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ARTICLE INFO ABSTRACT

Keywords: Cylindrical shells are widely used in marine structures from small-sized pipes to various immersed

Dynamic buckling containers and large submarines. Dynamic plastic buckling of the shells could be caused by un-

:Eoﬁk wave derwater explosion (UNEX) loads in industrial accidents or hostile attacks. Influential factors
e . X including non-dimensional hull shock factor reflecting the resilience of the material to shock

Fluid-structure interaction . . . . . . . . s

Buckle intensity, slenderness ratio, localised ring stiffener and endcap are identified. Their impacts on the

dynamic buckling modes are discussed relied on the finite element investigations. The results
show that the global hoop and axial buckling modes are mainly determined by the hull shock
factor and slenderness ratio, respectively. With the increase of hull shock factor, i) back-side
buckling, ii) back- and front-side buckling with dominant buckles at the back-side, iii) back-
and front-side buckling with dominant buckles at the front side, and iv) overall buckling with very
large buckles at the front-side originating from the priority buckling modes can be observed in the
circumferential direction. The competition between the front- and back-sides buckling is attrib-
uted to their different buckling mechanisms. The former one is caused by shock transmitted from
the explosion source through the fluid, whereas the later one is due to striking of the structural
hoop stress waves propagated from the front-side via the shell itself. Axial buckling modes con-
sisted of primary and potential buckles alternating in the axial direction could be triggered for a
large slenderness ratio, but be concealed by localised buckling modes for small slenderness ratio.
The localised buckling modes are controlled by the ring-stiffener and endcap, because they alter
the continuity of compression potential of shells.

1. Introduction

Shells are one of the most common elements in marine structures, with their applications ranging from small-sized pipes to various
containers and large submarines. Their stability has attracted wide attention over a long period of time. The most significant branch of
their application pertains to static buckling and implosion under high hydrostatic pressures, which is an actively pursued area [1-4]. In
addition to static buckling, dynamic buckling of shells by transient underwater explosion (UNEX) loads can be caused by industrial

* Corresponding author.
** Corresponding author. Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of Sciences,
Beijing, 100190, China.
E-mail addresses: bcnie@bjtu.edu.cn (B. Nie), zhanghuigin@imech.ac.cn (H. Zhang).

https://doi.org/10.1016/j.marstruc.2022.103200
Received 24 January 2021; Received in revised form 13 February 2022; Accepted 18 February 2022

Available online 7 March 2022
0951-8339/© 2022 Elsevier Ltd. All rights reserved.


mailto:bcnie@bjtu.edu.cn
mailto:zhanghuiqin@imech.ac.cn
www.sciencedirect.com/science/journal/09518339
https://www.elsevier.com/locate/marstruc
https://doi.org/10.1016/j.marstruc.2022.103200
https://doi.org/10.1016/j.marstruc.2022.103200
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marstruc.2022.103200&domain=pdf
https://doi.org/10.1016/j.marstruc.2022.103200

B. Nie and H. Zhang Marine Structures 84 (2022) 103200

accidents or hostile attacks. In general, the dynamic buckling threshold of a shell can exceed its static buckling limit owing to the
inertial effect, and an analysis of this phenomenon is very complex, as dynamic stress wave and strain-rate effects are involved.

Several studies have focused on dynamic buckling of typical structural elements subjected to dynamic loads in air. Earlier results for
bars, plates, rings, and shells have been well reviewed in monographs [5,6]. In the last decade, numerous investigations aimed at
structures of different scales, complex geometries, and complex constitutive behaviours have been conducted. Dynamic buckling of
nanostructures [7], composite structures [8], functionally graded structures [9], and viscoelastic structures [10] have been reported.
However, the fluid-structure interactions vanish in these cases, and have been confirmed to significantly influence the lower-order
buckling modes [11]. Additionally, a few studies have examined the responses of submerged structures to dynamic loads, such as
axisymmetric external pressure pulses [12], side-on rectangular incident pressure pulses [13], and intermediate-velocity impacts
imposed by airbags [14]. However, their temporal features, including the time duration and temporal decay rate of the time-varying
loads, differ significantly from that of UNEX loads.

A UNEX load is a unique dynamic load consisting of a shock phase and a bubble pulsating phase. A quasi-spherical shock with a
pressure peak of several MPa and duration of less than one ms is released into water once the detonation of an explosive is accom-
plished. This shock is then followed by a pulsating bubble load. The duration of the bubble load is several orders of magnitude longer
than that of the shock; however, its pressure peak is always less than 20% of the shock’s peak. In general, a shock can carry more than
half of the energy released by the UNEX. The pressure profile, peak, and impulse of the shock can be estimated by scaling laws proposed
half a century ago with surprisingly good precision [15]. These scaling laws are the results of a combination of the theory of prop-
agation of spherical shocks, experimental data, and dimensional analysis. On the other hand, bubble dynamics were captured by the
boundary element method [16,17] and smoothed particle hydrodynamic method [18]. Recently, bubble-bubble and bubble-boundary
interactions have been reproduced numerically and experimentally [19,20]. Moreover, Geers et al. [21,22] matched the shock and
bubble pulsing phases, and provided an entire pressure profile of a UNEX load.

Numerous studies have examined the structural dynamic responses caused by UNEX shocks and bubble loads. Currently, a few
high-precision fluid-structure decoupling algorithms are available. Doubly asymptotic approximation (DAA) methods of different
orders [23], arbitrary Lagrangian-Eulerian method [24], and others [25-27] have been developed for simulating the nonlinear dy-
namic responses of structures subjected to UNEX load. The dynamic responses of stiffened plates [28,29], sandwiched plates, cylin-
drical shells [30,31], stiffened cylindrical shells [32], and composite shells under UNEX shocks have been discussed. Recently, by
extending the string-on-foundation method, a simplified model was developed to estimate the response of a deeply immersed cylinder
struck by a side-on underwater shock wave, along with a correction factor based on numerical simulations [33]. Additionally, the
dynamic responses of plates [16,20] and slender structures with and without fluids inside by the UNEX bubble load have been
investigated as well [34,35]. Structures that encounter both shock and bubble loads have also been investigated [36]. Moreover, the
response of a hull girder under a load combined with UNEX and surface wave were investigated [37]. Furthermore, several experi-
mental studies have been reported as well [38-40].

