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Abstract: Defensive structure is important in transportation field for kinds of
intentional or unintentional explosion. Structures subjected to unconfined and
confined explosion will bear different blast loads and their dynamic responses are
different. The present work focus on the dynamic response mechanism of steel plate
under unconfined and confined blast loads through both numerical and experimental
studies. In the experiment, Digital Image Correlation (DIC) technique was applied to
record and analyze the dynamic response process of large-scale field blast test. The
DIC measured curve and the numerical calculated curves agrees well in both the trends
and the peak values. Then, the dynamic response mechanism of steel plate under
unconfined blast (UB) load and confined blast (CB) load were compared and discussed.
Results show that the dynamic response of plate can be divided into three phases under
both UB and CB loads, while with different mechanism. In phase I, plastic hinge starts
from the center and moves to the boundary in UB condition, while in case of CB,
plastic hinge occurs close to the boundary and moves in the opposite direction. In
phase Il, two plastic hinge lines propagates towards each other, and a platform exists
between the boundary and the central area remains undeformed in UB condition, while
in CB condition, larger deformation in peripheral region rather than central area

produces.
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1. Introduction

Safety is the eternal theme of transportation. In recent years, frequently serious
disasters related to explosion happened around the world in kinds of transportation
equipment such as buses, trains and infrastructures. Some are caused by deflagration
content unintentionally carried by passengers; some even caused by terrorist activities.

To shield such attacks, defense technology or infrastructures (see Fig.1), particularly

with light-weight efficient defensive structures should be developed. In addition, some
particular reinforcement design should also be considered for ship cabins and railway

vehicles.
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Fig.1 Defensive technique applicated in transportation engineering field.

For this purpose, the vulnerability of the structures needs to be adequately
investigated firstly. As the existing finding’s shown, structures subjected to unconfined
and confined explosion bears different blast loads and their dynamic responses are
different [1]. Under unconfined blast, the structure performs different dynamic response
which hugely depends on the explosive source distance (i.e., close-in airblast [2], and
faraway airblast), shield materials (i.e. thin aluminium, steel plates [3]) as well as the
structure patterns. More studies were focused on the failure of the shield plates and
effect of stand-off distance, as done by Nurick et al. [4-5], Bonorchis et al. [6-7], Chung
et al. [8-9], Jacob et al. [10], respectively. As found that in these studies, the whole

process can be categorized into three distinct phases, including, a) Phase “i” , the
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expansion of explosion, from time of detonation to its interaction with the structure; b)
Phase “ii” , explosive plate interaction; and c) Phase “iii”, expansion of the explosion
from time of separation from plate to expansion of the plate equilibrium [11]. In
addition, to further explain the dynamic mechanical behavriours, further effectively
predict response modes, some theoretical analyses were also developed [13], analytical
solution were obtained in good agreement with numerical and experimental observation.
These constructive methodologies were also extended to analyze underwater shock
wave loading [14]. As aforementioned, the flexural waves emanate from the plate
boundary and propagates towards the plate center [15]. Thanks for the development of
innovative material technologies, kinds of composited light-weight structures were also
investigated [16-20] under impact loads.

Unlike the previous unconfined blast situation, a Confined blast (CB) means that
explosion occurs within a structure, which limits the propagation of blast wave.
Existing researches have shown that CB waves are more complicated and more
destructive than that of unconfined blast (UB) with equivalent explosive charge [21-
23]. Whilst the dynamic response mechanism of structures under CB loads and the
differences between CB and UB loads are less investigated.

In order to investigate the dynamic response mechanism, effectively measuring the
dynamic response process is necessary. However, traditional measurement methods are
difficult in measuring the 3D dynamic response and obtain full-field data of blast loaded
plate [24-26]. Fortunately, an advanced method using Digital Image Correlation (DIC)
technique [27-28] is adept in measuring the 3D dynamic response of structures under
impact loading, and it has been turned out to be a reliable tool for full-field transient
plate deformation measurements during blast loading, with high accuracy and
efficiency [29]. Rigby et al. [30] studied the transient deformation of plates subjected
to near-field explosive blasts by using DIC technique, the flexural waves were observed.
Spranghers et al. [31] and Kumar et al. [32] employed the DIC technique in the study
of the dynamic response on aluminum panels. While, the application of the 3D-DIC
technique in the large-scale field test of confined blast is inadequate.

