectively. Most of the 3D simulations in the present study
ran CPU time between 20 and 22 hrs.

Figure 5.4: Three-dimensional FE models for the sandwich structures. (a) TZ-panel. (b) T-
panel.
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5.2.3 Material Models

5.2.3.1 Airand TNT

To model, the TNT explosion in Ansys Autodyn, the surrounding air, and the product of the
TNT explosion were assumed to behave as an ideal gas. An ideal gas equation of state (EOS)
was used to describe air and was expressed by:

P =(y—1pgyeo (1)
where P is the pressure, y is the ideal gas constant and equals 1.4 for air, p_g is the air density,
and e is the specific internal energy. The internal energy of air was used as 2.068x 10° kJ/kg.
This internal energy initialized the air medium to an atmospheric pressure of 101.3 kPa.

Table 5.2 includes the material properties adopted for air [22].

Table 5.2. Ansys/Autodyn material model for the air.

EOS Y Reference density Reference energy
(g/em®) (1/mg)
Ideal gas 1.4 1.225 x 1073 2.068 x 10°

The Jones-Wilkins-Lee (JWL) equation of state was used to describe the explosive

material [27], which is in the form of:

P=A(1-2)e RV +B(1-2)e v +25 )

1 2
where A, B, R1, Ry, and « are empirically derived constants that depend on the type of
explosives, V is the volume of charge, and E is the detonation energy per initial unit volume
[28]. The material properties used for TNT were tabulated in Table. 3. [28].

Table 5.3. The JWL model used to define the TNT material model in Ansys/Autodyn.

A
/cm3 B (GPa) R R W
p (g/cm®) (GPa) 1 2
1.63 373.75 3.747 4.15 0.90 0.35

5.2.3.2 Annealed 304 Stainless Steel

The Johnson-Cook (J-C) material model was elected to describe the flow stress of the
annealed 304 stainless steel. This model is ideal for a material subjected to large strains, high

strain rates, and high temperatures. The flow stress model is expressed by Equation 5.3 [29].
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o, = [A+B(eg)"[1 + cln(ég)]u —(T™] 5.3)

where g, is the dynamic flow stress, &, is the equivalent plastic strain, £, is the equivalent

plastic strain rate, and m is the thermal softening exponent. The constants A, B, n, ¢, &,, and
m are material parameters and can be determined from an empirical fit of flow stress data.

T* is the homologous temperature and it could be calculated from Equation 5.4.
" (5.4)
Tm - Tr

T is the material temperature, Trm is the melting temperature of the material, and T, is the
room temperature. In order to capture the rupture, the failure criterion based on equivalent
plastic strain was adopted. This criterion has gained popularity due to its simple and effective
formulation and has been proven to provide results with satisfying accuracy [24]. Table 4
shows the J-C material model parameters for the 304 stainless steel material. A fixed
boundary condition was applied to the outer edges of the panel. Also, gauges were applied
to the facing plates to track their response.

Table 5.4. Constitutive model of 304 stainless steel adopted in Ansys/Autodyn.

Parameter Unit Value
Reference density g/lcm?® 7.85
EQOS - Linear
Bulk modulus kPa 1.67 x 108
Strength - Johnson Cook
Shear modulus kPa 6.69 x 107
Yield stress, A kPa 3.10 x 10°
Hardening constant, B kPa 1.00 x 10°
Hardening, exponent, n - 0.65
Strain rate constant, ¢ - 0.07
Ref. strain rate, o 5! 1.00
Thermal softening exponent, - 1.00
m
Indoor temperature, Tm K 292
Melting temperature, T, K 1672
Failure - Plastic strain

Plastic strain - 0.42




86

5.2.4 Results and Discussion

Generally, permanent deformation/failure of the faceplates is considered the most
important attribute of the structural response, as all other parameters (impulse transfer and
energy dissipation) rely on it. From the field blast test, it can be observed that the face sheets
were plastically deformed for the 150-mm and 100-mm SoD, and no failure has occurred.
However, for the 50 mm SoD, the panel was damaged. Experimental and numerical central
deflections of the corrugated core sandwich panels were compared and summarized in Table
5.5. Figure 5.5 shows the comparison of the deformation/failure modes of the experimental
and numerical models. The comparison was focused on the permanent deflection between
simulation and experiments. results of the numerical model were highly accurate since the
standard deviation of results varied between 1.83% and 11.93%, as shown in Table 5.5. At
this point, the proposed models can be used reliably to investigate the performance of the

ribbon topology as new core configuration for sandwich structures subjected to air blast

loading.

