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Abstract: Thin-walled metal plates and cabin structures are widely found in ships and cargos which
are susceptible to attacks or accidental explosions. The present work focuses on the dynamic response
mechanism of steel plates under unconfined and confined blast loads. In the experiment, digital
image correlation (DIC) technique was applied to record and analyze the dynamic response process
of a large-scale field blast test. The DIC measured curve and the numerically calculated curves agree
well in both trends and peak values. Then, the dynamic response mechanisms of steel plates under an
unconfined blast (UB) load and confined blast (CB) load were compared and discussed. The results
show that the dynamic response of plates can be divided into three phases under both UB and CB
loads, with different mechanisms. In phase I, plastic hinges start from the center and move to the
boundary in the UB condition, while in the case of CB, plastic hinges occur close to the boundary
and move in the opposite direction. In phase II, two plastic hinge lines propagate towards each
other, a platform exists between the boundary, and the central area remains undeformed in the UB
condition, while in the CB condition, larger deformation occurs in the peripheral region rather than
the central area.

Keywords: ship cabin; confined blast; digital image correlation; dynamic response; blast loading

1. Introduction

Safety is the eternal theme of engineering. In recent years, frequently serious disasters
related to explosions have happened around the world in different kinds of transportation
equipment such as ships, vessels, warcrafts, and offshore platforms. Some are caused by
deflagration content unintentionally carried by passengers, others are caused by fuel or
cargo deflagration inside the ship, and some are even caused by terrorist activities. To shield
against such attacks, defense technology or infrastructures (see Figure 1), particularly with
multi-cabin defensive structures, should be developed [1–3]. In addition, some particular
reinforcement design should also be considered for ship cabins and ocean-going vessels.

Thin-walled metal plates and cabin structures are widely found in ships and cargos.
Such structures in specific locations may be susceptible to attacks or accidental explosions.
For this purpose, the vulnerability of side cabin structures needed to be adequately investi-
gated first. As the existing findings show, structures subjected to unconfined and confined
explosions bear different blast loads and their dynamic responses are different [4,5]. Under
an unconfined blast, the structure performs a different dynamic response which hugely
depends on the explosive source distance (i.e., close-in airblast [6] and faraway airblast),
shield materials (i.e., thin aluminum, steel plates [7], composite sandwich plates [8]), as
well as the structure patterns. More studies have focused on the failure of shield plates
and effect of stand-off distance, as performed by Nurick et al. [9], Bonorchis et al. [10],
Chung et al. [11,12], and Jacob et al. [13], respectively. It was found in these studies that
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the whole process can be categorized into three distinct phases, consisting the following:
(a) phase I, the expansion of explosion from the time of detonation to its interaction with the
structure; (b) phase II, interaction of the detonation products and the plate; and (c) phase
III, reflection of the shock wave off the plate and the oscillation of the plate beginning in
response [14,15]. In addition, to further explain the dynamic mechanical behaviors and
effectively predict response modes, some theoretical analyses were also developed [16]
and analytical solutions [17] were obtained in good agreement with numerical and experi-
mental observations. These constructive methodologies were also extended to analyzing
underwater shock wave loading [18]. As aforementioned, flexural waves emanate from the
plate boundary and propagate towards the plate center [19]. Thanks to the development of
innovative material technologies, different kinds of composite lightweight structures have
also been investigated [20–23] under impact loads.
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Existing research has shown that CB waves are more complicated and more destructive 
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ever, the dynamic response mechanism of structures under CB loads and the differences 
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In order to investigate this dynamic response mechanism, it was necessary to effec-
tively measure the dynamic response process. However, traditional measurement meth-
ods are difficult to use for measuring 3D dynamic responses and obtaining the full-field 
data of a blast loaded plate [28–30]. Fortunately, an advanced method using digital image 
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Unlike the previous unconfined blast situation, a confined blast (CB) means that an
explosion occurs within a cabin structure, which limits the propagation of the blast wave.
Existing research has shown that CB waves are more complicated and more destructive than
those of an unconfined blast (UB) with an equivalent explosive charge [24–27]. However,
the dynamic response mechanism of structures under CB loads and the differences between
CB and UB loads have been less investigated.