The present work aims at investigating on the dynamic response mechanisms of
steel plate under both CB and UB loads, field blast test is conducted and 3D-DIC
technique is employed together with elaborate numerical simulations, which paves a

way on crashworthiness designing of the kinds of defensive structures.
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2 Experiment in confined case
2.1 Setup and DIC technique

To create a confined blast loading condition, a steel box chamber was designed
and manufactured, as shown in Fig.2, of the (a) schematic experiment set up of the
chamber and (b) TNT, respectively. The chamber is made up of Q235 mild steel with
yield strength of 370 MPa and Young’s modulus of 208 GPa, respectively, which are
obtained through tensile test with the material test system.

The side length (L, see Fig.2(a)) of 600 mm are considered in the test. One fifth
extra length (120 mm, L/5) of the box side length are welded to every side plate as
boundary plates for the purpose of constraint. The plate thickness is 4 mm and the final
dimension of the chamber is 840 mm <840 mm >840 mm as shown in Fig. 2. In the
present study, TNT is casted into a cube with a density of 1.5 g/cm® and weight 98.4 g.

And the TNT explosive is suspended in the inside center of the chamber (see Fig.2).

Unit: mm TNT

(in the center)
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Fig. 2 (a) schematic experiment set up of the chamber and (b) TNT.

DIC technique can record the full-field and 3-D surface deformation with high
spatial resolutions and excellent accuracy [29-30]. In this experiment, 3D-DIC
technique is applied to record the dynamic response process of the target steel plate.
Before the test, two high-speed digital cameras are placed in the front of the target plate
arranged at a specific angle to record synchronized images (see Fig. 3).
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Fig. 3 The layout of high-speed digital cameras.

The DIC workflow is depicted as Fig. 4. The outside surface of the target plate is
painted with white background and stochastic black speckle patterns to obtain high
contrast images, the area ratio of black to white is about half and half. At the same time,
calibration panel with white background and black spots is designed and manufactured
for the purpose of obtaining calibration images, the panel used in the calibration process
consists of a series of circular dots arranged in a specific form. Then, two high-speed
digital cameras (Photron FASTCAM SAS5, see Fig.3) were used in a stereo
configuration to record synchronized images. These two high-speed cameras were
placed in suitable positions with reasonable distance and view angle. And then,
synchronized calibration images were recorded. During the calibration process, the
panel is moved disorderly around the setup position of the target side plate and about
20 synchronized calibration images were acquired by both cameras. After that, the field
blast test was conducted and the dynamic response images of the target plate are
recorded synchronously. The post data analysis processing is performed with the
standard image correlation software VIC-3D. It matches common pixel subsets of the
random speckle pattern between the deformed and un-deformed images. The matching
of pixel sets was used to calculate the three-dimensional location of the target plate
throughout time. Finally, the full-field shape and deformation are obtained by mapping

all of the speckle patterns.
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Fig. 4 Diagram of DIC workflow.

2.2 Experimental results

The dynamic deformation processes of fully confined blast obtained through DIC
technique are shown in Fig. 5, in which the value is a absolute result considering the
bending displacement (the orginal value is negative according to location in Fig.2).
With the detonation of the TNT explosive, deformation occurs within a very short time
at the central area. The plate center deflection increases to 7 mm at t = 0.52 ms (see
Fig. 5(a)). Then the shock wave propagates to the box corner, and the corner area of
side plate deformed (as shown in Fig. 5(b)). As time goes on, the deformation further

developed, the corner deformation mode was replaced by center deformation mode (see

Fig. 5(c)). The maximum displacement appears at t = 2.27 ms, up to 48.30 mm as
shown in Fig. 5(d).

<

unit:mm

48.30
I 44.27
40.25

36.22
32.20

(a)t=0.52 ms (b)t=1.17 ms 128.17

2415
20.12
16.10
12.07
8.05
4.02

(c)t=1.47 ms (d)t=2.27ms 0.00

Fig. 5 DIC results of dynamic response process of plate CB (value should be

negative according to location in Fig.2).
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3 Numerical simulation
3.1 Finite element model

Finite element (FE) models of steel plate under UB and CB load were built by
using ANSYS software®. The model for UB load is showed in Fig. 6(a), in which the
plate is fixed in both directions with a thickness of 4 mm, and the explosive is placed
above the plate center with a distance of 300 mm. The model for CB load is showed in
Fig. 6(b). A steel box model with a clear side length of 600 mm (as shown in the right
picture of Fig. 6(b)) is built to simulate a fully confined blast condition. The explosive

is placed in the center of the box model.