Crack Tearing

Buckling ~ Plastic deformation Buckling
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Figure 5.5: Comparison between the experimental and numerical results of
deformation/failure modes due to detonation at stand-off distances (SoDs) of 50,
100, and 150 mm. (a) TZ-panel. (b) T-panel.

Table 5.5. Experimental and numerical results.

Front-Plate Deflection 6: (mm)  Discrepanc  Back Plate Deflection 8, (mm)  Discre

Panel i _ y i i pancy
Experimental* Numerical Experimental* Numerical
(%) (%)
TZ-1 Failure Failure - Failure Failure -
TZ-2 28.89 29.42 1.83 14.14 14.64 3.54
TZ-3 18.99 20.55 8.21 7.69 8.21 6.76
T-1 Failure Failure - Failure Failure -
T-2 22.71 24.70 8.76 10.31 11.54 11.93
T-3 12.91 14.11 9.31 5.18 5.63 8.69

*Data from Zhang et al. [23,24].

5.3  Proposed Sandwich Panels

Corrugated cores are stiff and strong in the longitudinal direction but weak in the
transverse direction [30]. The simplest approach to overcome this is by placing corrugated
cores aligned with the panel's longitudinal and transverse directions. The new configuration
consists of corrugated strips placed in two perpendicular directions, forming the ribbon core
(RC) depicted in Figure 5.5. Two different geometries for RC were used in this study, the
trapezoidal ribbon core (TZRC) and the triangular ribbon core (TRC). They were designed
with the geometric parameters for the TZ and T cores in order to capture the impact of the
new technique on the blast performance of sandwich structures. The width of each strip (b)

was 7 mm, the height (h) was 14 mm, and the thickness (t;) was 0.7 mm. The relative density

(p) for the TZRC and TRC were 2.28 and 2.84, respectively. The novel topologies use less
material compared with the traditional corrugated cores by about 64% for the TZRC and
56.9% for TRC. The panel had the same dimensions used for the TZ and T panels.

The RC structures were exposed to a detonation of 55 g of TNT explosive charge
located over the center of the panel with 100 mm SoD. Autodyn was used to numerically

investigate the dynamic response of the RC panels under the impact of the blast load.
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Figure 5.6: Schematic and inner core configuration of the ribbon core sandwich structures.
(a) Trapezoidal corrugated ribbon core (TZRC)-panel. (b) Triangular ribbon corrugated
core (TRC)-panel.

Previous studies [14] revealed that the behavior of the sandwich structure subjected to
blast loads could be split into three stages, namely the fluid-structure interaction stage, core
compression stage, and structural dynamic response stage. Figure 5.6 shows a series of
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deformation processes of TZRC and TRC panels subjected to the detonation of 55 g TNT
with a stand-off distance of 100 mm. Figures. 5.7 and 5.8(a) show the panel at timet =0
after remapping the final state of the 2D model to a 3D model just before the impulse is
imparted to the front-face sheet of the sandwich panel. Then, at t = 0.001 msec, the shock
wave firstly strikes the center of the front-face sheet. From this moment on, the front face
was starting to interact with the explosive product. During the fluid-structure interaction
stage, the front face reached an initial velocity when the shock wave impinged on it, while
the core and back face kept still. A dent deformation was first formed in the central area of
the front face, Figures 5. 7 and 5.8(b). Then, the high compression velocity generated by the
front face induced a shock wave into the core, and the core compressed gradually at t = 0.03
msec. It could be seen that the compression of the core decreased from the center to the
peripheral region, as displayed in Figures 5.7 and 5.8(c). During this stage, the front face
was decelerated by the core while the core and the back face were accelerated. At the end of
the core compression stage, the panel components reached the same velocity and went into
a phase of structural dynamic response under their own inertia. The dent deformation
extended outwards and downwards with the transfer of momentum, Figures 5.7 and 5.8 (d).
Then, the panel went into an oscillation until the kinetic energy was gradually dissipated by
plastic bending and stretching. Finally, at t = 10 msec, the panel underwent residual
deformation as shown in Figures 5.7 and 5.8 (e).
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Figure 5.7: Dynamic response of the TZRC.
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Figure 5.8: Dynamic response of the TRC.