In the aforementioned studies relevant to responses caused by UNEX loads, the elastic/plastic deformations and damage to the
structure were simulated or measured, and the features of the structural response caused by shock and bubble loads were identified.
However, the structural responses were treated without identifying the underlying mechanisms. In fact, by analysing the experimental
images and numerical results, at least two different types of structural failure mechanisms can be identified. One is the response
dominated by tensile stress, for example, the laceration of plates [28] and dimples between stiffeners of stiffened plates [29]. The other
is the dynamic buckling, a typical example of which is the circumferential buckles of a shell [31,38]. The failure of ring stiffeners [32]
is also a result of dynamic buckling.

Recently, several studies have investigated the dynamic buckling of shells using axial or side-on underwater shock waves. Bitter and
Shepherd [11] measured the deformation of a thin-wall tube subjected to an axial underwater shock wave, generated by a gas gun
striking a buffer. Buckling modes 2 and 3 were observed in their experiments. The ratio of the dynamic and static buckling thresholds
on a pressure-impulse diagram was presented. Gupta et al. [41] experimentally examined the dynamic buckling of a cylindrical shell
subjected to a constant hydrostatic pressure and transient UNEX shock in the axial direction using real-time high-speed digital image
correlation deformation measurements. The experiments were conducted at different hydrostatic pressures ranging from 30% to 90%
of the static buckling limit with a fixed shock peak. The primary mode, mode-2, was found to be responsible for the collapse; addi-
tionally, short-lived higher-order axisymmetric modes were also observed. DeNardo et al. [42] experimentally investigated the
buckling of foam-filled double-hull composite cylinders under a combination of hydrostatic and side-on shock loads. They concluded
that the foam core could increase the stability and prevent the collapse of the hull cylinder, by activating the vibration response to
absorb the energy. As these studies focused on deeply immersed cylinders with high hydrostatic pressures, their focuses were only on
the influence of the latter. The buckling modes, and their development and transition were rarely discussed, especially for those caused
by side-on UNEX loads.

Overall, there has been a lack of discussion on the dynamic modes of cylindrical shells caused by a side-on UNEX such as a
comprehensive identification of influential factors, evolution of buckling modes, and corresponding mechanisms. Moreover, some
buckling phenomena in the experiments are not explained thoroughly; for example, severe buckling can occur at the back-side
sometimes [38] and at the front-side at other times [31,42]. Motivated by these facts, this study examined the non-dimensional pa-
rameters affecting the buckling modes; these are explained in Section 2. The case studies and numerical method employed in this study
are described in Sections 3 and 4. Section 5 presents the analyses on hoop and axial dynamic buckling modes of the cylindrical shell
investigated, including their development, the role of stress waves on the competition between the buckling at back- and front-sides, as
well as the influences of ring stiffener, slenderness ratio, and endcap on the buckling modes. Finally, a summary, along with the
conclusions drawn from this study, are presented.
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2. Analysis of influential parameters

The dynamic plastic buckling modes of submerged cylindrical shells are affected by four groups of parameters. These are i) the
spherical explosion shock: peak pressure pp, duration € and explosion standoff S; ii) geometry of the shell: length L, radius R (or
diameter D), and thickness §; iii) structural material properties: density of the material p;, elastic modulus E, Poisson’s ratio y, and yield
stress oy; and iv) fluid medium: fluid density py, speed of sound c (or the modulus of fluid), viscosity u, and hydrostatic pressure p;.

We use g to represent each quantity of interest, for example, the length or amplitude of the buckles, which can be expressed as

G =f1(Pu, 0,8, LR, 8,p, E, 7,0, P,y 1, €, D5). 1

fourteen independent variables are included in f,.
By dimensional analysis, Eq. (1) can be transformed into
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Here, /R is the ratio of thickness to radius of the shell; L/D is the slenderness ratio, which can influence the whipping response; and L/
S represents the non-uniform effect of the load exerted by the sphere shock along the axial direction of the structure, which can be
treated as a planar shock for a non-contact UNEX with a small L/S.

7, Ts, pm/E, and pyy /oy are related to the load and structural material. A value of 0.3 is typically assigned to y and its variation among
different metallic materials commonly used in marine structures is insignificant. T; is the ratio of the time scales of the load to the stress
wave propagating through the shell thickness. The impact of T; on the hoop and axial buckling modes is not apparent as the thickness of
the shell is very small, and the propagation of the stress wave in the thickness of the shell would be completed instantaneously
(approximately 107> s), which is much smaller than the duration of the load (approximately 10~% s). py/E and py/cy both reflect the
relationship between the explosion intensity and resilience of the material. In fact, p, is determined by the intensity of the explosion
source and standoff S. This can be quantified by the hull shock actor W'/2/S, related to the energy density received at S [43], where W
is the weight of the charge in the equivalent TNT. To integrate the resilience of the material, two non-dimensional hull shock factors
can be introduced as

w/S
HSFy = vw/ )
E/g
with focus on the elastic stage from p,/E, and as
w/S
HSFp= vw/ (5)
ov/8

with focus on the elastic stage from pp,/oy.
The remaining four dimensionless numbers result from the fluid-structure interactions. In the Reynolds numbers Re,; and Re;, the
velocity scales Vg and V; can be expressed as

