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Abstract

It is important to protect critical buildings (shopping centres, government buildings and embassies),
infrastructure and utilities, train and underground stations against being damaged, destroyed or
disrupted by deliberate acts of terrorism, criminal activity and malicious behaviour. Normal
regulations and building guidelines do not generally take into account these threats. The
introduction of appropriate regulations or guidelines, where deemed necessary, should, enhance the
resilience of buildings and infrastructure against explosion incidents.

In order to protect the built infrastructure, methods are required to quantify the resistance of
structural components against explosive loading and to assess the hazards resulting from the failure
of an element. The applicable state-of-the-art techniques may include either experimental or
numerical methods, or a combination of both.

Therefore, the thematic group (TG) on the resistance of structures to explosion effects was formed
in order to bring the required expertise together, make it commonly available and to find and define
harmonised methods and solutions which can be provided to the decision-makers responsible for
critical infrastructure protection.

The current report summarises existing best practices for the numerical finite element modelling of
blast loading, including the important topics of domain discretisation, implicit/explicit formulation,
Lagrangian/Eulerian solvers, the mathematical description of the material behaviour etc.
Furthermore recommendations for the modelling of laminated glass elements are formulated and
knowledge gaps in this application area are pointed out.

Hence the report builds the basis for an actual evaluation of the different numerical methods, their
suitability to certain problems, and their capability to support/complement the experimental testing
of glass components. It thus provides helpful information to design architects and engineers, and
more generally to critical infrastructure stakeholders, responsible for the structural integrity and
security of the infrastructure in the event of an explosion.
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1. Terminology on glazing

In the context of this report, glazing refers to both windows and glazed facade systems. It is
important to consider the window or facade as a system. This includes the glass, the gasket or
sealant, the frame, the fixing of the frame, and the support system.

The blast pressure is applied to the whole area of the window or facade and the behaviour of the
glass is dependent on the pane size. The loads on the support system and its performance are also
dependent on the size of the glass pane(s).

If glass is tested in a rigid frame, the stresses in the glass are maximised as are the loads in the
frame’s fixings. However, if the glass is mounted in a frame with gaskets or sealants, the system’s
flexibility tends to reduce the stresses in the glass and the fixings.

2. Introduction
This report extends the previous one [1] with more details about possibilities of numerical
simulations and scientific knowledge gaps in that field.

The objective of this report is to show all parties involved in the chain of security building
constructions for protection purposes (such as producers, designers and end-users of laminated
glass, windows and facades), an introduction of the capabilities of numerical simulations. Numerical
simulations refer to finite element simulations or similar approaches. Until now numerical
simulations cannot replace experimental investigations since too many influences are to be
considered. This report presents a best practice for numerical simulations that should (not only) be
used for blast-loaded laminated windows. The report will only consider near-field explosions for
smaller charges or person-borne improvised explosive devices (PBIEDs) and far-field explosions for
bigger charges or vehicle-borne improvised explosive devices (VBIEDs) and is focused on glass
components. Therefore, simulations methods for contact and big near-field detonations are out of
scope.

Numerical simulations for blast-loaded laminated glass are still not fully investigated and
established. Several detailed questions should be solved and further numerical models should be
developed to use numerical simulations for all limit states.

This report gives first an introduction to numerical simulations followed by a chapter on how finite
element simulations can be used to assess the behaviour of laminated glass and windows.
Recommendations for finite element simulations show the limits of the method and propose
validation and verification procedures. Open questions for further research are discussed at the end
of this report.

3. Objectives of numerical simulations

Even if there are several open questions in numerical simulations for blast-loaded laminated glass,
there are several reasons why they could help the engineer in his or her work. The interaction
between numerical simulations and their verification, validation and the approval of a design by

7
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experiment is shown in Figure 1. The figure shows the role of the numerical simulation like the finite
element method or the single degree of freedom (SDOF) method in the experimental validation in
order to achieve a design for a protective structure.

Numerical
simulation

e Experience
verification P v

Experiment learning

/
validation

Numerical simulation:
Hazard level

Sensibility analysis

Numerical simulation:
Interpolation of results

Figure 1: Interaction between numerical simulations and experiments for the approval of protective structures

Numerical simulations can help to understand the behaviour of the structure. While detailed
experimental investigations are not easy to perform, numerical simulations can close that gap.
Numerical simulations may help to develop new kinds of materials or structures. These structures
can be tested numerically before expensive experiments are conducted.

Numerical simulations can help to investigate the different parameters of the windows relevant to
the design. When a set of experiments has been conducted either to demonstrate the protective
capacity of a specific window or to validate the numerical simulation, then further simulations can
be used to investigate, for example, other sizes of the glass sheets and/or the loading or boundary
conditions. Hence the number of experiments can also potentially be reduced by employing
numerical simulations.

While an experimental investigation captures mainly one scenario or even only one pressure-time
curve representing that scenario, numerical simulations can be used to investigate more threat
scenarios. The place of the charge and its size can be varied easily in order to see the influence of
those parameters. Also much larger structures can be taken into account like whole facades.
Different types of facades could be tested such steel frame structure or cable-net facades.