Figure 8 illustrates the midpoint velocity and deformation/time histories of face sheets.
As exhibited in Figure 5.9(a), the velocity at the midpoint of the front-face sheet quickly
reaches its maximum value at the beginning of the response and then gradually decreases
due to core compression. The midpoint velocity of the rear-face sheet started to increase by
0.03 msec after the front-face sheet deformed, and at 0.16 msec, the midpoint velocity of the
rear face sheet caught up with that of the front-face sheet. Figure 5.9(b) shows the
displacement—time history of the face sheets. It can be noticed that the compression remains
unchanged when the face sheets reached the same deformation velocity. Finally, the panel

entered an oscillating state to disperse the residual energy.
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Figure 5.9: (a) Velocity and (b) displacement—time histories for the facing sheets at

midspan. (c) Enlarged view for displacement—time histories within (0-0.25 msec) time
interval, TZRC (left column), and TRC (right column).

The face sheet deformations were used as a blast performance parameter to compare

between the ribbon and traditional corrugated core sandwich structures as shown in Figure

5.10. The results indicate that applying the ribbon core topology to the TZ-corrugated core

reduced the facing plates’ deformations by 45.3% for the front-plate deflection and 76.5%
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for the back-plate deflection, while for the T-corrugated core, the plate defections decreased
by 69.3% for the front plate and 112.1% for the backplate. The response of the Ribbon-Core
Sandwich Panel (RCSP) is in accord with the “strong core” regime defined by Liang et al.
[19], which means that the ribbon cores are more efficient than ordinary corrugated cores for
sandwich structures subjected to blast load. Ribbon core sandwich structures can suffer a
larger impulse as they absorb more energy and have less deformations than the conventional

cores.
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Figure 5.10: Residual midspan deflections for the facing sheets of sandwich structures with

different core configurations under the impact of detonation of 55 g TNT at SoD 100 mm.

5.4  Parametric Study

5.4.1 Influence of Varying Face Sheets Thickness on RCSPs’ Face Sheets Deformations

A parametric study was performed to investigate the effect of face sheets thickness
variation on the front- and back-plate deflections of RCSPs. The TZRC sandwich structure
was selected for this study. The parametric study aims to enhance the blast resistance of
RCSP when the equivalent density increases. The investigation of the influence of face sheet
thickness variation performed by two scenarios. The first one is the influence of varying the
front-plate thickness on the performance of the RCSP, a constant rear-plate thickness with
six different front-plate thicknesses: 0.6, 1, 1.4, 1.8, 2.2- and 2.6-mm.

Figure 5.11 shows the effect of changing the front-plate thickness on the front and
rear plates’ deflections. Figure 5.11, it can be seen that the front-layer deflection decreases

as the front sheet thickness increases while the back-layer deflection decreases. The results
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indicate that when using a front sheet with 2.6 mm thickness, the deflection decreases by an
average of 75% for the front-face sheet and by an average of 70% for the rear-face sheet. It
can be concluded that the rear-plate deflection decreases with increasing front-plate
thickness due to the increased stiffness. In the second scenario, the effect of altering the
thickness of the rear face sheet on the behavior of the RCSP is investigated by maintaining
a constant front-face sheet thickness with six different rear-plate thicknesses: 0.6, 1, 1.4, 1.8,
2.2, and 2.6-mm. From Figure 5.11, it can be seen that changing the rear faceplate thickness
has a negligible effect on the front-layer deflection; however, the rear face sheet deflection
decreases upon increasing the rear-layer thickness. Comparing the deflection when using a
back layer with a 2.6-mm thickness with the deflection when using a back layer with a 0.6-
mm thickness, the deflection decreases by an average of 90.6% for the rear face sheet and
by an average of 19.36% for the front-face sheet. The core compression is the difference of
transverse deflections between the front plate and the rear plate. It can be noticed that more
core compression occurs as the rear plate thickness increases due to increasing the stiffness
of the core backing.
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Figure 5.11: Central deformation with the face sheets thicknesses variation.
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5.4.2 Influence of Face Sheets Thickness on Energy Dissipation

During the interaction between the explosion product and the structure, the energy of
the explosion is transferred to the sandwich panel and then dissipated through the panel
deformation. The energy dissipated by each component is numerically obtained and
indicated in a stack bar diagram in Figure 5.12. The energy dissipated by each component is
essentially the difference between the total energy (ET) and initial energy (EI) of each
component.