INT

i

UBPlate CBbox |

(@) )

Fig. 6 Finite element models of (a) UB and (b) CB.

Both in the UB model and the CB model, the explosives are defined in the region
of air by using the keyword *INITIAL_VOLUME_FRACTION_GEOMETRY. The
coupling of blast wave and structure is considered through adopting the fluid—structure
interaction (FSI) algorithm. Artificial bulk viscosity q is applied to avoid numerical
oscillations in the practically discontinuous rise of blast waves, and g can be calculated
as

{q = pl(colléxk|* — craléxkl) € <0 1)
q = 0 ékk > O

where ¢, and ¢, are dimensionless constant, they meet ¢, = 1.50, ¢; = 0.06. p is

present density, and [ = 3V (V is the volume) is the characteristic length, « is the

localized sound velocity, &, is the tensor of strain rate. With the artificial bulk

viscosity g, the calculation of tress g;; is as follows
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0ij = Sij + (P + q)d;; (2)
where P is the pressure and S;; is deviant stress tensor.

In the FE model, the explosive and air are meshed with the eight-node Eulerian
element SOLID164, while the structures are meshed with four-node element
SHELL163. The Arbitrary—Lagrange—Euler (ALE) algorithm is applied to model the
air and TNT explosive, while Lagrange algorithm is used for the steel plate and box
model. Since the calculation accuracy of the shock wave state parameters are highly
dependent on the mesh size of the Eulerian element, analysis on the mesh size
sensitivity were conducted as shown in Fig. 7. As can be seen in Fig. 7, the calculated
results converge gradually at 6 mm mesh size to 4 mm in both blast wave pressure (see
Fig. 7 (a)) and structural response (see Fig. 7 (b)). Hence, the mesh size of Eulerian
element is designed as 4 mm, and the mesh size for structure is 5 mm. The total element
number in CB model for shell and solid are 169740 and 12167000, respectively. The
air model for UB load is the same with CB load and the element number for plate in the
UB model is 28224.
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Fig. 7 Mesh size sensitivity analysis: (a) pressure at the inner face of plate center; (b)

result displacement of the plate center.

3.2 Material and propeties

Numerical method, using finite element method (FEM) programs, has become a
common tool in the investigation of structural impact [7, 26]. LS-DYNA has been
widely applied for its ability to solve problems with large plastic deformation and can
consider the strain rate effect [33]. In the numerical models, air is assumed to ideal gas

that modeled by linear-polynomial EOS and linear in internal energy [34-35]. The
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explosive is viewed as a high explosive burning material and the Jones—Wilkins—Lee
(JWL) equation of state (EOS) is selected to simulate the pressure of the explosive
explosion. It can be expressed as follows:

P=A(1—R(f—V)e‘R1V+B<1—%)e‘sz+w7E 3)
where A, B are linear blast parameters; w, Ryand R, are nonlinear parameters; V is
relative volume and E is specific internal energy. TNT is selected for explosive charge
in the current tests, the parameters of material model and EOS can be referred in Refs.
[34-35].

The steel material is modeled by Johnson and Cook (J-C) model [35] which has
been shown of accurate predictions of steel structures subjected to blast loads. The
general equation of J-C model is presented as Eq. (4). The parameters for steel are listed
in Table 1 [9, 34-36].

o, =(A+BeP")(1+Clne")(1 - T ™) (4)

The Gruneisen equation of state for steel as compressed materials is presented as

follows:

ot (1= )u 347

p =

= . T2 T (o tape (5)
_ _ _ H= K
[1 (s1—Dpu—s L+ 1 S3 T 1]

and for expanded materials as:

p = poc’u+ (o + apde; (6)
where s;, s,, and s; are the coefficients of the slope of the v — v, curve; y, is

the Gruneisen gamma; a is the first order volume correction to yo; u = p/po —
1.

Table 1. Parameters of J-C material model and Gruneisen state equation for steel.

