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ABSTRACT

This paper focuses on part of the experimental program of research project ITSAFE.
ITSAFE is a project, aimed at developing a response methodology to a bomb threat
occurring inside an important transport infrastructure. Such a methodology was felt to be
an urgent need by security officials who were interviewed during a previous project, as a
basis for fast decision-making when facing a given threat.

The first part of the project, which is the focus of this paper, consisted in evaluating by
measurement the effect of the action. This has been done by designing a steel structure
able to resist three different levels of blast load exhibiting a linear elastic response. In this
way it is possible, not only to directly measure the pressure wave attaining the structure,
but also to assess whether or not the response of the structure is consistent between the
measured time-pressure curves, theoretical dynamic calculations and finite element
numerical models using LS-DYNA. This evaluation is greatly simplified and made more

accurate by the fact that the response is linear elastic. Results show that it is possible to



approximate the problem with some confidence, both by numerical and analytical

methods.

Keywords: Blast loading; pressure measurements; structural response; high frequency

dynamic measurements

1 Introduction

In the last decades, the necessity to understand the response mechanism to blast loading
of different types of structures and the need for new protective solutions has become more
pressing. This is due to the increased risk that structures may be subjected to blast loads
due to accidental events or intentional terrorist attacks. For instance, the Global Terrorism
Index 2026 indicates a 280% increase in terrorism-related deaths in 2025 [1]. Methods
for analysis of the structural responses to blast loads can be categorized into three main
approaches: simplified analytical methods, numerical simulations, and experimental tests
[1,2].

Analytical methods are commonly used to predict the global response of a structure
subjected to blast loading. These methods include the idealization of the structure by
using a single degree of freedom (SDOF) or multi degree of freedom (MDOF) systems.
Biggs [2] has systematically studied the maximum displacement response spectra of the
SDOF system under triangular loading, which is a simplification that can be used to model
bast loading. These results have been widely adopted for global damage assessment of
the structural response to blast loading in the early design [3—5]. However, this analytical
method is unable to account for secondary modes of vibrations. Therefore, numerical
methods such as finite element method (FEM) appear as a good alternative to predict the
structural response under blast loads more accurately. There are many different available
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codes capable of reproducing both, the blast wave pressure as well as the structural
behaviour. All of them can provide good results when compared to experimental tests.
For this reason, many authors have studied blast effects on structures by means of
numerical modelling [6-9]. However, blast is a highly dynamic phenomenon with a very
short duration and very fast propagation of strain waves which complicates the analysis
and understanding of the problem. Moreover, the variations in scenarios and structural
typologies, etc. are very large, making it necessary to validate the numerical results by
means of experimental tests.

There have been many experimental programs aimed at the evaluation of the resistance
of structures to blast loads [10,11] . However, in many cases, these experimental
programs are intended to damage the tested structure, and it is not easy to obtain detailed
information regarding the applied load from the measurement of the structural response.
Most of the experiments are designed to test different types of retrofitted elements by
comparing them with non-reinforced elements [12-14]. On the contrary, the tests
presented in this paper were aimed at evaluating the action by measuring the response of
a simple structure.

This paper focuses on part of the experimental program of research project ITSAFE.
ITSAFE is a project, sponsored by the Spanish Ministry for Economy and Competitivity.
It is aimed at developing a response methodology to a bomb threat occurring inside an
important transport infrastructure, such as an airport terminal. For such cases, the
magnitude of the explosive loads is assumed to be limited to that which can be transported
in a backpack, which can easily be introduced inside an infrastructure. Such a
methodology was felt to be an urgent need by security officials who were interviewed
during a previous project, as a basis for fast decision-making when facing a given threat.

In the following sections, the process of designing the specimen, and the test results will



be detailed. Design was carried out using very simple procedures based on a single degree
of freedom system. For this purpose, a steel structure was designed to withstand three
different levels of blast load exhibiting an elastic response. In this way it was possible not
only to directly measure the pressure wave attaining the structure, but also to assess
whether the response of the structure is consistent with the measured pressure-time
curves. The uncertainties in modelling and the number of parameters involved were
greatly reduced by the fact that the response is linear elastic and the material behaviour
well known.