LR
v, =2 2e,v,:R/e. )
pLR

this implies that V; and V; correspond to the velocities of structural global migration and local deformation, respectively. Because the
duration of the UNEX shock is extremely small, Vg and V; are insignificant, implying that large-scale flow separation will not occur, and
Reg and Re; are dominated by inertia instead of viscosity. Mg, the added mass, is equal to the mass ratio of the fluid displaced by the
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structure and structural self-weight. It differs significantly between a shell struck by an air blast and that struck by an underwater
explosion. In general, it is approximately equal to unity for underwater floating structures. Ma,, reflects the compressibility of the fluid
under shock. It is usually approximately unity for non-contact UNEX because the propagation speed of a UNEX shock in water quickly
decays to the acoustic speed [15]. ps/pm is the ratio of the hydrostatic pressure to the peak pressure of shock wave. In most marine
engineering applications, p; is significantly less than the pressure of the shock wave. However, it can significantly alter the buckling
mode when it falls in the vicinity of the critical hydrostatic pressure of static buckling p.. Thus, ps/pm can be replaced by ps/p..

Based on the above discussion, §/R, L/D, HSFp, and p,/p. are the four primary governing parameters for the dynamic plastic
buckling modes of cylindrical shells subjected to a side-on shock wave. Assuming that the shell is thin and ps/p. is small, Eq. (2) can be
further simplified as

L
Q~fo (HSFm 5) (7)

by dropping 5/R and ps/p..
On the other hand, cylindrical shells are usually strengthened by ring stiffeners and sealed off by endcaps. The two most common
localised structures may also affect the buckling modes.

3. Geometry models and study cases

Three cylindrical shell models A, B, and C were examined in this study. They were all made of 6061-T6 aluminium, which has a
density of 2784.5 kg/m®, elastic modulus of 75.6 GPa, and yield stress of 300 MPa. Their geometries are shown in Fig. 1 and are
explained below.

(i) Model A is a cylindrical shell with a length and diameter of 1067.0 and 305.0 mm, respectively, with an L/D of 3.2, and is sealed
by two end plates. The thicknesses of the shell and the end plates are 6.35 and 25.40 mm, respectively. Model A has the same
geometry as the experimental model in Ref. [38]; this would allow a direct comparison.

(i) Model B, though fundamentally similar to A, has an additional ring stiffener at the middle section; this would allow the in-
fluence of the ring stiffener to be examined. The ring stiffener has a rectangular cross-section of height and width of 10.0 and
6.35 mm, respectively.

(iii) Model C has a different L/D and endcaps compared to Model A. Its L/D is approximately 7.0 with a length and diameter of 700
and 100 mm, respectively. We examined this L/D, as it has a low total resistance for the same displaced volume for marine
vehicles [44]. The shell thickness of Model C was set to 2.1 mm, which means it would have the same §/R as Models A and B
(approximately 0.042). At the same time, the shell of Model C is sealed by two hemispherical shells, each of thickness 2.1 mm.

To investigate the impact of HSFp, various explosion intensities were exerted on each shell, as listed in Table 1. Cases 1-4
correspond to Model A subjected to charge weights of 27.50-110.00 kg; Cases 5-11 correspond to Model B subjected to charge weights
of 27.50-110.00 kg; Cases 11-15 correspond to Model C subjected to charge weights of 8.00-16.00 kg. Cases 16 and 17 has a sub-
merged depth of 100 m. The standoffs for Model A and B are 7.62 m, while that for Model C is 6.00 m. Thus, the ratios of structural
length to the corresponding standoff are 0.13-0.14, thus resulting in the same spherical effect of the shock. The HSFp values for those

Ring-stiffener

ModelA& B

A: no ring-stiffener

B: with ring-stiffener

Model C

Unit: mm

Fig. 1. Schematic of the cylindrical shell models. G1 and G2 are generatrices closest to the charge, and G3 is the generatrix symmetrical with G2 to
the axis of the cylindrical shell. C1 and C3 are contours located in the middle cross section, and contour C2 is at a section at quarter length from
the end.
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Table 1
Parameters for different cases of cylindrical shells subjected to UNEX shock.

Case Structure model w (kg) S (m) H (m) oy (MPa) HSFp x 10°
1 Model A 27.50 7.62 3.66 300 124
2 L/D=3.2 55.00 7.62 3.66 300 176
3 /R = 0.042 82.50 7.62 3.66 300 215
4 110.00 7.62 3.66 300 249
5 Model B 27.50 7.62 3.66 300 124
6 L/D=3.2 55.00 7.62 3.66 300 176
7 8/R = 0.042 68.75 7.62 3.66 300 197
8 82.50 7.62 3.66 300 215
9 90.00 7.62 3.66 300 225
10 96.25 7.62 3.66 300 233
11 110.00 7.62 3.66 300 249
12 Model C 8.00 6.00 3.66 300 85
13 L/D=7.0 10.00 6.00 3.66 300 95
14 8/R = 0.042 12.00 6.00 3.66 300 104
15 16.00 6.00 3.66 300 120
16 8.00 6.00 100 300 85
17 16.00 6.00 100 300 120

cases are summarised in Table 1.
References [2,45] show that the minor critical hydrostatic pressure of static buckling for perfect cylindrical and spherical shells can
be estimated by

P cyiinger = lziljtyz (g) ’ ®)
and
Pomen = () ©

respectively. Accordingly, the critical static buckling hydrostatic pressures are 19.3 MPa for Models A and B, and 6.7 MPa for Model C,
which are far above the present hydrostatic pressure, i.e., 0.036 MPa/0.98 MPa at 3.66 m/100 m below the free surface.