J-C p(kg/m®) E(GPa) G(GPa) v A(MPa) B(MPa) n c m

model 7800 210 80.8 03 370 438 0.60 0.01 0.669
Gruneisen  C(m/s) S1 S2 S3 Yo a
EOS 4569 1.49 0 0 2.17 0.46

3.3 Experimental validation
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The deformation features of steel plate under CB load obtained from both
experimental and numerical results are shown in Fig. 8. It can be founded that outward
bulging in the central area of side plates and in-plane buckling in the middle position
of boundary plates in both blasts tested and simulated results. The comparison results
indicate that the numerical model simulates the deformation features well in the issues

of steel plates subjected to blast loads.

Fig. 8 Deformation features of experimental and numerical result: (a)

experimental result; (b) simulated result.

Through the post-processing of deformed and un-deformed image pairs obtained
from the two high speed cameras, the deformation value on the considered side plate in
every time step can be calculated through DIC technique. Hence, the deflection-time
curves of the studied side plate can be obtained. Fig. 9 shows the comparison of
deflection-time curve in the side plate center between DIC measured (the red curve)
and numerical calculated (the blue curve). The DIC measured curve and the numerical
calculated curves are similar in both the shape and the extreme value. In addition, the

period of oscillation of numerical result fits well with the DIC result.


https://doi.org/10.20944/preprints202003.0122.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 March 2020 d0i:10.20944/preprints202003.0122.v1

10

€ 0

E

+=-10) ——UB(Numerical)

Q = =CB(Numerical)

% -20 —=-=CB(DIC result)

©

g0\

o -

N =401 3 s s g,

Ny ~40 \\/1 \\_"/ \“ Pragh”
-50 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

o 1 2 3 4 5 6 7 8

Time (ms)

Fig. 9 Comparison of plate center deflection-time curves.

Based on the 3D displacement data of the target plate is obtained, the strain-time
data can be calculated by least squares fitting of a quadratic function to each component
through the post process of DIC technique. Fig. 10 shows the comparison of strain-time
curves of typical positions between DIC measured (the solid line curves) and FEM
calculated (the dash line curves). In which the Py lies at the center of the target plate, P>
near the side length and Pz lies at one of the diagonals of the rectangular side plate, the
detailed positions of P1-P3 are introduced in Fig. 8(b). Additionally, for convenience of
finding the points of P’ , P2 and Ps, in Fig.8(b), P1’, P2’ and P3” also marked to shown
the relative position with each other. The strain results show that the curves of FEM
results agree well with the DIC results. The approximate strain at z direction (see Fig.2)
for plate center is about 0.0045 (see Py curves in Fig. 10). The strain of Pz is much
larger than that of Py and P2. In conclusion, the numerical model built in the present
study is capable of simulating the dynamic response of plate under blast loads well and

shows adequate accuracy.
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Fig.10 Comparison of z-direction strain in typical positions.

3.4 Results and correlation

The dynamic response of steel plate under UB load and CB load (the models were
shown in Fig. 6) were calculated based on the previous introduced numerical method.
The pressure-time curves of UB model and CB model at the target plate center were
given in the Fig. 11. There was only one impulse load in UB model with a peak value
of 5.4 MPa. While, in the CB model, several smaller peaks followed the first impulse
were observed due to the reflection of shock waves in the confined model. The plate
center deflection-time curves of the two finite element models were campared in Fig.
9. The maximun deflection of UB model (the black curve) was much smaller than that
of CB model (the blue and red curves), and springback response occurring after
maximum deflection in the UB loading. The springback phenominon is called “counter-
intuitive behaviour” which are studied by several scholars [37-39], their works show
that the plates or shells can even reach a final deflection in a direction opposite to the
direction of the pulsive loads in specific loading conditions. The results in Fig. 9 and
Fig. 11 showed that the dynamic response of steel plate under UB load was very
different from the CB load.
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Fig. 11 Pressure-time curves of UB and CB model at the target plate center.