The paper discusses the design of the specimen, summarizes the results of the tests, and

compares the predictions of a finite element model with the experimental values.
2 Design of the test specimens and preliminary behaviour predictions

It was decided that a simply supported element with a relatively significant area would
be the easiest to analyse. The explosive load could be placed over the element and
measuring devices could be placed under the element which would act as a protective
shield for the sensors. After some preliminary analyses, the geometry shown in Figure 1
was adopted. The structure consisted of three HEB-360 steel profiles of 4.00 m span, on
which a 40 mm thick steel plate of 4500 mm length and 2388 mm width was welded. In
addition, the profiles were joined by a transversal diaphragm formed by vertical and
horizontal 10 mm stiffener plates welded to the profiles in the area of the supports to
ensure proper load transfer. The material used for the construction was S275 steel for the

steel beams and stiffeners and S355 steel for the top plate.
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Figure I Test specimen. a) plan view; b) front view (units: mm).

The specimen was subjected to four different explosion tests. For this purpose, three
spherical shaped blast loads of 0.8 kg, 2.0 kg (two tests) and 3.2 kg of TNT equivalent
were used. In all cases, the charge mass was placed hanging from a rope at a distance of
2.5 m from the centre of the top face of the steel plate of the specimen. Figure 2 shows

the set-up of the specimen before testing.



Figure 2 View of the specimen before testing.

The monitorization used is represented in Figure 3 and Figure 4 (see also Figure 1) which
shows the position of three piezoelectric pressure gauges (mounted on the upper face of
on the top plate) with a sampling rate of 500 kHz and a sensitivity of 10 mV/PSI (P1, P2
and P3), as well as four accelerometers with a range of 5000 g, a resolution 0.02 g and a
resonance frequency greater than 100 kHz) (A1 through A4). Additionally, the deflection
was measured by means of a high frequency laser (MEL M70LL with a measuring
frequency of 100kHz ). This measurement is very important as it is not an easy task to
obtain reliable values of deflections by double integration of accelerations since it
involves correcting drift and filtering frequencies. Having an independent reference of
direct measurement of deflections is therefore a very valuable aid. Additionally, the test
was filmed using a high-speed camera with a frame speed of 8000 frames per second.

The response of the structure was evaluated in a simplified manner using a single degree
of freedom system. This methodology was used for the design of the specimens and the
expected behaviour was then evaluated using a LS-DYNA model, in order to have a more

precise evaluation.
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Figure 4 Measuring devices used in the test: a) pressure transducer; b) accelerometer,
¢) high frequency laser.

In summary, the simplified analysis methodology described in [15] is carried out in the
following four steps:

1. Determine an equivalent single degree of freedom (SDOF) system representative
of the structure (See Figure 5). This can be done following, for instance, the
methodology of Biggs, 1964 [2]. Given an assumed shape function @&(x),
describing the displacements of the structure, &(x), divided by the displacement
at the point of maximum deflection, Jp,4y, (#(x) = 0(X)/Omax), the equivalent
mass Mg, the equivalent applied load Pg, and the equivalent stiffness Kg, of the
SDOF are given — from considerations of equivalence of energy between systems
— by the expressions of Eq. (1). These expressions are applied to the case of a

beam of constant distributed mass, m, along the x-axis of the element and



subjected to a constant distributed load, g, to which the steel structure will be
assimilated. The values of Km and K1 are provided in many textbooks for different
support conditions and load patterns. In the case of the structure being tested,
assuming it can be assimilated to a simply supported beam, the values for these
coefficients are Ki=2/n~0.64 and Km=0.50. Also, for a simply supported beam,
constant k=5/384. The first natural period, Tk, of the SDOF system is determined

using Eq. (2).
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Figure 5 Single degree of freedom system.
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Figure 6 Friedlander curve and simplified triangular law.

v
Figure 7 Definition of angle of incidence, «.