4. Numerical method and validation
4.1. Numerical method

Various criteria were specified in the literature for identifying the occurrence of structural dynamic buckling. Generally, they can
be divided into geometric, energetic, and failure types [6]. For marine structures under impact, the critical load of dynamic buckling
was usually defined as the load at which a small increment can cause sharp variations in the structural deformation [14,28]. The focus
of this study is on the structural failure caused by dynamic buckling. Therefore, the dynamic plastic buckling modes of interest are
defined as the plastic deformation patterns caused by material compression, which have a different morphology from the initial state,
such as plastic dimples or buckles.

The dynamic responses of the shells were investigated using a commercial structural analysis package ABAQUS, based on the finite
element method. To integrate the fluid-structure interaction, the water domain surrounding the shell was included in the model. The
added mass ratio between the finite and infinite water domain decreased to unity with an increase in the radius ratio of the water
domain and shell. Specifically, the added mass ratios were 1.67, 1.13, 1.06, and 1.03 corresponding to radius ratios of 2.0, 4.0, 6.0, and
8.0, respectively. Thus, a radius ratio of 6.0 was adopted in for all the cases to capture the influence of fluid without a heavy
computational expense.

The shell was free to move, and was discretised using 4-noded quadrilateral shell elements (S4R). More than ten mesh sizes were
assigned for the shortest wavelength estimated by the product of the speed of sound (~5200 m/s) and duration of the shock wave
(~0.5 ms). The water domain was discretised using 8-noded, structure elements (AC3D8R). The meshes of the water domain allowed
for larger sizes than the structure because acoustic waves propagate slower in water than in solids. The pressure and displacement of
the structure and fluid were coupled at the fluid-structure interface. The acoustic element of the water domain was updated to follow
the shell surface in every iteration, where each fluid node was an average of the nearby nodes of the shell. The radiation boundary
condition was adopted for the exterior boundaries of the water domain, and this allowed the shock to pass through without being
reflected back into the computational domain.

The Johnson-Cook damage model was adopted for the yield stress. The fluid was assumed to be inviscid, but compressible, with a
bulk modulus of 2.14 GPa. Water was capable of undergoing cavitation by allowing an arbitrarily large volume expansion without
further drop in pressure once the pressure is lower than the cavitation pressure limit.
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18.4 MPa

Case 1

1 1 1
0.04 0.06 0.08

0.10

15.1 MPa

Bubble load

Case 16

I I
0.00 0.02 0.04 0.06 0.08 0.10

tls

Fig. 2. Pressure profiles monitored at 2.5 cm near the shell in Cases 1 and 16.

The UNEX load was assumed to be spherical, and it comprised a shock phase (t < T,) and bubble oscillation phase (t > T,). The
historical profile of pressure at S for the shock and bubble oscillation phases can be expressed as [21]:

, G+ 2ad®

> 7T.. 10)
S 7t P &

P(S,1) = fﬁ (%)AV'([a(/S]”z),t < TT.p,a

The bubble radius a can be estimated using the doubly asymptotic approximation model [25], which was solved using a
fourth-order Runge-Kutta integration method.
The volume acceleration is expressed as

4ra,

V(1) P, {0.8251 exp( ~1.338 Ti> +0.1749 exp( —0.1805 Ti> } . (11)

w c

Here, a, is the radius of the explosive charge and T, equals a./v.. The constants P, v., A, and B are constants related to the charge
material, and the value of them are 1.71, 1.47, 0.15, and 0.29, respectively, for HBX-1 of density 1.72 g/cc. In practice, the explosion
source was located outside the fluid domain and the UNEX load, calculated using Eqgs. (10) and (11), was imposed as an initial pressure
field in the water domain at the moment when the shock front propagated to a reference point in the water domain near the shell.

The time history of pressure was monitored for each case, and those for Cases 1 and 16 are plotted in Fig. 2. The distance between
the monitor probe and explosion source is 7.44 m in Case 1 and 5.93 m in Case 16. In either case, the probe is located 2.5 cm from the
shell wall. As the bubble radius in Case 1 is 4.2 m according to the expression 3.36W'/3/(H+10.3) /3 [15], which is much larger than
the explosion depth, the explosion bubble is vented out at the surface. Therefore, a pulse generated by the bubble is not observed, as
shown in Fig. 2(a). The hydrostatic pressure is not apparent because H is only 3.66 m. In Case 16, the pressure at the probe increases to
15.1 MPa, and then decreases to the hydrostatic pressure quickly, followed by a pulse at 80 ms due to the bubble collapse (see Fig. 2
(b)). Based on the expression 52.16 (WY3/5)113 [15], the pressure peaks at the probe in Cases 1 and 16 are 18.8 and 15.3 MPa,
respectively. This result agree with the peaks of the UNEX shock in the two simulations. No significant cavitation is detected by the
probes near the shell.

4.2. Validation

Case 1 was examined experimentally by Kwon and Fox [38], in which the hoop and axial strains at the middle section and near the
endcap were measured using strain gauges. To validate the aforementioned numerical method, Case 1 was simulated with strains at B1,
B2, B3, and C1 monitored, as shown in Fig. 3. B1, B2, and B3 is located on the circumference of the middle cross-section and are the
nearest, uppermost, and farthest points on the shell from the explosion source, respectively. The shell is surrounded by water with a
radius ratio between the water domain and shell of six. Two structured grids, an intermediate mesh and a denser mesh, with different
spacings were used for the mesh independence study. In the intermediate mesh, 5736 S4R and 327,860 AC3D8R elements were used
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Free surface

3.66m

Fig. 3. Schematic diagram of the arrangement and positions of the probes.

for the shell and water domains, respectively. On the other hand, 12,736 S4R and 627,860 AC3D8R elements were used for these
domains in the denser mesh. An almost uniform grid spacing was adopted for the shell; however, a non-uniform grid spacing was used
for the water domain with the finer grid being used in the proximity of the shell.