Fig.12 and Fig. 13 showed the dynamic response process of plate under unconfined
and confined blast load, respectively. And the cross-section deformation profiles of UB
model at different typical times were depicted in Fig. 14. As shown in Fig. 12, when
subjected to unconfined blast load, the central area of the plate deformed firstly, and
the response spreads along the radius direction with the central deformation increased
(as shown in the t = 0.24 ms of Fig. 12). And then, plastic deformations were
observed both in the central area and around the boundaries as shown in the t =
0.40 ms of Fig. 12). While the district between the central and the boundaries remain
undeformed (see the platform in the cross-section deformation profiles of Fig. 14).
After that, the plastic deformation along the boundaries developed towards to the center
while the central deformation towards to the boundaries (as shown in Fig. 14, the length
of the platform gets shorter from t = 0.24 ms to t = 0.40 ms). At t = 0.64 ms, the
plastic deformation spread to all undeformed region (the platform disappeared in Fig.
14). As time goes by, the deformation developed in the central area, the maximum

deflection reached 25 mm at ¢ = 1.20 ms.
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Fig. 12. Resultant displacement of middle sectional under UB.

t=0.12ms unit: m
t=0.48 ms 4.752e-02
S 4.277e-02
t=0.88 ms 3.802e-02 _|
N 3,326-02 _
t=1.12 ms 2.851€-02 _
2.376e-02 _|
1.90102 |
t=1.44ms 1.426e-02 _
4.752e-03]
t=2.24ms 0.000+00_|

Fig. 13. Resultant displacement of middle sectional under CB.
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Fig. 14 Cross-section deformation profiles of UB model at different typical time.

The dynamic response process of plate under confined blast load was showed in
Fig. 13, and the cross-section deformation profiles were depicted in Fig. 15. As shown
in Fig.13, when subjected to unconfined blast load, slightly deformation occurred in
the central area of the plate firstly. Dynamic response of the whole plate was observed
in a very short time after the central area deformation (as shown in the ¢ = 0.48 ms of
Fig. 13). And then, larger plastic deformations were observed close to the boundaries
then in the central area as shown inthe t = 1.12 ms of Fig. 13 and Fig. 16, which was
also observed in the experimental result as shown in Fig. 5). This phenomenon was
caused by the converged, superimposed and intensified blast load in the corner of the
box [22,34]. As time went by, the plastic deformation along the boundaries developed
towards to the center (as shown in the Fig.13 from t = 0.88 ms to t = 1.44 ms). At

about t = 2.24 ms the deflection reached maximum value of about 46 mm.
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Fig. 15 Cross section deformation profiles of CB model at different time.
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Fig. 16 Deformation feature of CB model at ¢t = 1.12 ms.

4 Discussions

From the studies of the dynamic response process of both FEM and DIC results,
the dynamic response of the plate under UB load is very different from the CB load.
The response mechanisms of plate under UB load and CB load are shown in Fig. 17.
The dynamic response of plate under UB load can be divided into three phases as shown
in Fig. 17(a). In phase 1, the central region deforms, a plastic hinge circle forms around
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the deformed region, and the deformed region increases with the plastic hinge circle
propagates radially. In phase Il, new plastic hinge line occurs around the boundaries
and propagates in the opposite direction to the central plastic hinge, and a platform
remain undeformed between the boundary and the center. In phase 111, the whole plate
deformed, and deformation in the central area increased to the maximum value. The
dynamic response of plate under CB load can be also divided into three phases as shown
in Fig. 17(b). In phase 1, the plastic hinge line happens in the boundaries, and propagates
towards the plate center. A larger deformation in peripheral region than central area
occurs in phase Il. Same as the UB, maximum deformation happens in the central area

at last, that’s phase III.

explosion * explosion *
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Fig. 17 Response mechanisms comparison between (a) UB and (b) CB.

5 Conclusions
According to the analyses mentioned above, some major conclusions can be drawn

as below:
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a) The deformation features and dynamic response of steel plate under confined
blast load were analyzed through both experimental and numerical results. The results
show that outward bulging in side plate center and in-plane buckling in the middle
position of boundary plates were both observes in numerical and experimental results.
The DIC measured curve and the numerical calculated curves are similar in both the
shape and the peak value, and the period of oscillation of numerical result fits well with
the DIC result.

b) The dynamic response of steel plate under UB load and CB load were compared,
the results showed that the dynamic response of plate can be divided into three phases
under both UB and CB loads, while the dynamic response in phases | and Il are different.

c) Differing from starting at the center and propagates to the boundary in case of
UB condition, in phase I, plastic hinge in CB condition occurs close to the boundary
and propagates in opposite direction. In phase Il, two plastic hinge lines propagates
towards each other, and a platform exists between the boundary and the center remain
undeformed in UB condition, while in CB condition, a unique phenomenon of larger
deformation in peripheral region than central area produces. All the achievements can

provide guidelines for crashworthiness design of the kinds of defensive structures.
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