2. Determine the load acting on this system. For this, the blast load is assimilated to
a triangular pressure-time load which has the same impulse as the positive phase
of the pressure-time curve (see Figure 6). The negative phase of the pressure-time
curve is neglected. This load is determined from the UFC 3-340-02 Manual [16].
The maximum reflected pressure P« [kPa] is determined for a given angle of
incidence of the pressure front with respect to the surface of the structure. Then,

the scaled impulse, i« (i.e. the impulse divided by the cubic root of mass of the
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explosive) is also determined depending on the angle of incidence (see Figure 7),
which for the simplified analysis is taken as 90°(the FEM analysis, however,
accounts for the varying distance and the incidence angle, using the formulation
of [16], which is implement as a standard feature in LS-DYNA). Finally, the
duration of the triangular pressure-time curve is determined from the scaled

impulse, i« by applying Eq. (3).

p 3)

r,a

Using the expressions for the behaviour of a SDOF system subjected to triangular
loading, the Dynamic Load Factor (DLF), that is, the ratio of the dynamic to static
deflection, can be determined. A solution for this problem is given in Biggs, 1964

[2] and reproduced herein (see Eq. (4)).

2T

a)=T—E

sinwt t
—— if t <ty
w - tTf tTf (4)

DLF =1—coswt+

DLF =

oty [sinwt - sinw(t - trf)]

—coswt if t>t,f

4. Determine the deflections and forces from a static analysis using a load equal to

P.axDLF.

For illustrative purposes, this analysis is detailed for the 2.0 kg TNT equivalent load. The
central beam is considered as a simply supported structure. The equivalent SDOF system
is determined assuming the behaviour of the structure can be assimilated to that of the
central beam with the section shown in Figure 8. The width of 909 mm corresponds to

the effective width according to EN 1993-1-5:2006 [17].

1 1
bess = 2bg———— = 2 X 0.5—————— = 0.909 m

b
14647 1+ 6.4 (%) (5)
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In Eq. (5), bo is half the distance between beams and L is the distance between points of

zero bending. berr 1s used to determine the inertia of the section (I,,). The area 4 (which

will be used to determine the mass), includes the full width assigned to the central profile.
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Figure 8 Cross section and geometrical properties of the central beam.

From Egs. (1) and (2) and the cross-section properties of Figure 8, the fundamental eigen-

period of the system can be calculated:

Mg = KyymL = 0.5 x 0.0581 x 7.85 x 4=0.912 t

o _KEl_064x2x92054 .
E" k13~ 5 43 - /m

38
T, =2 ME—z 0912 = 0.016
E= AT k.~ “F 141395 ~ 00

The first natural period is therefore close to 16 ms, which corresponds to a frequency of

(6)

62.5 Hz.

Table 1 contains the data necessary to obtain the displacements for each test according to
the equivalent SDOF system: mass of explosive (TNT equivalent), m, distance of charge
to the top plate surface, d, scaled distance, Z, reflected pressure, P;, duration of the
equivalent triangular load, ¢, reflected impulse, i, dynamic load factor, DLF, equivalent

load to be applied to the SDOF system, Pr, and maximum deflection obtained by dividing
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the equivalent load by the equivalent stiffness (Kg=141395 kN/m). Table 2 contains the
maximum resulting forces applied on the structure (bending moment, Muar, and shear
force, Vimax) as well as the normal stresses at the top and bottom of the section (osup and
onf) and the maximum shear stress (at the neutral axis), zmax. To determine the maximum
moment and shear, the equivalent distributed load is determined from the expression
shown in the following equation:

q = B. X DLF X 2b,

_ae

ER @

Such an analysis can be carried out quite easily, as can be seen, and should always be the
first approximation used to validate more complex procedures. From the stresses obtained
in this table it is clear that the behaviour of the structure remains within the elastic range.

Table 1 Summary of expected results from simplified analysis: deflections.

m d Z P, Ly i Pe )
Test# [kg] [m] [m/kg'®] [kPa] [ms] [kN.ms] DLF P,XDLF [kN] [mm]
[16] [16] Eq.(3) Eq.(4) [kPa] Eq.(1)
1 0.8 2.5 2.693 265 1.15 1523 0.224 59 152 1.07
2/3 2 25 1984 643 094 345.1 0.183 118 301 2.13
4 32 25 1.697 1137 0.77 439.1 0.151 172 443 3.11

Table 2 Summary of expected results from simplified analysis: forces and stresses.

Minax Vimax Gsup Cinf Trmax
Test # [kNm] [kN] [MPa] [MPa] [MPa]
1 118.74 118.74 -11.15 40.45 26.64
2/3 235.34 235.34 -22.11 80.16 52.80
4 343.37 343.37 -32.25 116.96 77.04

3 Test results

Four tests referred to as E1 to E4 were finally carried out. This is because test number
two (E2), with a blast load of 2.0 kg of TNT equivalent mass, was repeated due to a
malfunction of some of the sensors.