The numerical results of the intermediate and denser meshes in our study were compared with the numerical and experimental data
from Ref. [38]. The dots in Fig. 4(a) representing the experimental results indicate that region B1 underwent oscillations of the axial
strain with a slight compression. The negative hoop strain in Fig. 4(b) reflects the severe compression in the circumferential direction.
Our numerical results at B1 confirm these features and the predicted final strains are in good agreement with the experimental results.
However, the first peaks of both the axial and hoop strains are underestimated in the numerical simulations, as shown in Fig. 4(a).
Fig. 4(c-f) show that the numerical results capture the initial magnitudes and final strains satisfactorily. The hoop strain at B3 is
presented in Fig. 4(g), and significant discrepancies are observed in this variable between the experiments and numerical simulations.
However, the axial strain at B3 is not provided because the corresponding strain gauge failed during the experiment. As for the
temporal features, the peaks of the strains in the simulations are all present earlier than those in the experiments, which is acceptable
considering that it was difficult to determine the initial time in the experiments. The dominant oscillating frequency corresponding to
the ringing phenomenon could be identified in the numerical results. However, the oscillation frequency is higher than that in the
experiments. This is because the strain gauge output was filtered at 2000 Hz in Ref. [38], and the shell constraints in the experiments
and simulations are slightly different from each other. The insignificant difference between the results of the intermediate mesh and
those of the denser mesh confirms that the results are mesh-size-independent. By comparing the numerical results in this study with
those from Ref. [38], it is observed that the improvement in the predictions for strain is clear in our simulations, especially for the axial
strain at B1, and hoop strains at C1 and B3.

5. Plastic deformation and buckling modes
5.1. Dynamic buckling of model A
(1) Dynamic responses and failure regions

The dynamic responses of Case 1 are shown in Fig. 5. The primary response is global migration away from the charge, which would
not contribute to a structural deformation. Another one is the whipping response as illustrated by the bending curvatures at time
instances of 0.3 and 1.2 ms. As the duration of shock is very short, whipping response by shock is usually of secondary importance [35].
The third one is the local structural response caused by the propagating stress waves. At 0.6 ms, two dominant stress waves are
generated near the end plates. These two waves propagate towards the middle cross-section (arrows at 0.9 ms), strike at the middle
cross-section (arrow at 1.2 ms), and finally propagate towards the opposite end plate (arrow at 1.5 ms). Because the axially propagated
stress waves are quite complex, these two waves became unclear at 1.8 ms. In addition to the stress waves propagating along the axial
direction, stress waves propagating along the hoop direction also exist.

The plastic regions of Case 1 are identified by the equivalent plastic strain, as shown in Fig. 6(a) and (b). The same for Case 4 is also
presented for a comparative observation of the influence of HSFp (see Fig. 6(c) and (d)). Fig. 6(a) and (b) show that there are three main
plastic regions, namely I, II, and II. Only regions I and III are discussed hereafter due to their symmetry. However, Fig. 6(c) and (d)
show that the whole shell yielded for large HSFp, and the most severe plastic deformation at the front-side are located in regions IV and
I. Upon comparing Cases 1 and 4, it appears that the thresholds of plastic deformation for regions I and III are lower than that of region
IV. However, region IV tends to have a larger plastic deformation than regions I and III for a large HSFp. In other words, the growth rate
of plastic deformation in region IV is larger than that in regions I and III with a higher HSFp; this implies different deformation
mechanisms in those regions. Furthermore, the plastic deformation of the region above (region V) and the symmetric deformation
below are significant as well.

(2) Axial buckling modes



B. Nie and H. Zhang Marine Structures 84 (2022) 103200

0.0030 0.0030 —
A (a) Position B1 (b) Position B1
1
0.0015 [ 0.0015 -
1
0.0000 % 0.0000
g g
< <
i~} =}
2 -0.0015 o, -0.0015
= 1]
* <]
< ==
-0.0030 -0.0030
O Experimental (Kwon & Fox,1993) . Experitpental (Kwon & Fox,1993)
-0.0045 L — — -Numerical (Kwon & Fox,1993) 00045 T Numeqcal (Kwon &_Fox,l993)
’ Numerical (Intermediate mesh) ’ Numer{cal (Intermediate mesh)
m— Numerical (Denser mesh) Sisese Numerical (Denser mesh)
_00060 1 1 1 1 1 1 1 1 1 _00060 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time /ms Time /ms
0.0030 0.0015
(c) Position C1 (d) Position C1
0.0015 G300
-0.0015
0.0000 K
£ .£ -0.0030
g £
e 00015 & -0.0045
* S
< =
-0.0030 | -0.0060 |
z O Experimental (Kwon & Fox,1993)
o Experimental (Kwon & Fox,1993) -0.0075F e Numerical(Kwon & Fox,1993)
-0.0045¢+- e Numerical(Kwon & Fox,1993) o ! ‘
. - umerical (Intermediate mesh)
Numerical (Intermediate mesh) ol N cal (D .
—-—-— Numerical (Denser mesh) -0.0090 umerical (Denser mesh)
-0.0060 1 I ! ! ! L ! ! ! ! 1 1 I ! 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time /ms Time /ms
0.0030 0.0030
(e) Position B2
0.0015 0.0015
0.0000 0.0000
c =
g E
» -0.0015 o, -0.0015 -
8 g
2 =
-0.0030 -0.0030 -
o Experimental (Kwon & Fox,1993) O Experimental (Kwon & Fox,1993)
----- Numerical (Kwon & Fox,1993) ----- Numerical (Kwon & Fox,1993)
-0.0045 - Numerical (Intermediate mesh) -0.0045 Numerical (Intermediate mesh)
------ Numerical (Denser mesh) =+=+=+ Numerical (Denser mesh)
_00060 1 1 1 1 1 1 1 1 1 _00060 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 0 8 9 10
Time /ms Time /ms
0.0015
i (g) Position B3
0.0000
-0.0015
_E -0.0030 oot 0o pooo™ogo o
g v . . A
g -0.0045H AA \/ . A
3 XA} S0 At e NPT Lt YO
o
-0.0060 |-
Experimental (Kwon & Fox,1993)
-0.0075+4f 0 meee- Numerical(Kwon & Fox,1993)
Numerical (Intermediate mesh)
-0.0090 F i Numerical (Denser mesh)
1 | 1 1 1 1 1 X 1