In order to investigate this dynamic response mechanism, it was necessary to effec-
tively measure the dynamic response process. However, traditional measurement methods
are difficult to use for measuring 3D dynamic responses and obtaining the full-field data
of a blast loaded plate [28–30]. Fortunately, an advanced method using digital image
correlation (DIC) technique [31,32] is adept in measuring the 3D dynamic response of
structures under impact loading, and it has been proven to be a reliable tool for full-field
transient plate deformation measurements during blast loading, with high accuracy and
efficiency [33]. Rigby et al. [34] studied the transient deformation of plates subjected to
near-field explosive blasts by using DIC technique, and flexural waves were observed.
Spranghers et al. [35] and Kumar et al. [36] employed the DIC technique in the study of the
dynamic response of aluminum panels. In summary, there have been several 3D-DIC test
reports including small-scale tests and simulated explosion tests, while the application of
the 3D-DIC technique in large-scale field tests of confined blasts is inadequate.
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At present, there is much research on the dynamic response of plates under a UB
load, but the response mechanism of structures under a CB load is still not very clear. The
present work aims to investigate the dynamic response mechanisms of typical steel plates
of ship structures under both CB and UB loads. A field blast test on a ship cabin model
was conducted and 3D-DIC technique was employed together with elaborate numerical
simulations. This could pave the way for the crashworthiness design of different kinds of
defensive structures in ships and warships.

2. Experimental Approaches
2.1. Material Properties

The commonly used material of low carbon steel was prepared for the field blast
experiment. In order to better analyze and understand the test results, it was necessary
to master the material properties of the experiments. Three quasi-static tensile tests with
standard specimens of 120 mm long and 4 mm thick were conducted through the material
test system. The test results of the stress–strain curves are presented in Figure 2, in which
there are three specimens noted S-2#, S-3#, and S-4#. The yield strength of 355 MPa was
obtained directly from the curves, and Young’s modulus is the ratio of stress to strain,
which was 211 GPa.
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2.2. Setup and DIC Technique

To create a confined blast loading condition, a ship cabin model using the previously
introduced steel was designed and manufactured, as shown in Figure 3. The side length (L,
see Figure 3a) of 600 mm was considered in the test. One-fifth extra length (120 mm, L/5)
of the cabin side length was welded to every side plate as boundary plates for the purpose
of constraint. The plate thickness was 4 mm and the final dimension of the chamber was
840 mm × 840 mm × 840 mm, as shown in Figure 3. In the present study, TNT was casted
into a cube with a density of 1.5 g/cm3 and weight of 98.4 g. And the TNT explosive was
suspended in the inside center of the chamber (see Figure 3).
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Figure 3. (a) Schematic experiment setup of the cabin model and (b) TNT suspension.

DIC technique can record full-field and 3D surface deformation with high spatial
resolution and excellent accuracy [33,34]. In this experiment, 3D-DIC technique was
applied to record the dynamic response process of the target steel plate. Before the test,
two high-speed digital cameras were placed in the front of the target plate arranged at a
specific angle to record synchronized images (see Figure 4).
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The DIC workflow is depicted in Figure 5. The outside surface of the target plate
was painted with a white background and stochastic black speckle patterns to obtain
high-contrast images, and the area ratio of black to white was about half and half. At the
same time, a calibration panel with a white background and black spots was designed
and manufactured for the purpose of obtaining calibration images, and the panel used
in the calibration process consisted of a series of circular dots arranged in a specific form.
Then, two high-speed digital cameras (Photron FASTCAM, see Figure 4) were used in
a stereo configuration to record synchronized images. These two high-speed cameras
were placed in suitable positions with a reasonable distance and view angle. And then,
synchronized calibration images were recorded. During the calibration process, the panel
was moved in a disorderly fashion 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 were
recorded synchronously. Post data analysis processing was performed with the standard
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image correlation software, VIC-3D. It matched common pixel subsets of the random
speckle patterns between the deformed and undeformed 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 were obtained by mapping all the
speckle patterns.
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2.3. Dynamic Response Process Obtained through 3D-DIC

The dynamic deformation processes of the fully confined blast inside the cabin model
obtained through DIC technique are shown in Figure 6, in which the value is an absolute
result considering the bending displacement (the original value was negative according to
the location in Figure 3). With the detonation of the TNT explosive, deformation occurred
within a very short time in the central area. The plate center deflection increased to 7 mm
at t = 0.52 ms (see Figure 6a). Then, the shock wave propagated to the box corner, and
the corner area of the side plate was deformed (as shown in Figure 6b). As time went on,
the deformation further developed, and the corner deformation mode was replaced by
the center deformation mode (see Figure 6c). The maximum displacement appeared at
t = 2.27 ms, of up to 48.30 mm, as shown in Figure 6d.
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3. Numerical Simulations
3.1. Finite Element Model