12



Figure 9 shows a sequence of images taken by a high-speed camera producing 8000
images per second. These images allowed to visualize the pressure front and measure the

arrival time of the shock wave to the structure’s surface.

139.9 ms

Figure 9 Sequence of images of test number 4 (3.2 kg TNT equivalent) taken with the
high-speed camera.
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Regarding the results measured using pressure sensors and accelerometers, two of the
acceleration-time and pressure-time curves registered are given, as examples, in Figure

10. These correspond to Test E1 (0.8 kg of TNT equivalent mass).

100 T T T T T T
=)
S o WWMMWWMWMW
£
ta=3,5ms
-100 1 1 1 1 1
-0.005 0 0.005 0.01 0015 0.02 0025 003
‘40 T T T T T T
# 20+  ta=32ms K}\Mﬂ‘/_’\ -
< I
- 0 I e
220 1 1 1 1 1 1
-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03

Figure 10 Example of acceleration-time and pressure-time histories (test E-1).

3.1 Pressure results

A more comprehensive view of pressure results is provided in Table 3. The table provides
the mass of the explosive in TNT equivalent, W _TNT, the distance from the explosive to
the top of the structure, d, the scaled distance, Z, the measured peak reflected pressure
corresponding to the positive phase, Prexp+, the impulse of the positive phase, Irexpt , the
duration of the positive phase, fo.exp+ (note that this value is different from the #r value
for the equivalent triangular pressure diagram used above for the SDOF equivalent
model) and the arrival time z.. Some of the sensors did not record proper signals during
the test and hence are not listed in Table 3. Furthermore, the pressure and impulse data
from the P1 and P3 sensors in tests E3 and E4 were considered less reliable due to a
problem detected in the signal feed. However, this problem did not affect the arrival times
(ta).

A comparison between these values and the values provided by the UFC 3-340-02 Manual
[16] is provided in Figure 11. It can be seen that good agreement is obtained between

measured and UFC 3-340-02 values. The measured values also match the orders of
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magnitude estimated in Table 1, especially in terms of the reflected impulse which is the

most significant parameter.

Table 3 Results from pressure sensors.

Tests El E2 E3 E4
Sensor P1 P3 P2 P1 P2 P3 P1 P2 P3
W _TNT (kg) 0.8 0.8 2.0 2.0 2.0 20 | 3.2 3.2 3.2
d (m) 2.5 2.6 2.5 2.5 2.5 26 | 2.5 2.5 2.6
VA (nl/kg”3) 2.7 2.8 2.0 2.0 2.0 2.1 1.7 1.7 1.8
Pr oot (kPa) 240.8 179.4 673.0 - 841.3 - - 1393.0 -
Liexpt (kPa.ms) 134.8 111.8 299.1 - 329.6 - - 436.0 -
to.expt (MS) 2.1 1.9 1.7 1.7 1.7 1.9 1.5 1.4 2.0
t.(ms) 3.2 3.5 - 2.3 - 2.6 | 2.0 - 2.2

108 E T T T

2 ——P, (kPa) 1
105 = o Pr.exp —;
3 N —-=--1, (kPamsikg"®)| 3
4 \\‘\. O Ir.exp
E \‘-\,\ ——1, (mstkg""?) E
“.\"\. o t[Il.e;q:u

S T t, (msfkg '3 3

10° J

0'F 3

100 3

107" - 3

102 o 5

10_3 I 1 Ll 1 .

102 107 107 10" 102

Z (m/kg"?)

Figure 11 Comparison between measured values and the curves provided by UFC 3-
340-02[16].

3.2 Acceleration results

In all tests, four measurements were obtained, except in test E2 where only sensors A2

and A4 produced recordings. In the recordings obtained in test E1, where the explosive
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mass was the lowest, no drift or direct current (DC) offset was visible. In tests E2 and E3,
with an intermediate explosive load, the quality of the signals decreased and the signals
with sensor A2 reached saturation at certain times; sensors Al and A3 did not record any
events in test E2. In test A4, with the highest load, the signals from sensors A2 and A4
had a strong drift that caused saturation for most of the recording. These signals were
discarded for further analysis, together with the acceleration obtained with A3 which,
except in the first instants (times less than 8 ms), measured a constant acceleration of
about 250g.