Time /ms

Fig. 4. Time histories of axial (left) and hoop (right) strains at four typical positions: (a and b) at B1; (c and d) at C1; (e and f) at B2; (g) at B3 (see
Fig. 3). The solid lines represent the numerical results from this study, while the dotted and dashed lines represent the experimental and numerical
results, respectively from Ref. [38]. The comparison of the axial strain at position B3 could not be presented as the corresponding strain gage failed
in the experiment.
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Fig. 5. Displacement and deformation (m) of shell Model A in Case 1. The initial position of the shell is sketched by the grid lines. To illustrate the
response clearly, the displacements (contour plots) of the shell have been enlarged 50X.

The hoop and axial plastic strains along G1 (see Fig. 1) of Case 1 are plotted for five instances during the initial 0.7 ms, as the plastic
deformation occurs only during this period. Fig. 7 shows that the maximum magnitude of the plastic hoop strain due to compression is
almost double that of the plastic axial strain due to tension, which implies that the failure of region I is caused by dynamic buckling.
According to the axial plastic strain, region I can be further divided into three sub-regions, namely a tension region I-0 near the end
plate, and two compression regions I-1 and I-2. In sub-region I-0, the hoop compression is superior to axial tension, whereas both hoop
and axial compressions occur in regions I-1 and I-2. The development of the axial plastic strain also demonstrates that dynamic
buckling mainly occurs in sub-regions I-1 and I-2 during 0.2-0.3 ms. It is noteworthy that a region with a potentially positive axial
plastic strain could appear between I-1 and I-2.

The development of elastoplastic strains in Case 1 along G1 is plotted in Fig. 8. Fig. 8(a) shows that the hoop strain is almost
uniform along G1 at 0.15 ms except for a slightly larger strain near the end plate. Then, the deviation between the strain at the ends
(region I) and that in the middle (region IV) increased remarkably with time. As the end plate is harder to compress circumferentially
than the shell, it results in an inhomogeneous resilience to hoop compression along G1; furthermore, a strong axial tension occurs in
sub-region I-0, corresponding to the peaks near the end plate, as shown in Fig. 8(b). Later, the reverse rotation motion of the end plates
due to the asymmetric tension at the front- and back-sides of the shell become notable, which led to the axial compression of the front
side, that is, the two peaks of the hoop total strain near the end wall, as presented in Fig. 8(a). Fig. 8(b) clearly shows the generation of
wave patterns along G1 due to the axial compression. When the strains of these wave patterns exceed the yield stress, plastic buckles,
such as those in sub-regions I-1 and I-2, could be observed. In Case 1, the axial strain in the middle region is small and the material
remains elastic, as shown in Fig. 7. Therefore, we can infer that buckling in region I is caused by the end plate.

The effect of HSFp on the final plastic strains of shell model A is presented in Fig. 9. It indicates that the hoop plastic compression
strain is larger than the axial plastic tension strain in region I-0 for Case 1, with an HSF, of 124 x 107%. When HSF;, increases to 249 x
1075, the maximum axial and hoop plastic strains near the endplate are both approximately 0.2. In other words, the axial plastic
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Fig. 7. Evolution of hoop (dashed lines) and axial (solid lines) plastic strains along G1 of Case 1. The horizontal axis displays the non-dimensional
length along the axis of the structure. The plastic hoop strain curves at 0.35 and 0.70 ms are almost identical.

tension strain catches up with the hoop plastic compression strain. This implies that the failure in region I-0 could be caused by tension
rather than by buckling for large HSF, values. However, buckling always dominate in the region beyond I-0 because the hoop plastic
compression strain is always larger than the axial tension strain. In general, the buckling area increase with HSF,; however, the number
of axial buckles near the end plate is insensitive to HSFp,.

(3) Hoop buckling modes

The development of plastic strain along contour C1 in Fig. 10 demonstrates that the back-side (region III) is in a compression state
in the hoop and a tension state in the axial direction. The magnitude of the compressive strain is almost double that of the tensile strain.
Therefore, the failure in region III is dominated by hoop buckling with three typical buckles (III-1, III-2, and III-3).

The development of total hoop strain along C1 during 0-0.3 ms with an interval of 0.01 ms is presented in Fig. 11. It shows that the
development of plastic deformation along the circumference of the shell could be divided into three phases, that is, 0-0.1 ms, 0.1-0.18

10
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ms and 0.18-0.3 ms. During the first phase (0-0.1 ms), an elastic hoop strain occurs at the front side, once the shock strikes the shell;
then, the elastic strain region expands to cover the entire circumference. In the second phase (0.1-0.18 ms), the elastic hoop strain at
C1 increases globally. After 0.18 ms (third phase), the increase in the hoop strain at the front-side corresponding to the region around
0/360° in Fig. 11(a) stops. Three peaks of strain appear at the back-side and continue to grow. Furthermore, the growth of the two
peaks by the side stop at 0.3 ms, and the peak at the middle increases until 0.4 ms (see Fig. 10). In other words, a stress wave is
generated at the nearest point of the shell when the shock strikes the shell; then, two waves form at the top and bottom, propagating
along the circumferential direction. The superposition of these two stress waves results in three peaks of strain at the back-side. In fact,
the generation of the three plastic buckles III-1, III-2, and III-3 is not influenced by the fluid-shell interaction. The propagating speed of
the stress wave in the shell is much larger than that in water; for additional information, readers may refer to the experimental ob-
servations in Ref. [46]. In addition, the plastic strains during 0.23-0.30 ms with the 0.01 ms interval are also presented in Fig. 11(b). It
shows that the plastic strain starts during 0.27-0.28 ms. The magnitude of the plastic strain in III-2 is always larger than that in III-1 or
I11-3; this implies that a potential bucking mode with only one plastic buckle exist when the threshold for the occurrence of plastic
deformation falls between the plastic strains in sub-regions III-1 and III-2.