Finite element (FE) models of the steel plate under a UB and CB load were built by
using ANSYS 19.0 software® [37]. The model for the UB load is shown in Figure 7a, in
which the plate was fixed in both directions with a side length of 600 mm and thickness of
4 mm, and the explosive was placed above the plate center with 300 mm. The model for
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the CB load is shown in Figure 7b. A steel box model with a clear side length of 600 mm
(as shown in the right picture of Figure 7b) was built to simulate a fully confined blast
condition. The explosive was placed in the center of the box model.
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Both in the UB model and the CB model, the explosive shapes and dimensions were defined
in the region of air by using the keyword *INITIAL_VOLUME_FRACTION_GEOMETRY [37].
The coupling of the blast wave and structure was considered by adopting the fluid–structure
interaction (FSI) algorithm. Artificial bulk viscosity q was applied to avoid numerical
oscillations in the practically discontinuous rise of blast waves, and q could be calculated
as in [37]. {

q = ρl
(

c0l
∣∣ .
εkk

∣∣2 − c1α
∣∣ .
εkk

∣∣) .
εkk < 0

q = 0
.
εkk > 0

(1)

where c0 and c1 are the dimensionless constant, and they meet c0 = 1.50, c1 = 0.06. ρ is
the present density, l = 3

√
V (V is the volume) is the characteristic length, α is the localized

sound velocity, and
.
εkk is the tensor of the strain rate. With the artificial bulk viscosity, q,

the calculation of stress σij was the following:

σij = Sij + (P + q)δij (2)

where P is the pressure and Sij is the deviant stress tensor.
In the FE model, the explosive and air were meshed with the eight-node Eulerian ele-

ment SOLID164, while the structures were meshed with the four-node element SHELL163.
The arbitrary Lagrange–Euler (ALE) algorithm was applied to model the air and TNT
explosive, while the Lagrange algorithm was used for the steel plate and box model. Since
the calculation accuracy of the shock wave state parameters was highly dependent on the
mesh size of the Eulerian element, analysis of the mesh size sensitivity was conducted as
shown in Figure 8. As can be seen in Figure 8, the calculated results converged gradually
at a 6 mm mesh size to 4 mm in both blast wave pressure (see Figure 8a) and structural
response (see Figure 8b). In addition, the calculation results of this model were compared
and verified with the test results in a figure of the following Section 3.3. Hence, the mesh
size of the Eulerian element was designed as 4 mm, and the mesh size for the structure was
5 mm. The total element number in the CB model for the shell and solid were 169,740 and
12,167,000, respectively. The air model for the UB load was the same with the CB load, and
the element number for the plate in the UB model was 28,224.
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3.2. Material Model and Parameters

The 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 to consider
the strain rate effect [38]. In numerical models, air is assumed to be the ideal gas that is
modeled by linear–polynomial EOS and linear in internal energy [39]. The explosive was
viewed as a highly explosive burning material and the Jones–Wilkins–Lee (JWL) equation
of state (EOS) was selected to simulate the pressure of the explosive explosion. It can be
expressed as the following:

P = A
(

1 − ω

R1V

)
e−R1V + B

(
1 − ω

R2V

)
e−R2V +

ωE
V

(3)

where A, B are the linear blast parameters; ω, R1, and R2 are the nonlinear parameters;
V is the relative volume; and E is the specific internal energy. TNT was selected for the
explosive charge in the current tests, and the parameters of the material model and EOS
are listed in Table 1.

Table 1. Parameters of the explosive material model and JWL state equation.

