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Facade under Blast Pressures
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Abstract: The main function of building facades, which often consists of glazing windows, is to
provide protection to the occupants and contents of the building from external hazards. In a blast
event, the facade component of a building may become the weakest link of the structure,
whereby its breach may lead to blast pressure ingress and hazardous projectiles into a structure.
This paper reports part of a study to establish the performance of glass windows under blast
pressures. Two modelling techniques were used to simulate the response of a facade panel. They
are the Single Degree of Freedom (SDOF) modelling technique and the Finite Element (FE)
modelling technique. Although the SDOF approach can be used with a reasonable degree of
accuracy, the limitations of its basic assumption lead to loss of details in the idealisation process.
This paper presents an attempt to establish performance indices of a fagade panel, and to
1dentify the discrepancies between simplified approach and the detailed numerical modelling

approach analysis.
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Introduction

Glazing elements often cover the majority of the
facade of modern structures. The main function of
the facade is to protect building occupants from
external elements that may induce personnel dis-
comfort, injuries and fatalities. At the extreme level,
these external hazards may vary, from natural
hazards, such as earthquakes, cyclones, flash floods,
tsunamis or heat waves; to technical hazards, such
as explosions, impacts or fires. This paper presents
part of a study to quantify the performance of the
glazing facade panel under blast pressures from
explosive technical hazard.

Glazing element, when untreated, will break into
knife-shaped shards, which when propelled at high
velocity would turn into a major source of injuries in
the case of a blast event [1]. Moreover, the failure of
the glazing panel will lead to blast pressure ingress
into the structure that may cause additional damage
to the building, and blast pressure related injuries.
This highlights the importance of understanding the
vulnerabilities of the glazing facade element when
subjected to blast pressures.

The performance assessment of the glazing panels
that are in day-to-day production relies on an
empirical approach, to proof-test the performance
standard of the glazing panels using an impact shot-
bag test [2] or destructive airblast loading tests [3].
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Neither of these contemporary control measures
involves an understanding of the physical pheno-
mena governing the behaviour of facade systems
when subjected to blast pressures. Furthermore, the
aforementioned destructive tests are costly to set up,
hence the need to establish the performance of
glazing panels through an analytical method.

Fragility curves [4] or pressure impulse (P-I) curves
[6], which are developed for a particular glazing
panel, have been used as a vulnerability assessment
tool. Although this is a very comprehensive tool in
modelling the probability of failure of a particular
window glass panel when subjected to blast pressures,
the fragility curve only represents one particular
charge weight. Extensive analysis of a variation of
charge weights would need to be carried out to
establish the performance characteristic of a glazing
panel. On the other hand, the P-I curve provides
end-users with one characteristic curve for a parti-
cular glazing panel, albeit without the comprehen-
sive probability distribution of glazing panel failure.
In this exercise, the P-I approach will be used.

In the past, dynamic analysis of glazing units has
focused on the use of a Single Degree of Freedom
(SDOF) idealisation of the glazing panel, while P-I
curves based on the aforementioned SDOF
principles have been used as performance indicators.
However, there are some limitations in the SDOF
model since it cannot capture the change in deflected
shape and failure modes due to the inertia effect of
the glazing panel. This is a general issue that has
been raised in several studies [6, 7].

Alternatively, a detailed Finite Element (FE)
approach can be used to establish the performance
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indices of the facade component. Detailed FE ana-
lyses are often expensive in terms of computational
hours and resources requirements, which is not ideal
for engineers who often needs to carry out design
tasks with limited resources. The trade-off between
loss of details and computational cost are deemed
acceptable as long as conservative estimates are
obtained from the analysis. This highlights the
importance to establish clear understandings on
engineering parameters which influences the discre-
pancies between detailed analysis and simplified
approach.