Figure 5.12(a) shows the energy dissipated by each component of the RCSP for the
first scenario. The figure demonstrates the contribution of the front plate, the inner core, and
the rear plate in the energy dissipated by the RCSPs. When using a front sheet with thickness
of 0.6 mm, the results imply that the energy dissipated attain the highest value and then
reduced till reaching the minimum when the front plate thickness is 2.6 mm. It can be
concluded that with increasing the front-plate thickness, the energy dissipation decreases.

Figure 5.12(b) illustrates the energy dissipated by the RCSP components for the
second scenario. The results indicate that the rear plate has a negligible influence on the
energy dissipated by the sandwich structure as the rear plate participates with a small portion
in the energy dissipation of the structure relative to the other components (the front-face
sheet and the inner core). The inner core layer dissipates a major portion of the energy.
Increasing the rear plate thickness boosts the core layer's energy dissipation; however, it does
not enhance the total energy dissipated by the sandwich structure. The highest level of energy
dissipation was achieved when the front-plate thickness was 0.6 mm. Therefore, the
sandwich panel with a thinner front-face sheet can improve the energy-absorbing capabilities
of the structure. However, under large blast loading, tearing damage may develop on the

thinner front face.
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Figure 5.12: energy dissipation for Ribbon-Core Sandwich Panel (RCSP)
components with a variation of (a) front-plate thickness. (b) Back-plate thickness.

5.4.3 Variation of Core Parameters on the Blast Performance of the RCS

The geometric parameters covered in this study were core thickness tc, the angle of
corrugation ¢ (°), and core height hc. The effect of the core thickness runs through varying
the thickness of the corrugated ribbon core: 0.3, 0.5, 0.7, 0.9, and 1.1mm. Figure 5.13(a)
illustrates the influence of the core thickness on both facing sheet deflections and energy
dissipated by the structure component due to the blast loading. It can be observed that the
front-layer deflection decreases upon increasing the core thickness; however, the back-layer
deflection increased slightly.

Moreover, the energy dissipated by the RCS decreased, which means that a softer
core dissipates more energy. Increasing the corrugation angle from 40° to 60°, decreased the
deformation of the facing sheets deformations decreased by about 30% and the dissipated
energy decreased by an average of 25%, as indicated in Figure 5.13 (b). The core height of
the TZRC sandwich varied between 10, 12, 14, 16, and 18 mm as shown in Figure 5.13 (c).
The deflections of the facing sheets of the sandwich structure increased by an average of

27% by increasing the core height by 40%.
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Figure 5.13: Facing sheets mid-span deflection and energy dissipation For RCSP
components with variation in (a) core thickness, (b) the angle of corrugation and (c)

core height.

55 Conclusions

This paper presents a new core topology that can be applied as an inner core layer for
metallic or composite sandwich structures. This study investigated the effectiveness of two
different core sandwich structure topologies (folded and ribbon) for blast load attenuation.
The dynamic behavior of the novel RCSP was investigated under air blast loading by
employing a nonlinear explicit finite element simulation. The numerical model has been
validated using the experimental field blast test for trapezoidal- and triangular-corrugated
core sandwich panels. A good agreement between simulations and experimental tests was
achieved by the numerical models for predicting the deformation/failure patterns for the
field-tested panels with a maximum deviation of 11.93% for the back-plate defection.
ANSY S/Autodyn was utilized to investigate the performance of the proposed structure under
the same experimental test conditions.

The blast performance of the investigated topologies was assessed in terms of the
front-plate deflection, back-plate deflection, and energy dissipation. The results reveal that
the ribbon core has a comparable blast resistance relative to the traditional corrugated core
sandwich structures. The sandwich panel can suffer a larger impulse utilizing less material
than the traditional corrugated cores by about 64% for the TZRC and 56.9% for TRC. A
parametric study was conducted to investigate the effect of design parameters on the blast
performance of the novel core configuration, and the following was observed:

e The back-plate deflection decreases with increasing front-plate thickness due to the
increased stiffness. For instance, using a front sheet with 2.6 mm thickness, the

deflection decreases by an average 70% for the rear face sheet.
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e The back-plate thickness has a negligible effect on the front-layer deflection;
however, the back-plate deflection decreases upon increasing the back-plate
thickness.

e The sandwich panel with the thinner front-face plate could improve the energy-
absorbing capabilities of the structure. However, under large blast loading, tearing
damage may take place on the thinner front face.

¢ Increasing the core thickness has a negative impact on the blast behavior of the
structure,

¢ Increasing the angle of corrugation more than 45° reduces the efficiency of the
structure under the impact of blast loading.