For comparison, the development of the total hoop strain along C1 in Case 4 is presented in Fig. 12, which shows that the hoop
strain along C1 could be divided into three phases. The first two phases would be very similar to those of Case 1, as shown in Fig. 11(a).

11
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However, the strain at the front-side continue to increase at a large growth rate instead of stopping the increase in the third phase. This
is because HSF,, in Case 4 is large enough to cause buckling at the front-side at 0.24 ms (see Fig. 11(b)). Moreover, three buckles, III-1,
I11-2, and III-3, at the back-side are not observed in Case 4 (see Fig. 12(b)); this is because the buckling at the front-side consumes the
energy of the stress waves, which therefore could not cause buckling at the back-side. Therefore, the buckling mechanisms at the front-
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and back-sides were different. More specifically, the buckling at the back-side resulted from the striking of the structural hoop stress
waves, whereas the front-side buckling is due to the shock transmitted from the fluid.

The final hoop and axial plastic strains along contour C1 for Cases 1-4 are presented in Fig. 13, from which the ‘competition’
between the buckling at the back- and front-sides with an increase in HSF,, is very clear; that is, the buckling at the back-side occurred
more easily, as shown in Fig. 13(a) and (b), because it is caused by the superposition of the two stress waves generated at the front side.
However, the growth rate of the buckling at the front-side become much larger with an increase in HSFp; thus, the amplitude of the
plastic deformation at the front-side finally catches up with, and even exceed that of the back-side buckling. Thus, a very large plastic
hoop strain can be observed in the regions around 45 and 315° in Cases 3 and 4, as shown in Fig. 13(c) and (d).

5.2. Dynamic buckling of model B
(1) Failure regions

Comparing the dynamic responses of Models B and A, it is difficult to observe the influence of the ring stiffener on the global
migration and whipping response. However, the ring stiffener could significantly change the local behaviour of the region nearby, and
inhibit the hoop plastic deformation of the shell, overall, as shown in Fig. 14. More specifically, the plastic regions of Case 1 in Fig. 6
and Case 5 in Fig. 14 show that plastic region III is divided into two sub-regions by the ring stiffener; the maximum plastic strain in
region IV of Case 11 is reduced by approximately 25% compared with that of Case 4, and the impact of the ring stiffener on plastic
regions I and II is not clearly apparent.

(2) Buckling modes

Fig. 15 shows that the hoop plastic strain appears prior to the axial plastic strain with an increase in HSFp, and the axial plastic
strain at y/L from 0.1 to 0.9 could only be observed for Cases 8-11. Fig. 15(b) shows that the shell was compressed in the hoop di-
rection for every cross-section. Four peaks symmetrical about the ring stiffener at y/L = 0.3, 0.42, 0.58, and 0.7 exist for Case 11, with
the former two marked as P11-1 and P11-2. The axial plastic strains at P11-1 and P11-2 are also negligible, which confirms that
buckling dominated the structural deformation. Notably, buckling is not observed at P11-1 for Case 8. In other words, the buckling
modes are altered when HSF;, increases from 215 to 249. Buckles P11-1 and P11-2 are not observed in Fig. 9. This means that the ring
stiffener could change the axial buckling mode, as it influences the equivalent slenderness ratio between sections harder to compress
circumferentially.

The axial and hoop plastic strains along contour C2 are shown in Fig. 16. The magnitude of the hoop compression strain is always
larger than that of the axial tension strain, indicating that buckling is dominated the plastic deformation on contour C2. Fig. 16 shows
four types of hoop buckling modes similar to those of Model A in Fig. 13. These were: i) weak plastic buckling at the back-side and
almost no buckling at the front side (see Fig. 13(a)), ii) weak plastic buckling at both back- and front-sides (see Fig. 13(b)), iii) weak
plastic buckling at the back-side and severe plastic buckling at the front side (see Fig. 13(c)), and iv) priority buckling modes at the
front side, which grow into very large buckles (see Fig. 13(d)). In other words, the ring stiffener has a minor impact on the hoop
buckling modes, except for the cross-section close to the ring stiffener; however, it could significantly mitigate the magnitude of
buckling.

The plastic regions of the ring stiffener were also examined. When HSF,, is small, the ring stiffeners in Cases 5-7 remain elastic, as
shown in Fig. 17(a). One, two, and four buckling regions (Fig. 16(b), (c), and (d), respectively) can be observed with an increase in
HSF,. When HSF,, increases further, the four buckling regions expand to contact one another, resulting in the yielding of the entire ring
stiffener. Fig. 17(b) and (c) indicate that the buckling threshold at the back-side is larger than that at the front side. Comparing this
with the hoop buckling mode of the shell suggests that the resilience of the ring stiffener at the back-side to tangential compression is
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Fig. 13. Final hoop (dashed line) and axial (solid line) plastic strains along contour C1 of Model A; (a), (b), (c), and (d) correspond to Cases 1-4,
respectively; the minimum and maximum values of the plastic strains are marked.

improved significantly due to the much larger thickness.
5.3. Dynamic buckling of model C

Fig. 18 presents the failure regions of shell Model C subjected to a shallow UNEX. It indicates that the equivalent plastic strain is
symmetrical about the middle cross-section of the shell; therefore, only one half of the shell is discussed hereafter. Along the axial
direction, cross-section D has the largest equivalent plastic strain, whereas cross-sections A, B, and C tend to exhibit severe plastic
deformation as well. The insignificant difference between cross-sections A and B suggests that the influence of the hemispherical shell
on the axial and hoop buckling is localised. For the hoop buckling modes, the competition between the back-side and front-side
buckling is clear; that is, the back- and front-side exhibit dominant buckles at the back-side, as can be seen in Fig. 18(a); however,
overall buckling with very large buckles at the front-side can be seen in Fig. 18(d).