Experimental investigations can be aided by using numerical simulations in advance in order to know
the possible failure modes. Numerical simulations can support this process either in the design of a
shock tube for testing windows or for the substructure for laminated glass in the case of arena tests.
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Experimental research is needed [1] in order to understand the physical phenomena when choosing
the appropriate modelling techniques and material laws. Further dedicated material tests are
needed to obtain relevant material parameters for the material models.

Another approach is given by the SDOF method, where the window is represented by a single mass
and a related stiffness. A huge number of experimental results are used to get data in order to
model the non-linear stiffness properties of a spring. The method is presented in a previous report
of the European Reference Network for Critical Infrastructure Protection (Erncip) thematic group [1].
The SDOF method cannot replace experimental investigations for a particular design.

4. Finite element method (FEM) best practices

Numerical methods have been developed in order to help engineers in understanding, analysing and
predicting all physical phenomena occurring during different types of loading conditions. Numerical
tools are of great importance, especially for dynamic loading, because fast dynamic events like blast
loading are not easily understandable just by studying the damaged structure.

4.1. Implicit and explicit FEM

Numerical simulations can be advantageously used to predict the behaviour of glass undergoing
blast-wave effects. These numerical simulations cannot replace experimental tests but they can be
used in planning the tests, to predict experimental results and to carry out parametric studies by
varying e.g. boundary conditions, the geometry of the structure, material properties or, explosive
data. Most FEM solvers are based on a representation of structural components by elements.
Typically, elements can be 1D (beams), 2D (shells) or 3D (bricks). Each corner (i.e. extremity) of an
element is defined with a node. The association of all elements represents the structure and
eventually the environment of the structure (boundary conditions or air) and is called the meshed
structure.

4.1.1. Numerical schemes

Implicit and explicit time-integration schemes are the two main available methods used in dynamic
finite element analysis [2]. The most appropriate method is selected based on the nature of the
problem to be solved. While for earthquake loading and completely linear behaviour for fast
dynamic loading, implicit methods are preferred, fast dynamics with non-linear behaviour is mainly
calculated using the explicit time integration. This has several advantages, e.g. treating the non-
linearities, the element erosion etc. see Table 1.
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Table 1: Features of several simulation models for dynamic loading of structures

Implicit methods Explicit methods

Unconditionally stable. Conditionally stable.

Stability Solution not dependent on the size of| Time increment must be small enough.
the time step.

Time step sizes Large time increments are possible. Very small time increment needed.

Iterative methods Needed for non-linear behaviour. Not needed.

Linear and non-linear behaviour, slow

Applications dynamics, eigenfrequency analyses. Highly non-linear behaviour, highly

dynamics phenomena .

For most of the applications presented in this report, explicit integration method is more suitable.
More information about the general procedure of explicit methods is given in Belytschko [2].

4.1.2. Solvers
The two main solvers are the Lagrangian solver and Eulerian solver (Figure 2).

AT

AT

ARnsAsCEumuny Lagrangian mesh
SESESSassesmmass
7/ \
|
\\\ f\ —— ) —
& A Eulerian mesh

Figure 2: Lagrange solver (top); Eulerian solver (bottom)

The Lagrangian solver is the most commonly used in structural FEM analysis. The mesh represents
the structure and its deformation. For example, during blast loading, the structure may undergo
large deformations and the calculation mesh may be highly deformed when generating the

premature stopping calculation (Figure 2, top).
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To overcome this difficulty, the Eulerian formulation can be used instead of the standard Lagrangian
approach. In the Euler solver the mesh (the grid) is fixed and the materials (solids, liquids and gases)
flow through the grid (Figure 2 bottom). Eulerian analyses are effective for applications involving
extreme deformation, up to and including fluid flow. In those applications, traditional Lagrangian
elements would become highly distorted and lose accuracy. Liquid sloshing, gas flow and most of the
penetration problems can be handled effectively using an Eulerian analysis.

In order to improve the quality of the numerical approach, many modern codes include coupled
Euler—Lagrange analysis (also ALE approach). In this case the space domain is separated into two
parts. One part is devoted to the Lagrangian solver and the second part is kept for the Eulerian
solver. This coupled approach is very useful in simulating, in a single run, the shock-wave
propagation and the structure response. Eulerian—Lagrangian contacts allow the Eulerian materials
to be combined with traditional non-linear Lagrangian analyses.

Another possibility to improve the accuracy of fluid-structure interaction is to use mesh adaptivity
(automatic mesh refinement AMR). The idea is to use a very fine fluid mesh near the structures and
in zones with a high pressure gradient in order to better capture the details of the development of
the wave in such regions.

New methods appear in a high-speed/deformation simulation domain. One of them is the smoothed
particle hydrodynamics (SPH) method. SPH is a numerical method that is part of the larger family of
mesh-free methods. For these methods it is not necessary to define nodes and elements as is
normally done in a finite element analysis. It is necessary to define a collection of points
representing a given body. In SPH these points are commonly referred to as particles or pseudo-
particles. SPH is a fully Lagrangian modelling scheme permitting the discretisation of a prescribed set
of continuum equations by interpolating the properties directly at a discrete set of points distributed
over the solution domain without the need to define a spatial mesh. A Lagrangian solver coupled
with the absence of a fixed mesh permits problem solving associated with fluid flow and structural
interaction involving large deformations, failure and rupture of the structure.