Property ρ (kg/m3) VCJ (m/s) PCJ (GPa) A (GPa) B (GPa) R1 R2 ω

Value 1500 6930 21 373.77 3.75 4.15 0.9 0.35
Source Field experiments [37,40] [37,40] [37,40] [37,40] [37,40] [37,40] [37,40]

The steel material was modeled by the Johnson and Cook (J–C) model [41,42], which
has been shown to make accurate predictions of steel structures subjected to blast loads.
The general equation of the J–C model is presented as Equation (4):
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(4)

The J–C model consists of three terms which are shown as three brackets in Equation (4),
considering the strain hardening, strain rate hardening, and effect of temperature on the
yield stress, respectively. The parameters for steel are listed in Table 2 [14,40,41,43], in
which the strain hardening parameters were obtained as follows using the material tests
results in Section 2.1.
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Table 2. Parameters of the J–C material model and Gruneisen state equation for steel.

J–C Model ρ (kg/m3) E (GPa) G (GPa) v A (MPa) B (MPa) n c m
7830 211 80.8 0.3 355 414 1.09 0.01 0.669

Source Test Test [14,40] [14,40] Test Test Test [41,43] [41,43]

Gruneisen EOS
C (m/s) S1 S2 S3 γ0 a

4569 1.49 0 0 2.17 0.46
Source [40,41] [40,41] [40,41] [40,41]

The three terms in Equation (4) are multiplicative and can be considered uncoupled.
In order to study the effect of strain hardening, Equation (4) was simplified by considering
only the first bracket, as follows [37,41,43],

σy =
(

A + Bεpn
)

(5)

where the constant A is the yield stress under quasi-static loading, and B and n are the
work-hardening parameters. A is the yield strength which was introduced in Section 2.1.
The values of B and n were obtained from the tensile test results shown in Figure 2, by
taking the logarithm on both sides of Equation (5), making the relationship a logarithmic
linear relationship:

logσy = logB + nlogεp (6)

This relationship was derived from Figure 2 as shown in Figure 9. The values of lnB
and n are the intercept and slope of the linear fit curves in Figure 9, and hence the average
values of B and n were 414 and 1.09, respectively.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 8 of 17 
 

 

The three terms in Equation (4) are multiplicative and can be considered uncoupled. 
In order to study the effect of strain hardening, Equation (4) was simplified by considering 
only the first bracket, as follows [37,41,43], 𝜎 = 𝐴 + 𝐵𝜀̄     (5)

where the constant A is the yield stress under quasi-static loading, and B and n are the 
work-hardening parameters. A is the yield strength which was introduced in Section 2.1. 
The values of B and n were obtained from the tensile test results shown in Figure 2, by 
taking the logarithm on both sides of Equation (5), making the relationship a logarithmic 
linear relationship: 𝑙𝑜𝑔𝜎 = 𝑙𝑜𝑔𝐵 + 𝑛𝑙𝑜𝑔𝜀̄    (6)

This relationship was derived from Figure 2 as shown in Figure 9. The values of lnB 
and n are the intercept and slope of the linear fit curves in Figure 9, and hence the average 
values of B and n were 414 and 1.09, respectively. 

 
Figure 9. Logarithmic relationship between stress and strain. 

The Gruneisen equation of state for steel as compressed materials is presented as the 
following [37]: 

𝑝 = 𝜌 𝑐 𝜇 1 + 1 − 𝛾2 𝜇 − 𝑎2 𝜇1 − 𝑠 − 1 𝜇 − 𝑠 𝜇𝜇 + 1 − 𝑠 𝜇𝜇 + 1 + 𝛾 + 𝑎𝜇 𝑒    (7)

And the equation for expanded materials is the following: 𝑝 = 𝜌 𝑐 𝜇 + 𝛾 + 𝑎𝜇 𝑒    (8)

where 𝑠  , 𝑠  , and 𝑠   are the coefficients of the slope of the 𝑣 − 𝑣   curve; 𝛾   is the 
Gruneisen gamma; 𝑎 is the first order volume correction to 𝛾 ; and 𝜇 = 𝜌/𝜌 − 1. 

  

Figure 9. Logarithmic relationship between stress and strain.

The Gruneisen equation of state for steel as compressed materials is presented as the
following [37]:

p =
ρ0c2µ

[
1 +

(
1 − γ0

2
)
µ − a

2 µ2][
1 − (s1 − 1)µ − s2

µ2

µ+1 − s3
µ3

µ+1

]2 + (γ0 + aµ)et (7)
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And the equation for expanded materials is the following:

p = ρ0c2µ + (γ0 + aµ)et (8)

where s1, s2, and s3 are the coefficients of the slope of the vs − vp curve; γ0 is the Gruneisen
gamma; a is the first order volume correction to γ0; and µ = ρ/ρ0 − 1.