To clearly address the buckles along the axial direction, the displacements and strains along G2 and G3 of Case 14 are plotted in
Fig. 19 as an example. The difference between the displacements of G2 and G3, that is, the grey band in Fig. 19(a), indicates that the
majority of the shell is compressed by shock, except for the two ends joining the hemispherical shells. In the compression regions, seven
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Fig. 15. Influence of HSFp on plastic strains along G1 of Model B: (a) axial strain; (b) hoop strain.

primary extrema along the axial direction are very clear, that is those at y/L = 0.945, 0.835, 0.665, and 0.5, and the symmetrical ones.
These extrema are more evident in the plastic strain curves, as can be seen in Fig. 19(b). In addition to the seven primary extrema, four
secondary extrema marked by arrows can also be identified in Fig. 19(b). In addition, Fig. 19 shows that the influence of the hemi-
spherical shell is limited to the nearby region.

Comparing the axial buckling modes of Models A and C depicted in Figs. 9 and 19, respectively, it can be observed that global axial
buckling modes with uniform spacing between the buckles are generated in Model C, but not in Model A. This is because the localised
axial modes caused by the endplate or stiffener of Model A covered the entire shell, resulting in no space for the development of global
axial buckling modes. Thus, L/D may have a significant effect on the axial buckling modes.

Fig. 20 presents the plastic hoop strain along contour C3. It confirms that the competition between the back- and front-sides
buckling is independent of L/D. Fig. 20 also indicates that the hoop buckling mode is symmetrical about the 180°-plane, and the
difference between Cases 15 and 17 (or Cases 12 and 16) is not apparent; that is, the bubble load and hydrostatic pressure do not
influence the hoop buckling mode, as both are much less than the magnitude of shock or critical hydrostatic buckling pressure.

Fig. 21 presents the total axial and hoop strains at the nearest point versus time. This figure shows that the bubble load has caused
an evident hoop and axial strain; however, they remain in the elastic stage. According to Fig. 20(a), the impact of the hydrostatic
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Fig. 18. Equivalent plastic strain of Model C subjected to UNEX shocks of different intensities: (a), (b), (c), and (d) are for Cases 12, 13, 14, and 15,
respectively; the side depicted as the front-side is the one facing the explosion source.
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pressure on the hoop strain is negligible. In contrast, it has a remarkable effect on the axial strain, as shown in Fig. 21(b). It is
noteworthy that the positive axial strain results from the hoop compression. Moreover, the axial strain is significantly less than the
hoop strain; therefore, it could not alter the buckling mode, a fact that can be confirmed by comparing Figs. 22 and 18(a).

6. Discussion and conclusion

Cylindrical shells are one of the most commonly adopted elements in marine structures, ranging from small-size pipes to various
containers and large submarines. Plastic buckling of shells could be caused by a UNEX load generated by an industrial accident or a
hostile attack. The non-dimensional hull shock factor (HSFp, which reflects the resilience of the material to an explosion), slenderness
ratio L/D, and localised ring stiffener and endcap are factors that have an influence on the dynamic buckling modes. The dynamic
buckling of three shells struck by a side-on UNEX shock with different HSFp values was investigated. Models A and B, both sealed off by
a flat plate at the ends, had an L/D of 3.2, whereas Model C, sealed off by hemispherical shells at the ends, had a larger L/D of 7.0.
Models A and C were cylindrical shells without stiffeners, while Model B had a ring stiffener at its middle section.

The dynamic responses of shells subjected to a side-on UNEX shock were dominated by the dynamic buckling due to the side-on
compression effect. Four typical hoop buckling modes existed, depending on the competition between the back-side and front-side
buckling. They were i) back-side buckling, ii) back- and front-side buckling with dominant buckles at the back-side, iii) back- and
front-side buckling with dominant buckles at the front side, and iv) overall buckling with very large buckles at the front-side origi-
nating from the priority buckling modes. Axial buckling modes could be categorised into global axial buckling modes with uniform
spacing between the buckles and localised axial modes near the endcap or stiffener.

The hoop buckling modes could be significantly influenced by HSFp; however, they are insensitive to L/D, ring stiffener, or endcap.
The front-side buckling was caused by the shock transmitted from the fluid, while the back-side buckling could be attributed to the
striking by the structural hoop stress waves at the back-side, which would propagate from the front-side along the circumferential
direction. When HSF}, was small enough such that the front-side could withstand by only elastic deformation, the back-side buckling
was dominant. In contrast, the front-side buckling was dominant when HSF,, was large; thus, energy could be consumed by the front-
side buckling, resulting in weak structural hoop stress waves and subsequent back-side buckling.

A global axial buckling mode could be triggered on a shell with a large L/D. It consisted of primary and potential buckles alternating
in the axial direction. The localised axial modes caused by the endcap or stiffener could cover the entire shells with a small L/D,
resulting in no space for the development of the global axial buckling mode. The ring stiffener could mitigate the hoop plastic
deformation and inhibit the growth of the priority hoop buckling modes around the stiffener. The endcap caused the inhomogeneous
resistance of the shell to hoop compression along the axial direction. For a hard endplate, the reverse rotation motion due to the
asymmetric tension provided by the front- and back-sides could lead to a localised axial compression of the front side. Generally, the
impact of the ring stiffener and endcap on the axial buckling modes were localised.
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