4.1.3. Synthesis

Table 2 lists in alphabetical order some well-known software with their respective time-integration
method. They could be separated between commercial, company-developed or free. The name of
the company which develops the named software is noted in parentheses.

11
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Table 2: Non-exhaustive FEM codes lists with their time-integration methods and discretisation capabilities [1]

Software :\;:; '::::; ISI)(eF:II:‘:; Discretisation f;ttt::;s
Commercial software Lag Eul Eul/Lag

gfigng:) (Dassault X X X X X SPH,AMR
ANSYS (ANSYS) X X X

&r:\(/l)lll)o Blast Simulator X X AMR
ASTER (EDF) X X

AUTODYN (ANSYS) X X X X SPH
CASTEM (CEA) X X X

COMSOL (Comsol) X X

:EéJEF;ij.:)C()US X X X X SPH, AMR
IMPETUS (Impetus) X X SPH
LS-DYNA (LSTC) X X X X X SPH, AMR
NASTRAN (MSC) X X X

OURANOS (CEA) X X X X

PAM CRASH (ESI) X X X

moos Wl [ ]

SOPHIA (EMI) X X SPH

4.2, Simulation of the air-blast loading

4.2.1. Coupled and decoupled approach
Structural analyses methods (based on FEM) for blast-wave loaded structures can be divided into

two main groups:

¢ decoupled approach
* coupled approach.

4.2.2. Decoupled approach

In the decoupled approach the pressure loading is calculated separately from the structural

response either by analytical, empirical equations or by previous fluid dynamics simulations. The

pressure is then used as a loading function to the structural-analysis model. The individual pressure

function presents the pressure at the structure surface as a function of time. For example, the

12
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properties of the loading function are dependent on the scaled distance from the detonation point
to the considered element of the structural-analysis model [1].

The decoupled approach is usually used:

* when the time response of the structure is longer than the duration of the positive phase
(the relevant natural frequency of the structure usually determines this parameter);
* when the deformation of the structure doesn’t significantly affect the pressure signal.

4.2.3. Coupled approach

The structural effects of explosions can be simulated using a coupled Eulerian/Lagrangian finite
element analysis technique. By this approach, the real phenomenon of interaction between the air
(shock wave) and the flexible structure is analysed. The main difference from the decoupled
approach is that the blast wave generates stress and displacements within the structure but the
structure is also able to interact with and modify the blast wave. This simulation type is time costly in
terms of computational resources because it needs to solve both Lagrangian and Eulerian equations
at each time increment. This type of simulation is used especially when the flexibility significantly
influences the loading profile.

4.2.4. Modelling detonation and shock waves

There are several approaches to simulate the detonation and shock-wave loading of structures, as
shown in Figure 3 and Table 3 (Larcher [3]). Far-field explosions can often be modelled using
pressure-time functions that can be taken from several textbooks or reports in combination with
the so-called modified Friedlander equation. (e.g. Kinney [4], Kingery [5]). These functions are
applied to the structure. Fluid is not considered in the calculation with this type of simulation. The
influence of reflections, shadowing and channelling is often not taken into account. The advantage
of this method is that due to the small number of elements the calculation time is small. Often the
formulas of the pressure-time function are already implemented in explicit codes; i.e. the use of
them is very easy. The negative phase of an air-blast wave is seldom considered by using these
functions. In some cases this is important especially for lightweight structures like windows.

In the case of more complex structures (as is often encountered inside urban areas or for near-field
detonations) the spherical pressure-time history will not give accurate enough results. Decoupled
approaches with separate fluid calculations or coupled approaches using fluid-structure interaction
should be used. The behaviour of the explosive (solid trinitrotoluene (TNT)) can be considered using
the Jones—Wilkins—Lee (JWL) equation of state together with an ideal gas model for the air. More
details about these models are given e.g. by Baudin [6]. Simulations which also take into account the
behaviour of the explosive itself need very small elements. Often such small elements are not usable
in large zones of investigation. A mapping algorithm to map a fine 1D result to a coarser 3D mesh
can close that gap. Other possibilities are given by the compressed balloon model where a balloon
with higher pressure is released (Larcher [3]). This model is not physical but it shows similar pressure
waves in comparison to real air-blast waves.

13
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Figure 3: Simulation approaches for load evaluation

Table 3: Advantages and disadvantages of several simulation methods for air-blast waves

Model Applications Accuracy Calculation time
i i D di th
Pressure-time curve Not suitable for reflectlons, epending on the case Very short
shadowing
. . Very high, when small
Solid TNT Large structures not possible elements are used Very long
Very high
Mapping algorithm Large and complgx structures ery hig Intermediate
are possible

Large and complex structures| High, but not a physical

. Intermediate
are possible model

Compressed balloon

4.3. Material modelling

The simulation of air-blast loaded facades must consider all relevant structural parts of the facade.
The first one is the glass itself which is described later in detail. Next is the modelling of the sealant
and the frame of the window. Both of them are part of the boundary condition of the glass and
should be modelled in detail since this condition has a strong influence on the glass failure
behaviour. If the anchoring elements and the wall take part in the glass response, they must be
included in the model.

