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Abstract. In this paper the deformation and response of the Al square plate with pre-notch under
free blasting loading were investigated. The blast loading process is a complex phenomenon, and
accurate modeling, the prediction of deformation during this condition of loading is difficult,
numerous investigations have carried out on the permanent deformation and the failure of various
materials subjected to the blast; however, the transient deformation of plate subjected to the such
intensely loaded has been difficult to measure due to the experimental difficulties. Recently, High
speed imaging and 3D digital image correlation (3D DIC) have enabled the reliable none-contact
measurement of the deformation and strain in various applications. In this research, 3D DIC method
is used to study the effects of pre-notches on the dynamic deformation and rupture of thin Al square
plates. The displacement and strain fields during the deformation were analyzed by this method.
The Al square plate with the thickness of 3 mm and with different notch geometries were tested
under the free blast loading by 20 gr of TNT. Two synchronized high-speed cameras were used to
capture the response of the plate with an inter frame rate of 35000 frame/s. The result of test shows
that the 3D DIC is a precise method to measure the full-field dynamic deformation of plate. The
pre-notch possesses a direct effect on the maximum and final deformation of plate. Based on the
result, the deformation occurs in the two stages; in the first one, the plate is deformed due to the
shock impulse and all particles are forced to move out-of-plane and provided with initial velocities,
and in the second one, pressure wave is vanished and deformation is occurred due to the imparted
momentum.
Introduction
Explosion is a major threat for civil structure and vehicle in the combat zone. In recent years, many
researches have carried out to improve the protection of the structure and vehicle against the blast.
Measuring the deformation of plate subjected to the blast loading is one important task of solid
mechanics. These studies can help for better understanding the dynamic response of the plate as
well as identification and optimization of the influence design parameters under this harsh loading.
However, most researches are only focused on the flat plate. Traditionally, the flat plate used in the
structure as blast mitigation. The plate absorbs the explosion energy by either deformation or
failure. Chen et al[1] studied the deformation of the circular aluminium plate under the confined
blast loading through the 3D DIC technique. Markose and Rao[2] investigated the mechanical
response of the V shape plate under the blast loading. They found that the geometry of plate has a
direct effect on the mechanical response of plate. Kumar et al.[3] studied the effect of curvature on
the response of plate subjected to the blast loading. Blast produces the shock wave that travelled
through the target plate, and when it meets the other surface of the shock wave, gets reflected. The
reflected shock wave on the flat surface is higher than incident shock considering the dissociation
and ionization of real gases. This reveals that the resistance of plate against the blast is dependent
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on its thickness[2]. However, effect of defect and crack on the response of the plate structure has
not been investigated. In the combat situation defects and cracks could be occurred due to the
fragmentation and combined blast. Rakvag et al.[4] studied the effect of various geometries of the
preformed hole on the response of the steel plate subjected to the pressure pulse loading. However,
in these tests, plates experience a large deformation and no localised deformation observed. Aune et
al.[5] investigated the response of the steel plate with pre-formed hole subjected to the blast load.
Liu et al.[6]carried out the blast experiments on the copper plate with pre-notch.
In this paper effect of pre-notch on the response of metal plate is investigated through 3DDICmethod. The pre-notch with different size and geometry was prepared and tested under the free
blast test.
Methodology
The layout of the experimental setup is shown in the fig.1 this facility is located in the explosion
chamber located in the Xishian campus of the Beijing institute of technology. The plate is a flat
square shape with size of 400*400 mm, targets assembled to the structure by the steel window
frame. After assembly of the plate only 300*300mm of the plate is under the direct contact of blast
shock wave. The pre-notch was made in the centre of plate by thickness 1mm and depth of 2mm.
The details of experiments are shown in the table 1.
Before testing, surface of the plate was ground by sandpaper and washed by alcohol to remove
all of the oil and dust. After cleaning the surface more than half of the surface of the targets was
painted with white color and then speckled with black dots. This surface is used to perform highspeed digital image correlation (DIC) photography during the blast.
The shock wave is generated by the cylindrical shape TNT, the mass of explosive material and
distance from the plate for each test is listed in the table 1. The explosion is ignited by the electrical
detonator. The detonator ignite plus is also used to trigger the cameras.