Table 4 shows the peak values, positive and negative, of acceleration obtained in the first
stages of the test (times less than 20 ms). Contrary to what might be expected, in three
signals (records with A2 and A4 in test E2 and signal with A1 in test E3) the highest
acceleration in absolute value is obtained when the structure moves upwards, while in the
rest of the records the acceleration peak is obtained when the panel moves downwards.

Table 4 Acceleration results.

Test Sensor Acceleration (g)
Negative  Positive
(upwards) (downwards)

El Al -90.4 124.6
A2 -125.3 155.3
A3 -52.1 60.8
A4 108.1 114.7

E2 A2 -502.5 486.4
A4 -405.7 351.2

E3 Al -384.4 173.8
A2 -433.7 473
A3 -379.8 4433
A4 -428.9 451.9

E4 Al -245.7 424.9

3.3 Displacement results

The displacement-time histories obtained with the high frequency laser in the four tests

are shown in Figure 12. In test El, the time baseline was different from the rest of the
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tests and the displacement had an offset of -2 mm (Figure 12, upper graph). In the first
moments of the recordings obtained in tests E2, E3 and E4 (lower graph), atypically high
displacements were obtained, probably due to the fireball blinding the laser signal. After
about 3 ms, this effect disappeared, and the laser measured the displacement experienced
by the panel; this instant is marked with a circle in Figure 12. In test E1 (Figure 12, upper
graph), in which the time origin was unknown and cannot be related to any event in the
test, it seems that the start of the panel movement occurred after about 10 ms; note that
from this instant onwards the recording has a similar shape to that of tests E2, E3 and E4
(lower graph). There was also an offset in the displacements obtained in tests E3 and E4
with respect to those measured in E1 and E2, so that the displacement in tests E2 and E3,

in which 2 kg were used, is different.

Displacement (mm)

L
o

1 1 1

0 2 4 6 8 0 12 14 16 18 20
Time (ms)

Figure 12 Raw displacement signals, E1 test in the upper graph and E2 to E4 tests in
the lower graph.

Figure 13 shows the processed displacement signals. The noise presented in the
displacement measurements has been smoothed using a weighted local regression with a
band window of 5 % of the signal length. The signals have been normalised with respect

to the displacement and time of the points marked in Figure 12.
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The half-period of the processed displacement varies between 9.5 ms (tests E1, E2 and
E3) and 10.6 ms (test E4), which corresponds to a frequency of about 50 Hz. This value
is close to the frequency calculated above for the first vibration mode of the whole
structure. The maximum displacement values have been obtained from the maximum of
the quadratic function fitted to the positive part of the record; these values are shown in
Table 5. Table 5 shows two values, the absolute maximums and the maximums obtained
by ignoring local variations in registries of E2 and E4, which are attributed to signal noise,
since the plate should deform following a fairly smooth sine curve with the estimated
period. These values are given as “softened in the table.” These softened values agree
reasonably well with the values estimated in Table 1 (as shown numerically in Table 6,

below).

Displacement (mm)
b b N A o a2 now s oo

) 0 2 4 6 8 10 12 14 16
Time (ms)

Figure 13 Processed displacement signals.

Table 5 Result of maximum displacement.

Test
El E2 E3 E4
Displacement = o5 359 553 450
(mm)
Softened
displacement  0.95 2.70 2.53 3.20
(mm)

18



4 Numerical model

In addition to the simplified predictions obtained with SDOF system, a finite element
(FE) model was developed using the LS-DYNA code. The objective was to assess
whether or not the response of the structure is consistent between the measured
displacement-time histories, theoretical dynamic calculations, and finite element
numerical models.

The model geometry is shown in Figure 14. The steel plate and the three steel profiles
were modelled as well as the support diaphragms, formed by the horizontal and vertical
stiffeners welded to the longitudinal beams and to the top plate. The numerical model was
built using shell elements. This type of element helps to reduce the computational time,

without losing precision in the calculation.

Steel plate

Mesh details HEB 360

Horizontal stiffener
Vertical stiffener

Figure 14 Details of the geometrical model.