To conclude, the newly proposed ribbon core panels have shown superior blast

performance than the traditional folded cores. The parametric study provides guidelines for
designing the ribbon core sandwich structures according to the required protection level.
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Chapter 6: Conclusions and recommendations

Conclusions

Protecting structures against accidental or intentional blast events is a sophisticated
task in structural engineering. Many efforts have been devoted to protecting structures from
such devasting events. Several techniques have been proposed as effective methods for blast
shielding. One of the best effective techniques is sacrificial layers compromising sandwich
structures. This study mainly focuses on studying structures under blast impact and
proposing new sacrificial layers for blast mitigation. The core layer in both sacrificial layers
and sandwich structures is responsible for the significant portion of energy absorption.
Consequently, the construction of core layers with more energy absorption capacity is an
effective approach to setup an effective blast shield.

This research presents an innovative energy-absorbing component applicable to
energy absorption applications. The developed structure comprises a superposition of two
different energy absorption techniques to enhance the energy absorption capacity of a novel
core structure. The proposed core structure can be applied to extensive blast-resistant and
crashworthiness applications. Thus, experimental, and numerical investigations have been
conducted to investigate the influence of applying internal stiffeners and staking composite
layers on the behavior of aluminum (AL) thin-walled tubes. Single, double, and quadruple
thin-walled metallic and hybrid tubes were tested under axial quasi-static compression test.
The specimens were fabricated from unidirectional CFRP, epoxy resin, and aluminum alloy
T6061-T6. Various crashworthiness parameters were assessed, such as the absorbed crash
energy, specific energy absorption, crush force efficiency, average crushing load, and peak
load absorbed, to highlight the effectiveness of the novel configurations. Also, in this study,
a novel thin-walled core structure technique was developed and experimentally and
numerically investigated.

The experimental test was simulated by using LSDYNA/Workbench software, and
the material models were verified for investigating the dynamic behavior of global behavior
of the sacrificial structures.

Incorporating these novel components have shown effective performance, with the

following conclusions drawn:
e The energy absorption of the proposed techniques has been significantly improved,
with the most effective configuration (Hybrid quadruple-cell) showed 131.70% more

than the control single-cell AL tube.
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e Numerical simulations showed very good agreement with the experimental results,
which could be used as a confidential tool for the pre-manufacturing process.

e The novel sacrificial layers implied superior blast protection for the reinforced
concrete panels under the impact of the close-in blast test. The Dynamic performance

has been captured by utilizing a hydrodynamic code-named Autodyn based on a

convergence study to choose the convenient mesh size. The cladding structures

achieved the desired protection for the RC panels where the mid-span deflection
significantly decreased by 62%, 78%, and 87% for H-SCT, H-DCT, and H-QCT
cores, respectively, compared to the unprotected panel.

This study also introduced another effective novel core topology for composite and
metallic sandwich structures named Ribbon Cores. These cores expressed a highly effective
technique for saving material compared to the conventional corrugated cores and the superior
structural performance for blast-loaded sandwich structures.

The trapezoidal (TZ) and triangular (T) corrugated core topologies were selected to
highlight the blast-resistant performance of the new ribbon core topology. Applying the
ribbon topology to the traditional corrugated core topologies improved their blast
performance. The facing front plate's deflection of the trapezoidal corrugated ribbon core
sandwich structure (TZRC) has been improved by 45.3% and by 76.5% for the back-plates
deflection, while for the triangular ribbon corrugated core (TRC), the front plate’s defection
has been enhanced by 69.3% and by 112.1% for the backplate. The effect of various design
parameters on the blast behavior of the Ribbon-Core Sandwich Panels (RCSPs) was
investigated. Finally, based on the parametric study, the results of this study were
recommended to be used as a guide for designing metallic ribbon sandwich structures with

different protection levels.

Recommendations

The results have demonstrated the effectiveness of Hybrid multi-cell tubes and ribbon
topology as a core layer for cladding and sandwich structures. This research presents a
strong starting for many future lines of research that can arise from this work. The

following topics could be pursued:

e Even though the application of numerical simulation helps reduce experimental
work in terms of effort, time, and resources, especially under impulsive loads

such as those caused by an explosion, new configurations need to be examined
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experimentally.
However, the new hybrid multi-cell tubes attain desired results by using four
composite laminates, the effect of laminate number can be investigated.

The effect of using filling material for the hybrid multi-cell tubes needs to be
investigated.
Another composite material such as GFRP and Kevlar can replace the CFRP.

The ribbon topology can be applied for composite sheets instead of metals.
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