14
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If the window is part of a glazed facade it is recommended to model also the facade system since
this system is often more flexible than a stiff concrete wall and it adsorbs a part of the blast energy
via plastic deformations. These deformations of the facade can result in additional damage to the
windows.

Double-glazing systems are more complicated to model since the gas between the glass panes
generally transmits the loading to the second glass ply. After strong deformations both glass panes
could also come into contact. Retrofitting systems with, for example anti-shatter film, can also be
numerically modelled, but this will not be described here.

A crucial parameter in the numerical simulation of explosion effects is the definition and modelling
of the material mechanical properties [1]. The blast waves can cause significant structural
deformation exceeding the linear domain and this implies that one has to deal with concepts such as
plasticity, visco-plasticity, large strains, high strain rate, failure and fragmentation etc. Features of
the modelling of the main structural materials of laminated glass windows, such as the glass and the
inter-layer as well as steel and aluminium used for the frames will be presented.

4.3.1. Glass

Glass is often the most fragile part of a structure and is therefore the most important part in order
to protect critical infrastructure and its occupants. There are three different types of glass:
annealed (AN), heat-strengthened (HS), and fully tempered (FT) glass (Figure 4). They can be
distinguished by their average tensile failure strength which lies between 70 and
250 megapascals (MPa). The strength of one particular glass type shows strong variations due to
micro-flaws. Dynamic glass strength still needs more investigations, but some experiments show a
higher dynamic strength than the static one (Peroni [7]). The compressive strength of glass is much
higher than the tensile one.

15
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Annealed glass Tempered glass
(brittle failure, small failure strength) (pre-stressed, small splinters)
A A A A
no load bending no load bending

\ Laminated glass /

(splinters glued together)
Interlayer: Polyvinylbutyral (PVB)

Glass
PVB
Glass

Figure 4: Glass types

4.3.2. Annealed glass (AN)

This glass is cooled slowly in a controlled way in order to relieve internal stresses. The strength of
this relatively inexpensive glass is small (Figure 4) and the variation in strength is large. It is widely
used for windows in cases where security against impacts and blasts is not important and where
failure and the splinters produced do not affect human bodies (Beason [8], Overend [9]).

4.3.3. Fully tempered or toughened glass (FT)

Toughened glass or tempered glass is two or more times stronger than annealed glass. The
production is done in such a way that residual stresses remain in the glass but in a manner that
contributes to the increase of its bending strength. Both surfaces of the glass pane remain under
compression, and when loaded by a pressure the induced tensile stresses are practically overcome
by the existing residual compression, and thus the surface of the glass does not really enter in
tension. The variation of the failure strength is smaller in comparison to annealed glass.

4.3.4. Heat-strengthened glass (HS)

Heat-strengthened (HS) glass is glass that has been heat treated in order to induce surface
compression, but not to the extent of a tempered glass. The failure strength is therefore between
the above two glass types.

4.3.5. Laminated glass

Laminated glass is a combination of two or more glass sheets with one or more polymer inter-layers.
Several types of laminated glass have been manufactured, with different types of glass materials,
e.g. annealed glass and tempered glass, and with various inter-layers, such as polyvinyl-butyral
(PVB), SentryGlas®Plus and ethylene-vinyl acetate (EVA). Laminated glass has the advantage that,
following its failure due to blast loading, the produced fragments remain stuck to the inter-layer, as
graphically illustrated in Figure 5. Thus practically no splinters are formed and the risk of human
injuries is contained.

16
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Force

1 Elastic behaviour of both glass layers

2 First layer is broken, the other one is
still integer, interlayer is not damaged

3 Second glass layer fails, interlayer
reacts elastic

4 Interlayer reacts with large deformations

5 Interlayer fails

1 2 3 4 Displacement

Figure 5: Phases of failure of laminated glass

4.3.5.1. Inter-layer types

Polyvinylbutyral (PVB). The long-time behaviour of PVB is visco-elastic, while the short-time
behaviour is closer to elastic-plastic or brittle. Like other plastic materials, PVB shows failure at large
strains (approximately 200 %), which indicates the need for a hyper-elastic material law. The Poisson
ratio of the almost incompressible material is nearly 0.5, which can cause numerical problems if the
material law is not adequately formulated.

lonoplast Polymers (e.g. SentryGlass). This polymer has five times the tear strength, 100 times the
rigidity of conventional PVB. Good impact strength/toughness over broad range of temperatures but
it is very expensive (three to four times more expensive than PVB). The material’s behaviour under
high strain rates is still not investigated [15].

Polycarbonate. The material itself shows very good bullet resistance. The material can be easily
scratched. The scratch and blast resistance is increased by using it in combination with glass layers.
The polycarbonate layers are then much thicker in comparison to PVB.

4.3.5.2. Example of FEM for laminated glass
Three model types can be adopted for calculating the response of laminated glass under air-blast
loads, as shown in Figure 6.

(a) Layered elements with a special failure criterion. After glass failure, the stresses are set to
zero if the strains are greater than zero (tension) but the material can still react to
compressive stress. If the inter-layer reaches the failure criterion of PVB, the element is
eroded (Mdller [10]).