The exercise presented in this paper is an attempt to
establish the performance characteristics of glazing
facade panels in the form of P-I curves, and establish
the loss of details induced in the common simpli-
fication process adopted by engineers. This work is
part of a research project which investigates the
behaviour and performance of glazing facade when
subjected to blast pressures. The analytical frame-
work required to develop the aforementioned P-I
curve will be briefly discussed. Then, the P-I curves
of typical glazing panels will be developed based on a
FE model and the simplified approach. Finally, the
loss of details observed in the simplified approach as
compared to the detailed FE model will be discussed.

Background

There are two major factors that differentiate blast
pressures from other extreme loads. They are the
load duration and the magnitude of the applied
pressures. Depending on the distance between blast
source and target, the load duration in a blast
pressure may vary between a few milliseconds and
hundreds of milliseconds, which is typically several
orders of magnitude lower than typical wind,
earthquake or other conventional load. On the other
hand, the magnitude of the applied pressure may
rise to several orders of magnitude greater than
other conventional loads.

Blasts from different sources, weights, and distances
have one typical pressure time history profile, which
can be divided into two phases. The first phase is the
positive phase, which is a result of rapid expansion of
the explosive gas. Due to the rapid expansion of the
core of the explosive, a shell of pressurised air is
formed on the outer most layer of the expanding gas,
which 1s defined as the blast wave-front [8]. This
phase is characterized by a suddenly applied high
overpressure and relatively short duration. The
second phase is the negative phase, which is created
by the momentum of the rapidly expanding gas of
the positive phase. The peak magnitude of the
negative phase is significantly lower than to the
peak overpressure magnitude, while the duration is
significantly longer. The typical pressure time his-

tory is shown in Figure 1, which is a form of the
modified Friedlander exponential equation [8].

P(0)=P, [1Tid] o7 @

Where, Ps = peak overpressure, Ta = positive phase
duration, t = time and B = waveform parameter.

The typical pressure time history of a blast event is
characterised by wavefront parameters, such as the
arrival time, peak pressure, peak impulse, blast
duration and the waveform parameter of the
pressure wave. The magnitude of these wavefront
parameters are directly influenced by the mass of
explosive source, the stand-off distance between
explosive source to the target and the geometrical
reflection of blast from the surface of the target.

In order to take into account the geometrical
reflection of blast pressures on the target, the term
angle of incidence is used. An unobstructed pressure
wave is also known as incident pressure. A fully
reflected blast pressure is a result of the interaction
between blast incident pressure wave and a solid
structure at 0°, whereas a side-on pressure is a result
of interaction between blast incident pressure and
target pressure at 90°. The varying angle of inci-
dence results in different magnitude of peak
pressure parameter. Detailed Computational Fluid
Dynamics (CFD) would need to be carried out in
order to take into account other geometric para-
meters such as multiple reflections off complex
surfaces and pressure propagation in confined
spaces.

The prediction of blast wavefront parameters can be
carried out through two different techniques. They
are the semi empirical approach in CONWEP [9]
and numerical approach through Computational
Fluid Dynamics (CFD) analysis [10].
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Figure 1. Typical Blast Pressure Time History
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Figure 3. Blast Pressure Simplification to Triangular Shaped pressure Time History

The CONWEP approach is based on the Kingery
and Bulmash model [11], which had been adopted in
the Unified Facilities Criteria (UFC) design guidelines
of structures to resist the effects of accidental explo-
sion [12], is widely accepted due to the extensive
range of test database used in its derivation. The
CFD approach whilst provides a detailed and accu-
rate prediction of the blast pressures [13], tends to
require a significant amount of resources in terms of
computational cost. Hence, in engineering practices
which often requires quick estimates with reason-
nable accuracy, the Kingery and Bulmash model is
generally preferred.