Regarding the mesh size, a mesh sensitivity test was conducted, as the accuracy of the
numerical result is dependent on the mesh size. A constant ratio for the mesh refinement
was used starting with 20 mm, then 10 mm and finally 5 mm. The same mesh size was

used for all elements as shown in Figure 14. The study was conducted for tests E2/E3
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where the explosive mass detonated was 2kg of TNT equivalent. After checking the
maximum displacement results, a difference of 0.001 mm (an error smaller than 0.05%)
could be observed between the two smallest mesh sizes (see Figure 15), so 10 mm was

finally used in the numerical models.

3 T T

N ---- 10 mm mesh size
-- 5 mm mesh size

Displacement (mm)
o
I
i
i
i
i
i
.
1

3 I 1 L 1 I 1 1
0 2 4 6 8 10 12 14 16 18 20

Time (ms)

Figure 15 Result of displacement obtained in test E2/E3 for the mesh sensitivity test.

Since the structure was built using steel, an elasto-plastic material was used in the
numerical simulation. However, the plastic branch is not expected to play a role here.
This material model is defined in LS-DYNA using the piecewise linear plasticity material
type 24. The mechanical properties needed to define the material model were the material
density (7850 kg/m?), Young’s modulus (210 GPa), Poisson’s ratio (0.3) and the yield
strength (275 MPa for beams and stiffeners and 355 MPa for the top plate).

As for the blast loading, the load blast enhanced (LBE) technique was used. This feature
defines an air blast function for the application of pressure loads based on equations
derived by Kingery and Bulmash [18]. With this technique, only the coordinates of the
charge centre, the TNT equivalent mass and the type of blast source are required as inputs.
In addition, this function allows the user to obtain the pressure-time histories applied at
each point. To check that the numerical models were subjected to a pressure similar to
that of the field tests, pressure-time histories were obtained in all cases at the same

position as the pressure gauges used in the experiment. Figure 16 shows an example of
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the comparison between the numerical and experimental pressure signal for pressure

gauge P1 in test E1. Similar agreement was obtained for the other tests (see Figure 11).

0.4 —

Test E1, Pressure P1
035

— Experimental
03r ---LSDyna

t(ms)
Figure 16 Pressure-time history of field test and numerical model.

Figure 17 shows the maximum displacements obtained in the simulation for the three
different explosive charges used. It can be observed that the movement starts a few
milliseconds after the start of the simulation. This time would correspond to the arrival
time of the shockwave to the structure, which are 3.25 ms for test E1, 2.59 ms for tests
E2/E3 and 2.14 ms for test E4. These times of arrival are very similar to those obtained
in the experimental test shown in Table 3. In addition, the eigen-period for the first

vibration mode can be also obtained, being consistently around 0.018 s.
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Displacement (mm)

—E1-0.8kg TNT
4 ——E2/E3-2kg TNT | -
——E4-32kg TNT

-5 1 | 1 1 1 | 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (ms)

Figure 17 Result of maximum displacement.

5 Discussion

To determine the accuracy of the results obtained from the numerical simulation and the
analytical model, these are compared with the results measured with the high-frequency
laser used in the tests. As shown in Table 6, the values of maximum displacements
calculated by numerical modelling and the SDOF dynamic calculations approximate quite
well the values obtained experimentally. Looking at the different tests individually, it can
be seen that, in the case of tests E1 and E4, the displacement of the SDOF model are
closer to the experimental test than that obtained by the FEM. However, the displacement
signal recorded in test E1 was the most unclear of all. For the other two tests (E2, E3)
displacements obtained by the FEM are closer to the experimental values, being
practically the same in the case of test E3. Regarding the fundamental eigen-period, the
values provided by both models (analytical and numerical) are also in good agreement
with the experimental values, although in this case, numerical simulation is again more
accurate, as expected. With respect to the arrival times obtained by the FEM, they are, in

all cases, within the range of the values obtained in the experimental tests. The largest
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errors seem to be in the maximum measured pressures. This is not surprising as it is a
point value and therefore liable to larger variability, which can be affected by the
imperfect geometry of the explosive load (which is not a perfect sphere). On the other
hand, the measured impulse, which is more stable as it is obtain by integrating the
pressures and more significant because it has a greater influence in the response of the
structure, seems to be better aligned with the initial estimates. It is surprising that while
the measured pressures and the measured impulse in test E3 are larger than in test E2, the
response of the structure is smaller in E3 than E2. This again must be attributed to the
local character of the pressure measurements and the imperfection in the geometry of the
explosive load (note that in E1, P2 and P3, which are theoretically symmetrical do not
measure the same values — see Table 3). The deflections are the most global measurement
of the structural response, and the one that best reflects the global effect of the action.