(b) Smeared model. This is used to simulate post-failure behaviour (Timmel [11]). Two
coincident shells are used with two different material laws. The thickness, density and
Young’s modulus of these two shell elements are calculated in such a way that the
combination of the two shell elements represents the behaviour of the sheet before failure.
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The behaviour of the laminate after failure of one of the glass plies is represented by only
one of the shell elements (Timmel [11]).

(c) The 3D solid model. This simulation requires very fine meshes, resulting in a long calculation
time. The same material laws can be used as for layered shell elements. Some authors
present 3D models with solid elements which allow using a detailed material law for the
inter-layer (Wei [12], 2006; Bennison [13], [14]).

pyg Class E), pe, failure Glass VB
to—t N T 1 ” ]
teve "‘ b te ‘ te )
te— . — :
integration point Eu, pe, no failure

layered elements smeared model 3D solid model
Figure 6: Models used for the simulation of laminated glass

The influence of large strains and large strain rates should be considered for blast and impact loaded
laminated glass (Morison [16], Iwasaki [17], Bennison [14]; Figure 7).
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Figure 7: Behaviour of PVB at different strain rates

Visco-elastic materials show more elastic-plastic behaviour below the glassy point. The glassy point
refers to the conditions (temperature, loading rate) where a transition occurs from the glassy state
to a rubbery state. Since the behaviour of such materials under higher strain rates is often similar to
the behaviour at lower temperatures, an elastic-plastic material law could be a first approximation.
Further investigations should be done to identify the unloading behaviour of this material under
higher strain rates.

The interfacial adhesion between the glass and the inter-layer is produced by heating in combination
with the application of high pressure. The mechanisms for the chemical adhesion depend on
chemical and hydrogen bonding. The gluing forces of PVB are relatively high, and de-bonding is not
usually considered for blast-loaded laminated glass. An example of material data for the material
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parts of laminated glass is given in Table 4. It is important to mention that these are examples and
values may actually vary. The deviation especially of the values for the glass strength is high.
Stewart [18] also gives values of strength resistance based on a probability for a failure of 0.8 %. In
such a case the strength must be chosen to about 28 MPa which is much smaller than the mean
value given in Table 4.

Table 4: Typical material properties for glass and PVB as given by Stewart [18]

Property Annealed glass Tempered glass PVB
Initial Young’s modulus [Pa] 7.0e10 7.0e10 2.2e8
Poisson ratio 0.23 0.23 0.45
Elastic limit [Pa] 84e6 196e6 11le6
Density [kil K bi

ensity [ |30grams( g)/cubic 2500 2500 1100
metres (m?3)]
Failure strain 0.0012 0.00228 2.0
Failure stress [Pa] 84e6 196e6 28e6

4.3.6. Metallic materials

Metallic materials like steel, iron and aluminium constitute an important part of contemporary
constructions. In the case of explosion events the deformations of the structural elements are very
likely to enter the plastic domain and phenomena like strain hardening and material failure should
be taken into account. Several models have been developed to describe the behaviour of metallic
materials under severe dynamic loading conditions such as the Ludwik model (Moras [19]), the
Cowper-Symonds model, Armstrong-Zerilli model (Zerilli, et al.[20]) and Johnson—Cook model
(Johnson, et al. [21]) which appears to be the most commonly used one. Since the strain rate of the
metal part of the structures is small and the strain-rate effect of metals is small also classical plastic
material laws can be used.

4.3.7. Rubber-like materials

In addition to the resistance of the glass itself, the connection between the glass and the supporting
structure must also resist the air-blast wave. If the joint or framing structure is not strong enough,
the pane could get detached and enter the building at high velocity and injure occupants. Structural
silicone sealant is commonly used to bond the laminate to a framing structure [33]. The laminate is
restrained at two or four edges of the pane with a silicone-bonded joint on one or both faces of the
laminate. Securing all four edges on both sides is the recommended practice for blast resistance with
a silicone joint of at least 35 mm in depth. There are also other methods of restraining laminated
glass, such as rubber gaskets, glazing tape and mechanical point fixings. These systems are generally
considered to give inferior blast protection to silicone bonded edges (Hooper [22]).

The elastic support of these rubber materials of the windows can be modelled by solid elements
sharing some of the node elements of the laminated glass. If the frame should be set as rigid, the
nodes at the top and at the bottom could be fixed. An elastic material law can be used. Larcher [23]
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uses a value for the Young’s modulus of 3.5 MPa which represents the stiffness of the testing frame
according to the standards. However, the influence of the support fixing must be assessed by
conducting parametric studies with different boundary conditions.

5. Recommendations for the simulation of blast-loaded laminated

glass

The first decision concerns the appropriate simulation model regarding the loading since this has
many influences on the following possibilities. Table 3 could provide a good indication of which
model is appropriate. In the case of far-field detonations the loading by a pressure-time curve is
often the most suitable way, since the calculation time is so small that structural components can be
investigated in detail. In the case of a more complex fluid structure around the structural part of
interest, the more complex pressure-time curve is often converted into a standard one in order to
facilitate the simulation. This question has to be discussed together with the operator since the
scenario of the hazard must also be chosen appropriately.