In UFC guidelines, blast resistance analysis of struc-
tural or shielding component used the principles of

149

SDOF approach, whereby structural component is
idealised into a spring—lumped mass system, and the
blast pressure is idealised into a point load acting on
the idealised system. In the guidelines, the blast
pressure estimate can be reduced to a triangular
shaped load time history by retaining two critical
blast characteristics of peak reflected pressure and
peak reflected impulse (see Figure 3). Although it is
acknowledged in the guidelines that component
failure may occur in the rebound (outward motion)
response phase, the negative phase influence in the
response of the component is not clearly established.
Furthermore, previous investigation indicated that
the response estimates obtained from the simplified
triangular pressure history approach may result in
an un-conservative design [14].
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P-I Curve

An 1so-damage (pressure impulse) curve is a perfor-
mance curve that represents a certain damaged
state of an element. Traditionally, P-I curves were
developed from damage assessment after an event or
from experimental results. However, an empirical
approach requires extensive testing, which requires
a significant amount of resources. Analytical SDOF
approach to develop the P-I curves is well esta-
blished [8, 15]. In more recent studies, Shi et al. have
developed P-I curves through a combined numerical
and analytical method for reinforced concrete
columns [16].

Adopting the SDOF approach, a structural compo-
nent can be idealised into an effective lumped mass
and spring system, whereas the blast pressure can
be idealised into an applied point load on the
effective spring-mass system. The damage criteria of
the component can be identified based on the dis-
placement demand required to achieve the damage
level. For every component with unique mass and
stiffness, the critical displacement can be achieved
when the component is subjected to a series of
pressure and impulse combinations. The P-I curve is
established by plotting the full spectrum of the
critical pressure and impulse combinations.

Based on the maximum allowable displacement, the
impulsive and quasi-static asymptote on the P-I
curves can be quickly established by applying simple
energy conservation principles. In general, when
subjected to a varying pressure and impulse combi-
nation, the response of a structure is governed by the
natural period (Tn) of the structure and blast load
duration (Tq). Hence, there are three possible scena-
rios that could occur in the blast event:

Ta>> Tn (Quasi-static response)

Ta << Th (Impulsive response)

Ta within range of Tn (Dynamic response)

The quasi-static condition occurs when the centre of
explosion is located at a significant the stand-off
distance to the target structure. Typically, this
loading condition exhibits relatively low peak over-
pressure, but very high specific impulse. Under a
quasi-static loading condition (T¢>>T), the blast load
can be idealised as a load which dissipates very
slowly over time. In this type of response, the
component would be able to respond to the excitation
load before the blast overpressure decays to ambient
condition. Hence, the peak pressure of the blast
governs this loading condition. Assuming that
energy loss in the structure is negligible, the work
done on the system, as it is displaced, is converted
fully into the internal strain energy.
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Equation (1) shows the energy conservation equation
where F = the peak blast load, Xmax = maximum
displacement criteria and Kerr = Effective stiffness of
the system.

FX o =£K

2

X2

eff 7 max

@

On the other hand, impulsive loading condition
occurs when the centre of explosion is located at a
close proximity to the target structure. Under an
impulsive loading condition (T4 << Ty), the blast load
can be idealised as a rapidly dissipating pressure.
The peak overpressure in this loading condition is
significantly higher than the quasi-static loading
condition, whereas the specific impulse is relatively
lower than the quasi- static loading condition. In this
type of response, the blast pressure would decay to
ambient condition before the component reached its
peak response. Assuming that energy loss in the
system is negligible, the kinetic energy applied on
the structure is converted fully into the internal
strain energy. Equation (2) shows the energy conser-
vation equation where I = peak reflected impulse,
Xmax = maximum displacement criteria and Meg =
Effective mass of the system

12 1 K x?
2 eff ¥ max
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The generic non-dimensional P-I curve is as shown
in Figure 4.

The concept of iso-damage curves has a wide range
of applications as damage assessment tools. Once a
performance criterion of a component has been
defined as a P-I curve, the damage/non-damage state
of a component can be quickly established by
checking whether the component is subjected to a
pressure-impulse combination which exceeds the
limit defined in the P-I curve.