3.3. Experimental Validation

The deformation features of the steel plate under a CB load obtained from both the
experimental and numerical results are shown in Figure 10. Outward bulging in the central
area of the side plates and in-plane buckling in the middle position of the boundary plates
were found for both blasts tested and in the simulated results. The comparison results
indicate that the numerical model simulated the deformation features of the steel plates
subjected to blast loads well.
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Through the post-processing of the deformed and undeformed image pairs obtained
from the two high-speed cameras, the deformation value of the considered side plate in
every time step was calculated through DIC technique. Hence, the deflection–time curves of
the studied side plate were obtained. Figure 11 shows a comparison of the deflection–time
curve in the side plate center between the measured DIC (the red curve) and numerical
calculation (the blue curve). The measured DIC curve and the numerically calculated curves
are similar in both their shape and extreme value. In addition, the period of oscillation of
the numerical result fits well with the DIC result. Moreover, the maximum deflection of CB
model (the blue curve) was much larger than that of UB model (the black curves) since the
detonation product was confined in the cabin and intensified the blast loading.

Based on the 3D displacement data of the target plate obtained, the strain–time data
were calculated by least squares fitting of a quadratic function to each component through
the post process of the DIC technique. Figure 12 shows a comparison of the strain–time
curves of the typical positions between measured DIC (the solid line curves) and calculated
FEM (the dash line curves), in which P1 lies at the center of the target plate, P2 is near
the side length, and P3 lies at one of the diagonals of the rectangular side plate, with the
detailed positions of P1–P3 introduced in Figure 10b. Additionally, for convenience of
finding the points of P1, P2, and P3, in Figure 10b, P1′, P2′, and P3′ are also marked to
show their relative positions with each other. The strain results show that the curves of the
FEM results agreed well with the DIC results. The approximate strain in the z-direction
(see Figure 3) for the plate center was about 0.0045 (see P1 curves in Figure 12). The
strain of P3 was much larger than those of P1 and P2 which is because P3 was located on
the diagonal of the plate, and the diagonal was the plastic hinge formation zone of the
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deformation of the square plate. In conclusion, the numerical model built in the present
study is capable of simulating the dynamic response of a plate under blast loads well and
shows adequate accuracy.

Figure 11. Comparison of the plate center deflection–time curves.
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4. Discussion
4.1. Dynamic Response Processes

The dynamic responses of a steel plate under a UB load and CB load (the models are
shown in Figure 7) were calculated based on the previously introduced numerical method.
The pressure–time curves of the UB model and CB model at the target plate center are
given in the Figure 13. There was only one impulse load in the UB model with a peak value
of 5.4 MPa. Meanwhile, in the CB model, several smaller peaks following 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 are compared in Figure 11.
The maximum deflection of 25 mm in the UB model (the black curve in Figure 11) was
much smaller than that of 47 mm in the CB model (the blue and red curves in Figure 11),
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and the springback response occurred after maximum deflection in the UB loading. The
springback phenomenon is called “counter-intuitive behavior” and has been studied by
several scholars [44,45]; their works show that plates or shells can reach a final deflection in
a direction opposite to the direction of the pulsive loads under specific loading conditions.
The results in Figures 11 and 13 show that the dynamic response of the steel plate under
the UB load was very different from the CB load.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 11 of 17 
 

 

4. Discussion 
4.1. Dynamic Response Processes 

The dynamic responses of a steel plate under a UB load and CB load (the models are 
shown in Figure 7) were calculated based on the previously introduced numerical 
method. The pressure–time curves of the UB model and CB model at the target plate cen-
ter are given in the Figure 13. There was only one impulse load in the UB model with a 
peak value of 5.4 MPa. Meanwhile, in the CB model, several smaller peaks following 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 are compared in 
Figure 11. The maximum deflection of 25 mm in the UB model (the black curve in Figure 
11) was much smaller than that of 47 mm in the CB model (the blue and red curves in 
Figure 11), and the springback response occurred after maximum deflection in the UB 
loading. The springback phenomenon is called “counter-intuitive behavior” and has been 
studied by several scholars [44,45]; their works show that plates or shells can reach a final 
deflection in a direction opposite to the direction of the pulsive loads under specific load-
ing conditions. The results in Figures 11 and 13 show that the dynamic response of the 
steel plate under the UB load was very different from the CB load. 