Table 6 Comparison of results between experimental test, numerical model, and
analytical model.

El E2 E3 E4
. Meas. or Meas. or Meas. or Meas. or
Magnitude | Source Est. Model/Exp Est. Model/Exp Est. Model/Exp Est. Model/Exp
Displacement | Laser 0.95 - 2.7 - 2.53 - 32 -
(mm) FEM 1.36 1.43 2.5 0.93 2.5 0.99 3.48 1.09
SDOF 1.07 1.13 2.13 0.79 2.13 0.84 3.11 0.97
Eigen-period | Laser 0.019 - 0.019 - 0.019 - 0.021 -
(s) FEM 0.018 0.95 0.018 0.95 0.018 0.95 0.018 0.86
SDOF 0.016 0.84 0.016 0.84 0.016 0.84 0.016 0.76
Arrival time | L-aser 32-35 - 23-2.6 - 23-2.6 - 20-22 -
©) FEM 325 0.97 259 1.06 259 1.06 2.14 1.02
Pressure
Reflected sensors P1/P2 210.1 - 673 - 841.3 - 1393 -
pressure (kPa)
Dod 265 1.26 643 0.96 643 0.76 1137 0.82
Pressure
Impulse sensors P1/P2 1233 - 299.1 - 329.6 - 436 -
(kN.ms)
Dod 152.3 1.24 345.1 1.15 345.1 1.05 439.1 1.01
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As an example, Figure 18 shows the comparison between the signal recorded with the
high-frequency laser in tests E2 and E3 (both carried out with 2 kg TNT equivalent) and
the signal obtained by the numerical simulation and the simplified analysis. To represent
the signal obtained by SDOF calculations, the eigen-period and maximum displacement

have been used to create a sinusoidal curve.

- O = N W b~ O,

Displacement (mm)

-5 ! L 1 I I

Time (ms)

Figure 18 Result of maximum displacement with 2kg TNT equivalent: experimental
values, numerical modelling, and theoretical dynamic calculations.

The SDOF analysis seems to provide a consistently stiffer response than the FEM and the
actual specimen. This is due to the difference in the estimated period of the structure
(0.016 s for the SDOF system, 0.018 s for the FEM and 0.019 s measured in the structure).
For example, for 75=0.016 s and ¢ = 0.77 ms (corresponding to E3 — see Table 1) the
DLF is equal to 0.150, while this value would be 0.127 for a period of 7£=0.018 s. This
difference (15% on the value of DLF) is more than enough to explain this result.

As shown in Table 2, the expected maximum stresses are very much within the elastic
range (by a factor of close to 3). This is corroborated by the FEM analysis and the
experimental results since the maximum displacement are within a similar range as those

of the theoretical expectations.
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6 Conclusions

A total of four experimental tests were carried out with the objective of evaluating the
blast action by measuring the response of the structure. For this purpose, a steel structure
was designed to withstand three different levels of blast load exhibiting an elastic
response. These tests were then used to assess whether the response of the structure is
consistent with the initial theoretical dynamic calculations and finite element numerical
models using LS-DYNA. This evaluation has been made comparing the pressure-time
curves and the displacements measured by a high-frequency laser scanner. After the
evaluation, the following conclusions can be drawn:

1. Measurements obtained by the laser scanner are consistent along the different tests
(i.e. displacements increase with the explosive charge).

2. SDOF simplified theoretical dynamic calculations estimate well both the eigen-
period and maximum displacements, but numerical modelling shows a better
approximation to experimental results, as expected since it accounts for the
presence of the two adjacent beams. The main issue is that the SDOF is stiffer
than the FEM and the physical model, leading to a higher value of the DLF.

3. The arrival time of the shockwave in the numerical model is in all cases within
the range of values registered experimentally.

4. The test confirms that analyses carried out using measured or theoretical time-
pressure curves provide a good approximation to the test results. These tests
therefore constitute a validation for the usual simplified analysis methodologies.

As a lesson learned, the authors recommend shielding the laser from light. This could be
done by using aluminum paper wrapped around a very flexible spring which should be in

contact with the structure and the base of the laser.
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