Impulsive asymptote

_ 2k
Keffxmax

Quasi-static asymptote

! |

Xmax Keff Meff

Figure 4. Generic Non-dimensional P-I Curve [8]
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Development of Performance Indices

Based on the UFC3-340-02, window glass perfor-
mance subjected to blast pressure can be analysed
using SDOF approach [12]. The recommended
pressure application is planar blast pressure, which
results in uniformly distributed pressure over the
surface of the panel. The pressure may be simplified
into the triangular pulse shape as described in
previous section. Although it was acknowledged that
the failure in rebound movement may occur, there
were no indications on the direct influence of the
negative face of the blast pressure on the perfor-
mance of the glazing component. Material damping
was also not taken into account in the analysis to
achieve conservative estimates. The main objecttive
of this exercise is to clearly decouple the effect of the
simplification measures on the P-I spectrum of a
facade component.

In order to decouple the effect of the simplified
approach, two modelling techniques were used in the
analysis; the simplified SDOF approach and the FE
analysis approach. The simplified SDOF approach
was carried out with triangular pulse shape without
negative phase. The detailed FE analysis was
carried out in two stages. The first stage was to
establish the loss of details due to SDOF idealisation,
whereby the pressures applied to the FE model were
limited to the positive phase. In the second stage, the
model was subjected to positive phase followed by
negative phase in order to decouple the effect of the
negative phase in the analysis. The negative phase
in the model was established based on the modified
Friedlander equation as adopted in CONWERP [9].

The detailed FE analysis could take into account
details such as framing brackets, mullions, transoms
and lamination, into the analysis. However, there
are possibilities that discrepancies between the FE
model and the SDOF model may be introduced in
the i1dealisation process of a complex system. In order
to eliminate these discrepancies, the model was
limited to simple system of a laminated glass panel
with simple support, which allows for a straight
forward idealisation. The glass panel is a 12mm
thick annealed glass panel with surface area of
1200mm by 1600mm, which is a typical dimension
for a punch window or strip window facade system.

A pressure-impulse curve can be obtained by plotting
the blast pressure and impulse combination required
to induce a certain level of damage criteria to an
element. Figure 4 shows the calculation procedure
used in the analysis. Both SDOF model and explicit
FE code LS-DYNA [16] were used to assess the
response of the glass panel.

In the analysis, blast pressure and impulse were
variable parameters that were randomised at each
simulation. The results obtained from the FE model
were assessed against a particular failure criterion.

The pressure and impulse combinations needed to
induce the condition were recorded as P-I points and
grouped into the ‘fail’ batch. If the P-I combinations
were not adequate to induce the ‘fail’ condition, the
analysis would be repeated with a different set of P-I
values. This process was repeated numerous times to
define the full spectrum of P-I curves.

The failure criteria of glass panel in the analysis can
be defined in terms of principal stress level at the
associated probability of failure. In this analysis,
50% probability of failure based on the distribution
shown in Table 1 was used. The cumulative proba-
bility of failure is shown in Figure 6.

Component
properties

v

P(t) FE/SDOF model
+— >t

v

Displacement, stress-
strain

Blast pressure

Failure
criteria
test?

No fail

Pressure impulse
point

Figure 5. Analytical Procedure

Table 1. Failure Stress of Different Glass

Type of Glass Mean (MPa) Standard
Deviation (MPa)

Annealed 84.8 23.7

Heat Strengthened 97.7 14.7

Toughened 159.6 16.0

Chemically Strengthened 102.8 15.4

Source: Crawford [18]
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Figure 6. Probability of Failure of Annealed Glass

Results and Discussion

The pressure and impulse curve obtained from both
SDOF and FE analysis are presented in Figure 7. As
expected, clear quasi-static and impulse driven
impulsive asymptotes can be observed on both SDOF
model and FE analysis results. There is a good
correlation between the SDOF model and the FE
model quasi-static asymptotes in the quasi-static
region, which indicates that both SDOF and FE
model exhibits similar level of resistance. However,
the results indicate that the SDOF model appears to
exhibit greater impulse resistance than the FE
model.