 
Figure 13. Pressure–time curves of the UB and CB models at the target plate center. 

Figure 14 shows the propagation process of the internal shock wave in the CB simu-
lation. The blast shock wave first reached the center of the side plate at 0.1 ms. At 0.3 ms, 
the shock wave converged in the corner, and the pressure in the corner was much higher 
than that in the center area of the plate. After complex propagation, the shock waves con-
verged at the center of the cabin at 0.9 ms and 2.0 ms, respectively. 

Figure 13. Pressure–time curves of the UB and CB models at the target plate center.

Figure 14 shows the propagation process of the internal shock wave in the CB simula-
tion. The blast shock wave first reached the center of the side plate at 0.1 ms. At 0.3 ms, the
shock wave converged in the corner, and the pressure in the corner was much higher than
that in the center area of the plate. After complex propagation, the shock waves converged
at the center of the cabin at 0.9 ms and 2.0 ms, respectively.
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Figures 15 and 16 show the dynamic response process of the plate under unconfined
and confined blast loads, respectively. And the cross-sectional deformation profiles of the
UB model at different typical times are depicted in Figure 17, in which the arrows indicate
the move direction of the plastic hinge. As shown in Figure 15, when subjected to the
unconfined blast load, the central area of the plate was firstly deformed, and the response
spread along the radial direction with the central deformation increasing (as shown at
t = 0.24 ms in Figure 15). And then, plastic deformations were observed both in the central
area and around the boundaries as shown at t = 0.40 ms in Figure 15). Meanwhile, the area
between the center and the boundaries remained undeformed (see the platform in the cross-
sectional deformation profiles of Figure 15). After that, the plastic deformation along the
boundaries developed towards the center while central deformation occurred towards the
boundaries (as shown in Figure 15, the length of the platform got shorter from t = 0.24 ms
to t = 0.40 ms). At t = 0.64 ms, the plastic deformation spread to all undeformed regions
(the platform disappeared in Figure 17). As time went by, the deformation developed in
the central area, and the maximum deflection was reached of 25 mm at t = 1.20 ms.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 14. The pressure contours of the shock wave propagation of the CB simulation. 

Figures 15 and 16 show the dynamic response process of the plate under unconfined 
and confined blast loads, respectively. And the cross-sectional deformation profiles of the 
UB model at different typical times are depicted in Figure 17, in which the arrows indicate 
the move direction of the plastic hinge. As shown in Figure 15, when subjected to the un-
confined blast load, the central area of the plate was firstly deformed, and the response 
spread along the radial direction with the central deformation increasing (as shown at t = 
0.24 ms in Figure 15). And then, plastic deformations were observed both in the central 
area and around the boundaries as shown at t = 0.40 ms in Figure 15). Meanwhile, the area 
between the center and the boundaries remained undeformed (see the platform in the 
cross-sectional deformation profiles of Figure 15). After that, the plastic deformation along 
the boundaries developed towards the center while central deformation occurred towards 
the boundaries (as shown in Figure 15, the length of the platform got shorter from t = 0.24 
ms to t = 0.40 ms). At t = 0.64 ms, the plastic deformation spread to all undeformed regions 
(the platform disappeared in Figure 17). As time went by, the deformation developed in 
the central area, and the maximum deflection was reached of 25 mm at t = 1.20 ms. 

 
Figure 15. Resultant displacement of the middle section under UB. 
Figure 15. Resultant displacement of the middle section under UB.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 16. Resultant displacement of the middle section under CB. 

 
Figure 17. Cross-sectional deformation profiles of the UB model at different typical times. 

The dynamic response process of the plate under a confined blast load is shown in 
Figure 16, and the cross-sectional deformation profiles are depicted in Figure 18. As 
shown in Figure 16, when subjected to the unconfined blast load, slight deformation oc-
curred in the central area of the plate firstly. The dynamic response of the whole plate was 
observed in a very short time after the central area deformation (as shown at t = 0.48 ms 
in Figure 16). And then, larger plastic deformations were observed close to the boundaries, 
then in the central area, as shown at t = 1.12 ms in Figures 16 and 19, which was also 
observed in the experimental results as shown in Figure 6b. 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 the 
center (as shown in Figure 15 from t = 0.88 ms to t = 1.44 ms). At about t = 2.24 ms, the 
deflection reached a maximum value of about 46 mm. The deformation process in the 

Figure 16. Resultant displacement of the middle section under CB.