Fluid-structure interaction simulations must be checked very carefully. The pressure-time curve at a
distance where the spherical or hemispherical wave is not yet influenced by any obstacle should be
compared with analytical values given for example in Kinney [4] or Kingery [5] in order to check if the
element sizes of the simulation are fine enough to simulate the blast wave.

5.1. Components modelled

All important components must be modelled in order to represent the response of the structure, i.e.
all components which take part on the resistance, the failure and the movement of the structure.
This means that the laminated glass itself is sufficient to be simulated only for some particular cases.
In all other cases, the connection to the frame with an elastomer, the frame itself and the
connection of the frame to the structure must be considered. In the case of possibly opening frames
the hinges must also be included in the investigation.

5.2. Material models

Only material laws corresponding to the chosen structural modelling lead to successful simulations.
The first question is what damage state should be investigated. If only the first crack of the
laminated glass should be determined, the smeared model or even one continuous glass ply through
the thickness could be enough. If the behaviour after the cracking of the glass and with it the
interaction between splinters and the inter-layer are also to be investigated then even more
complex models need to be chosen. Its detailed failure behaviour is still not yet known and should
be investigated in the future.

The importance of the choice of the material law for metallic parts is minor. Due to the small strain-
rate effect, elastic-plastic material laws with an erosion criterion often fit very well to the needs of
the simulation, but the implementation of the fixings of the frame could be more complicated. One
possibility here is to set a fixed boundary condition and measure the maximum force of the
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boundary. This value can be compared with experimental values to determine a possible failure of
the fixing.

5.3. Model verification
Also the meshes should be conforming to some rules which are presented in the following sections.

5.3.1. Shell and solid elements

The element type and material model should be chosen according to the expected failure mode. It
should be especially noted that non-linear transverse shear deformation is not necessarily taken into
consideration in a shell element.

Most of shell elements should be defined using four node elements. Three node elements should be
used with care since their behaviour can be different from what is expected. A large amount of three
node element verification with these elements should be done. More recommendations concerning
the element shape are given in Table 5.

Solid elements are generally defined using eight node elements (hexahedron). The use of
tetrahedron elements is helpful for complex geometry meshing but may need more elements to
reach sufficient quality result.

The element size must be investigated in a convergence study. Its result should be validated with an
experiment to show the capability of the model to represent the expected behaviour. Cracks in the
glass are often represented by element erosion and therefore small element sizes are needed.

The element size of shell elements has some limitations. In general, shell elements with dimensions
smaller than the order of the thickness are not usable. The minimum element size depends on the
formulation of the shell element and must be checked for each element type and sometimes
together with its material parameters.

5.3.2. Main mesh verification
In order to help FEM users, a acertain number of intrinsic parameters related to mesh quality should
be taken into account.

Table 5 below represents typical parameters to be checked before the simulation. The main
commercial codes provide their own quality check that might help engineer to design the numerical

model.
Table 5: Mesh conformity recommendations for shell and solid elements [29]
Mesh size
Mesh uniformity. Ilts admitted mesh is as homogenous as
possible. In the case of mesh size
modification, the size of two adjacent
elements should not differ by more than 1.5
times (ratio of element size).
Minimum number of integration point. In the case of linear material model, three
integration points may be sufficient. In the
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case of non-linear deformation, the number
of integration points should be seven or
more.

In case of a layered structure, the number of
integration points should follow previous rule

per ply.

Skew

Measures the deviation of an element’s
corners from 90° for quadrilateral elements
and 60° for triangular elements.

Quadrilateral: Skew = Y{;(90 — a;)

Triangular: Skew = Y2, (60 — a;)

Warp

Measures the deviation in an element face
from a maximum allowable planar warp.

D,

o]

Taper
Aa = O.ZSX(Al + A2+A3 + A4_)
|Ai - Aa

> 0.5
Aq

Aspect ratio:

Measures the ratio of the maximum element
edge length to the minimum length.

Stretch: (example for triangular element)
stretch=(R/Lmax) actual * (LMax/R) target
A: Target, B: Actual

e RN

5.3.3. Model check

In addition with element check, some specific checks must be done prior to and after the simulation.

Several good recommendations about tests for explicit finite element simulations are given in the
European Committee for Standardisation (CEN) standard CEN/TR 16303 [30].

The following tests could be done prior to a simulation.

* Mass model check (mass check of each component, material).

* Boundary condition modelling: e.g. comparing external loads with internal reaction forces.

* Checking of nodes not connected to any element or of coincident nodes.

* Convergence study: simulation of mesh refinement sensitivity.

¢ Singularities and over constrained models. This is a typical numerical problem when using

implicit solver (static or dynamic). It can be checked by solving the eigenvalue [31].

* Modal analysis

o Used to evaluate the mesh refinement. If the eigenvalues and eigenmodes differ too

much from the theoretical values, this can suggest an insufficient mesh refinement

on this component.
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o Used to evaluate bad conditioning connections between the model components: if
internal energy is not equal to zero, it can come from bad connection between
nodes.

The following checks could be done during and after a simulation run [30].

5.4.

5.4.1.

Plausibility of the result.

Time step size should be small enough to represent the explosive loading but not too small
to produce wrong results.

Total energy check.

Hourglass energy check.

In case of mass scaling: Added mass should be controlled during the run (use of added mass
cannot be banished but must be limited).