Examples of displacement time histories of panels
subjected to quasi-static loading conditions and
impulsive loading conditions are shown in Figure 8
and Figure 9 respectively. It can be observed in
Figure 8 that despite small discepancies due to
geometrical nonlinearity, which was not captured in
the SDOF model, the displacement time histories of
panels under quasi-staitc loading conditions are in
general agreement. On the other hand, notable
discrepancies can be observed in Figure 9 due to the
higher mode of vibration captured in the FE analysis
approach. The higher mode of vibration leads to
stress concentrations along the surface of the panel,
which results in lower peak displacement at failure
stress criteria. The higher mode effect generally
occurs when the ratio of blast duration and natural
period of target structure (To/Tn) was less than 0.25.

The higher mode of vibration was engaged when the
blast pressure dissipated in a very short time, with a
similar duration to the natural period of the higher
mode of vibration (0.5<T¢/Tnhigh<1.5).

The effects of higher mode of vibration are predic-
tably not captured in the SDOF approach due to its
single lumped mass limitation. The aforementioned
differences in the impulsive region of response are
reflected in the P-I curve developed for the com-
ponent. The discrepancies observed in the impulsive
load region can be attributed to the tendency of the
panel to exhibit higher mode of vibration due to the
short duration of the blast pressures.
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Figure 7. P-I Curve Comparison between SDOF Model
and FE Model
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Figure 9. Comparison between FE Model and SDOF
Model Subjected to Impulsive Loading Conditions without
Negative Phase

Figure 10, Figure 11 and Figure 12 highlight the
influence of negative phase in the response of panels
under quasi-static and impulsive loading conditions
respectively. The results indicate that the influence
of the negative phase inclusion in the analysis is
minimal in the quasi-static region, whereby the
displacement time history from both analyses
appears to be in general agreement. However, the
influence of the negative phase becomes more
pronounced in the dynamic and impulsive regions of
the analysis. Figure 11 shows that the negative
phase seems to reduce the peak displacement of the
panel in the impulsive region. On the other hand,
Figure 12 shows that in under dynamic loading
condition, the negative phase enhances the outward
displacement of the panel, which may lead to failure
during panel rebound. In this exercise, the reduction
of peak pressure occurs when Ta/Th 1s less than 0.1.
The rebound failure typically occurs when Ta/Tn is
approximately between 0.1 and 0.5. It must be noted
that although it was not observed in this exercise,
rebound failure is possible for structures with Ta/Tn
greater than 0.5 depending on the magnitude of the
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peak negative pressure. These observations are
reflected in the dynamic response and impulsive
response regions in the P-I curves shown in Figure
13.
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Figure 10. Comparison between FE Model Subjected to
Quasi-static Loading Conditions with and without
Negative Phase
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Phase
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Figure 13. Influence of Negative Phase of Blast Pressure
on Panel Performance

Closing Remark

A SDOF approach is generally used in the blast
performance assessment of a facade component or
other structural component due to its relatively low
computational resources demand as compared to a
detailed numerical modelling. Although the SDOF
approach can be used with a reasonable degree of
accuracy, the limitations of its basis assumption lead
to loss of details in the idealisation process. This
paper is an attempt to establish performance indices
of a facade panel, and to identify the discrepancies
between simplified approach and the detailed
analysis.

The performance indices were developed in the form
of P-I curves, which can be used to quickly indicate
the ‘fail’ or ‘no fail’ state of the component once the
blast pressure and specific impulse of an explosion is
established. The analysis results indicated that
factors such as higher mode shape of vibration and
the negative phase of a blast pressure have an
influence over the performance of the panel, which
was reflected in the performance indices developed
for the panel. It can be implied from the analysis
results that neglecting the negative phase in the
analysis may lead to un-conservative performance
predictions in the dynamic response region and
overly conservative performance predictions in the
impulsive response region. The results of the
analysis also highlight the importance of taking into
account the negative phase of blast pressures,
especially in analysis of materials or structural
system with limited or no ductility.
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