Fig 1. Experimental setup a) front view of the plate b) explosive material at back of the plate c) high
speed cameras set up
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Table 1. Dimension of tested samples
Sample name

material

Size of
plate

Size of plate
under the
explosion
loading

Explosion
mass

Explosion
distance

notch

Al-0

al

40*40cm

30*30

20 gr

22 cm

no

Al-30-0

al

40*40cm

30*30

20 gr

22 cm

Length =30mmangle= 0 depth=2mm

Al-30-45

al

40*40cm

30*30

20 gr

22 cm

Length =30mmangle= 45
depth=2mm

Al-40-0

al

40*40cm

30*30

20 gr

22 cm

Length =40mmangle= 0
depth=2mm

3D-DIC
Digital image correlation is a non-contact optical method to study the motion, displacement and
strain field. This method consists on capture consecutive images during applying the load to
measure and evaluate the deformation and strain field. In this method the surface of the sample
should paint by the random speckle pattern[7]. Details on principals and application of the 3D DIC
can be obtained in the literature [8–11].
To analyse the 3D deformation of the plates subjected to the blast, two high speed cameras were
used. These cameras were set outside of the explosion chamber to protect them from the shock
wave of blast. They observe the same area of plate from the bullet proof windows. Cameras were
linked and synchronized to each other by means of the synchronising cable that connected the
cameras. The 35000 fps was set for both cameras with pixel of (320◊568). TTL trigger circuit was
used to trigger the cameras and send pulse to start detonation. Three flash lamps were used to
provide the enough illumination and avoiding the shading during the test. Before each test the
position of the cameras was calibrated with calibration board (9*9 distance of 12). VIC-3D software
was used to analyse the images and to calculate the deformation and strain of the plate. Based on the
parameters of cameras and calibration coordination, by matching the reference images of the two
cameras, the 3D surface contour of plate before blast can be reconstructed. And displacement and
deformation of the plate can be calculated by the correlation, matching the deform images and
reference image.
Result
As shown in the Fig. 2, a part of aluminium plate is selected as an area of interest (AOI) used to
measure the displacement of the plate. Due to the limitation in the image resolution, the AOI is
smaller than the whole plate size. Fig. 3(a) shows the evolution of aluminium plate without prenotch (al-0) deformation along the vertical line in the centre of plate. After the detonation, the
pressure wave travels through the air and arrives at the aluminium plate, creating a transient
distributed load. Initially, this pressure is highly localized at the centre of plate. However, for the al-
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0 plate, the maximum deformation in early stage does not occur in the centre of the plate, it could be
due to the positioning of the charge, which may have had a small offset from the centre of plate.
However, after0.25ms the maximum deformation is shifted to centre. Aune et al. [12] found that the
geometry of the plate and boundary conditions had a greater influence than the positioning of the
charge on the deformed shape. Fig. 3 (b) shows the out of plate displacement history of the several
points on this line. Close to the border of the plate, particles are constrained due to the fixed
boundary conditions and only have a limited initial displacement. During the blast loading, all
particles of plate are forced to move out-of-plane (z- axis), when the load from the blast have
vanished, the plate continues to deform. Spranghers et al.[13]found that the deformation history of
plate consists of two parts. In the beginning, deformation of the plate is highly plastic and reaches a
maximum value. After the plastic deformation, an elastic rebound occurs followed by elastic
vibrations combined with damping[14]. Al-30-45 plate shows the maximum plastic deformation
among the all plates. It is observed thatal-40-0 and al-0 plate experienced reversed snap buckling
during the elastic rebound.

Fig.2 Area of interest (AOI)

Based on the DIC analysis, it can be seen that the maximum strain first occurs in the centre for
the al-0 plate, and spreads rapidly outwards to the boundary. For the other plates the maximum
strain was occurred at the pre-notch tip in early stage.
After the tests, all samples were collected for further analysis. There were no visible signs of
tearing at the boundaries for all plates. For the al-30-45 and al-40-0 plates, it was observed that the
cracks wereinitiated from the tips of the pre-notch and propagated. And also, for the al-40-0 plated,
it was observed that rupture occurs at the location of pre-notch during the blast loading.
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Fig.3 evaluation of the displacement line profile along the vertical section line on the surfaces of
a)al-0, b)al-0,c)al-30-0, d)al-30-0, e)al-30-45, f)al-30-45, g)al-40-0 and h) al-40-0
Summary
3D Digital Image Correlation (DIC) technique was applied to analyzing the response of pre-notched
plate subjected to the free air blast. The pre-notched plate experienced the larger plastic
deformations compare to the plate without notch. Failure was observed in al-30-45 and al-40-0
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plate. The al-30-45 plate shows the greatest deformation among the all plates. This result shows the
pre-notch has great influence on the response of plate to the blast loading.
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