Contact energy check.

Capacity of the material model to represent the behaviour under the elevated strain rates in
the simulation.

Erosion criteria check.

Negative volumes.

Visible check of pressures, stresses, displacements.

Model validation

Structure response

Since the results of numerical simulations depend on the model used, the material laws, the element

size and the appropriate boundary conditions (Figure 1), they can differ from the experimental ones.

A validation of the numerical results is therefore very important. This should be done with

experiments showing the same failure limit under a comparable loading characteristic (e.g. cracks in

the glass, failure of the inter-layer).

Most of the experiments done in the past were confidential since they belong to the manufacturer

or they cannot be published due to security reasons. Some experiments are presented in the

literature and an overview of publicly available experiments is shown by Larcher [32].

The following aspects should be considered, especially when the numerical model should be

validated or the results are reused for further optimisation of the design.

Displacements; time dependent, maximum displacements, permanent displacement.
Failure mode (Cracks, holes, window opening) taking into account the hazard level.
Fragmented area.

Opening mechanism still usable.

6. Open gaps in research
The simulation of laminated glass loaded by air-blast waves is still a demanding task. It is not yet

possible to capture all effects of the failure of laminated glass. Several scientific questions are still to
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be solved. Most of them are not only numerical problems but also connected to questions about the
behaviour of the material under fast dynamic conditions. Nevertheless, simulations can be useful to
investigate and analyse the general response of the laminated glass element to the blast loading.

6.1. Simulation of tempered glass

The failure strength of annealed glass is difficult to determine since the statistical variation is very
large. The mean value of the tensile failure stress for annealed glass is for example about 80 MPa
(Table 4). Experimental investigations show variations between 20 and 140 MPa. This variation is
smaller in case of tempered glass. Nevertheless, the numerical simulation of tempered glass is also
not easy if the pre-stressing of the glass has to be taken into account. This would help to understand
the failure behaviour of tempered glass more. The experimental determination of the pre-stressing
and its numerical modelling are difficult since the area of the window is much bigger than its
thickness.

An example of dynamic loading on glass panel is given below (Figure 8, courtesy of the Commissariat
a l'énergie atomique et aux énergies alternatives, CEA/Gramat, France):

Fv1
(Avg: 769%)
+1.000e+00
- +9 167e

a0e

IR EEE R TR
LD B (elA R il bl

Figure 8: Glass failure simulated with user material model (PRM model — CEA)

6.2. High strain-rate behaviour of glass and inter-layer

The high strain-rate behaviour of concrete and many metals is well known. Concrete for example
shows an increase of tensile strength up to five times, whereas the strain-rate behaviour of
aluminium is negligible. Only some preliminary studies about the behaviour of glass under high
strain rates are available [7]. A difficulty of fast loading experiments with glass is the production of
proper test specimens whose surfaces are not damaged by the cutting process. In addition, due to
the statistical variation of the strength under static conditions and most probably also under
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dynamic conditions, the evaluation of the influence of the strain rate can only be done by using a
very large number of experiments.

The situation of the behaviour of inter-layers under high strain rates is also not well known. Figure 7
shows some data available for PVB. They show a plastic loading part under high strain conditions but
most probably the material reacts, not plastic for unloading, i.e. there are no plastic strains after the
loading. More material investigations are necessary to develop a suitable material law for different
material types of the inter-layer.

The behaviour of the composite structure under high strain rates should also be investigated in more
detail. It could also be possible that the composite structure changes some of the material
behaviours under high strain rates.

6.3. Simulation of the cracks in the glass

The composite structure after the failure of the glass changes completely. The behaviour of the
inter-layer may be neglected until the failure of the glass under high strain rates, since the shear
connection under fast dynamics of the inter-layer is quite good (below glassy point). After the failure
the interaction between the inter-layer and the glass fragments is very important. It can be observed
in experiments that the delamination of splinters is very small. The only fragments that were found
are either very big (broken glass together with the inter-layer, sizes from 10 centimetres (cm) to the
size of the panel) or very small (smaller than a millimetre (mm)). The very small splinters most
probably do not have any connection to the inter-layer.

The simulation of the glass cracks and the splinters is a challenging task. A classical method for such
a question is element erosion. Elements that reach a certain failure limit are not taken into account
any more (eroded) in the simulation. In order to get small crack thicknesses, the element size must
be very small. For shell elements this element size is limited by the thickness of the plate. Very
detailed and expensive 3D calculations could be helpful. Another possibility could be to split the
elements just before the crack starts to open, but the general limit of the element size is not
changed. There are some quite new numerical methods that can represent cracks in a material also
when it goes through one element (e.g. XFEM, EFG). It is not clear whether these methods are
suitable for the crack propagation problem of laminated glass. Since the number of cracks is very
high in the case of blast-loaded laminated glass, a damage material law could also be used. Such a
law would have to represent the combination of glass splinters and inter-layer by reducing the
stiffness.

6.4. Damage definition

All recent standards define a hazard level in order to compare several laminated glass products. This
is done mainly via the number of glass fragments that are flying into the room behind the window. In
order to compare the experimental hazard level with the numerical simulation, the damage of the
laminated glass and the sizes of the splinters must be taken into account. This is not easy since the
development of the glass cracks is already complex. The trajectory of the fragments must be
followed to get the hazard level.