J. Mar. Sci. Eng. 2024, 12, 224 13 of 17

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 16. Resultant displacement of the middle section under CB. 

 
Figure 17. Cross-sectional deformation profiles of the UB model at different typical times. 

The dynamic response process of the plate under a confined blast load is shown in 
Figure 16, and the cross-sectional deformation profiles are depicted in Figure 18. As 
shown in Figure 16, when subjected to the unconfined blast load, slight deformation oc-
curred in the central area of the plate firstly. The dynamic response of the whole plate was 
observed in a very short time after the central area deformation (as shown at t = 0.48 ms 
in Figure 16). And then, larger plastic deformations were observed close to the boundaries, 
then in the central area, as shown at t = 1.12 ms in Figures 16 and 19, which was also 
observed in the experimental results as shown in Figure 6b. 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 the 
center (as shown in Figure 15 from t = 0.88 ms to t = 1.44 ms). At about t = 2.24 ms, the 
deflection reached a maximum value of about 46 mm. The deformation process in the 

Figure 17. Cross-sectional deformation profiles of the UB model at different typical times.

The dynamic response process of the plate under a confined blast load is shown in
Figure 16, and the cross-sectional deformation profiles are depicted in Figure 18. As shown
in Figure 16, when subjected to the unconfined blast load, slight deformation occurred in
the central area of the plate firstly. The dynamic response of the whole plate was observed
in a very short time after the central area deformation (as shown at t = 0.48 ms in Figure 16).
And then, larger plastic deformations were observed close to the boundaries, then in the
central area, as shown at t = 1.12 ms in Figures 16 and 19, which was also observed in
the experimental results as shown in Figure 6b. 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 the center
(as shown in Figure 15 from t = 0.88 ms to t = 1.44 ms). At about t = 2.24 ms, the deflection
reached a maximum value of about 46 mm. The deformation process in the diagonal section
of the plate was very similar to that of the cross section. It can be seen from Figure 10b that
the displacement fringe distribution changed along a regular gradient.
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4.2. Response Mechanism

From the study of the dynamic response process for both the FEM and DIC results,
the dynamic response of the plate under UB load was very different from the CB load. The
response mechanisms of the plate under UB load and CB load are shown in Figure 20, in
which the arrows indicate the move direction of the plastic hinge. The dynamic response of
the plate under UB load can be divided into three phases as shown in Figure 20a. In phase
I, the central region was deformed, a plastic hinge circle formed around the deformed
region, and the deformed region increased with the plastic hinge circle propagating radially.
In phase II, a new plastic hinge line occurred around the boundaries and propagated in
the opposite direction to the central plastic hinge, and a platform remained undeformed
between the boundary and the center. In phase III, the whole plate was deformed, and
deformation in the central area increased to the maximum value. The dynamic response of
the plate under the CB load can be also divided into three phases as shown in Figure 20b.
In phase I, the plastic hinge line happened in the boundaries and propagated towards the
plate center. A larger deformation in the peripheral region than the central area occurred in
phase II. As with the UB load, maximum deformation lastly happened in the central area,
which was phase III. In addition, in the design of a cabin structure subject to a confined
blast, more attention should be paid to the strength of the connections at the edges, as
confined blast loading may lead to tearing or shear failure at the corners and the edges due
to earlier and higher loads than an unconfined load.
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Based on the cabin model blast tests and simulation analyses mentioned above, some major
conclusions can be drawn as the following:

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

(b) The dynamic responses of the steel plate under UB load and CB load were compared.
The results showed that the dynamic response of the plate could be divided into three
phases under both the UB and CB loads, while only the dynamic response in phases I
and II were different.

(c) Differing from starting at the center and propagating to the boundary in the case
of the UB condition, in phase I, a plastic hinge in the CB condition occurred close
to the boundary and propagated in the opposite direction. In phase II, two plastic
hinge lines propagated towards each other, and a platform existed between the
boundary while the center remained undeformed in the UB condition. While in the
CB condition, a unique phenomenon of larger deformation in the peripheral region
than the central area was produced. All these achievements can provide guidelines
for the crashworthiness design of different kinds of defensive structures in ships
and warships.
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