An example of fragment flight simulated with Abaqus software is shown on Figure 9.

25



TRAFFIC LIGHT PROTOCOL "WHITE”

‘ >k

* *

e r : ;
l | %,k
X
European

Commission

Blast wave simulation

Fragments flight region

S
Nk
i

SR
N ;‘(\R‘\\}“ (i
il

Fracture location

Figure 9: Glass structure damage (fragment flight) — Courtesy CEA Gramat

6.5. Support conditions

The support conditions of laminated glass are very important in studying failure behaviour.
Laminated windows fail either by reaching a maximum deflection in the middle or by a failure at the
boundaries (e.g. pull-out, shear). Several boundary conditions are possible. Windows are mainly
fixed into the frame by using an elastomer. The behaviour of the elastomer under high strain and
high strain-rate conditions should be investigated. For modern architecture often point fixings are
preferred. Their failure behaviour is also not yet investigated in detail. The connection of the frame
to the stiff structure is also important. The fast pull-out of fixings in such a case should be
investigated.

6.6. Insulated glass

The environmental aspect of our buildings becomes more and more important. Even if the number
of buildings that use laminated glass for safety or security reasons is small, it should also be possible
in such cases to use laminated insulated glass. There are products on the market where an exterior
normal glass is combined with an internal laminated glass. In the case of an air-blast loading two
questions are important: first, the influence of the air between the two plates, which loads the
second plate. Second, the fragments of the first plate after its failure that add an additional mass
and impulse to the laminated glass.

6.7. Experiments for validation

There is indeed a lack of published experiments that can be used for validation purposes. Most of
the experiments in the past were confidential. It would help the development of numerical models if
a larger set of experiments of blast-loaded laminated glass with different dimensions, thickness and
inter-layer materials were available. Different types of experiments should be defined.
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*  Full scale experiment on assemblies (windows or facade).
* Small scale experiment of specific material.

Experimental setups are presented in the report [1] related to experimental validation.

Small scale experiments can be done on specific test facilities in order to characterise material
behaviour, especially in the high dynamic loading domain.
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7. Conclusions

Numerical simulations can be a powerful and cost effective tool for assessing the resistance of glass
structures to blast loading. As stressed, key parameters for the quality of the simulations are the
verification and validation of the numerical models and input parameters, and should therefore be
independent from the chosen actual numerical code.

Numerical methods and models should be validated against experimental data, and engineering
judgement is certainly needed in defining the validation cases. Simplified models are a valuable first
step when judging the reliability of both the test results and the more comprehensive finite element
numerical simulations.

When conducting such simulations, experience is required in choosing the appropriate modelling
techniques, boundary/support conditions and material laws. It is crucial to remember that blast
waves can cause significant structural deformation exceeding the material linear domain and this
implies that one has to deal with concepts such as plasticity, visco-plasticity, large strains, high strain
rate, failure and fragmentation etc. Currently, numerical simulations can provide stresses,
deformation and a global pattern of failure of the glass component but it is not possible to reliably
calculate the size and speed of fragments. However, this constitutes a valuable and efficient tool in
understanding the sequence of damage initiation and development.

Further research is necessary in order to understand the physical phenomena relevant for the given
task of the failure of the laminated glass. Therefore, dedicated tests are needed to investigate the
mechanical behaviour of such components and to obtain relevant parameters and material models.

Additional work on the best practices in numerical simulations for blast-loaded laminated glass will
be carried out by the Erncip Resistance of structures to explosive effects thematic group during
2015, with the aim of producing proposals for work on European harmonisation, if appropriate.
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Abstract

It is important to protect critical buildings (shopping centres, government buildings and embassies), infrastructure and utilities,
train and underground stations against being damaged, destroyed or disrupted by deliberate acts of terrorism, criminal activity
and malicious behaviour. Normal regulations and building guidelines do not generally take into account these threats. The
introduction of appropriate regulations or guidelines, where deemed necessary, should, enhance the resilience of buildings and
infrastructure against explosion incidents. In order to protect the built infrastructure, methods are required to quantify the
resistance of structural components against explosive loading and to assess the hazards resulting from the failure of an
element. The applicable state-of-the-art techniques may include either experimental or numerical methods, or a combination of
both. Therefore, the thematic group (TG) on the resistance of structures to explosion effects was formed in order to bring the
required expertise together, make it commonly available and to find and define harmonised methods and solutions which can be
provided to the decision-makers responsible for critical infrastructure protection. The current report summarizes existing best
practices for the numerical finite element modelling of blast loading, including the important topics of domain discretisation,
implicit/explicit formulation, Lagrangian/Eulerian solvers, the mathematical description of the material behaviour etc.
Furthermore recommendations for the modelling of laminated glass elements are formulated and knowledge gaps in this
application area are pointed out. Hence the report builds the basis for an actual evaluation of the different numerical methods,
their suitability to certain problems, and their capability to support/complement the experimental testing of glass components. It
thus provides helpful information to design architects and engineers, and more generally to critical infrastructure stakeholders,
responsible for the structural integrity and security of the infrastructure in case of an explosion.
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