Accepted Manuscript

IMPACT

ENGINEERING

The influence of deformation limits on fluid-structure interactions in

underwater blasts

Y. Yuan, P.J. Tan, K.A. Shojaei, P. Wrobel el
PII: S0734-743X(16)30078-1 ol
DOI: 10.1016/.ijimpeng.2016.11.007

To appear in: International Journal of Impact Engineering

Received date: 9 March 2016

Revised date: 13 October 2016

Accepted date: 14 November 2016

Please cite this article as: Y. Yuan, P.J. Tan, K.A. Shojaei, P. Wrobel, The influence of deformation
limits on fluid-structure interactions in underwater blasts, International Journal of Impact Engineering
(2016), doi: 10.1016/j.ijimpeng.2016.11.007

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and
all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ijimpeng.2016.11.007
http://dx.doi.org/10.1016/j.ijimpeng.2016.11.007

ACCEPTED MANUSCRIPT

Highlights

o The classical FSI problem is revisited for a fully clamped elastoplastic beam
o Beneficial effects of FSI depends on the transverse deflection and time to detachment
o Impulse transmitted is reduced by increasing aspect ratio in mode I deformation

o Decreasing aspect ratio always reduces impulse transmitted in modes II III
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The influence of deformation limits on fluid-structure interactions
in underwater blasts

Y. Yuan', P. J. Tan*, K. A. Shojaei, P. Wrobel

Department of Mechanical Engineering, University College London, Torrington Place;
London WC1E 7JE, UK

Abstract

This paper revisits a classical fluid-structure interaction (FSI) preblém on the momentum
and energy transfer to a structure from an underwater blast.” Hitherto, the majority of an-
alytical models assume a rigid (non-deformable) and frée-standing (unsupported) structure
where resistance to its translational motion - apart4romythat offered by its inertial mass
- comes from ‘ad-hoc’ backing spring(s) introdueedstossimulate compression of the fluid
medium and/or the resistance to transverse deformation encountered by a real structure.
These limitations/assumptions are relaxed in this"paper by adopting a physically realistic
fully-clamped ductile beam system that takes into account large elasto-plastic deformation,
limits to material deformation, boundary, compliance and boundary failure; the analytical
framework was developed previously by Yuan et al. [1]. By coupling the fluid (water) domain
to the analytical model of the ductile'beam system, the momentum and energy transferred
by the blast wave are critically re-evaluated for non-impulsive loading régime; in particular,
on how the beam’s deformation mode and boundary compliance affects fluid and structure
interaction, up until the point ef complete beam detachment from its supports. Detailed
finite-element models were ‘also ‘developed to simulate the interactions between the fluid
and structural beam.avhere predictions were in good agreement with those by the analytical
model. Sensitivity“analyses were carried out that offer new insights on the influence of the
beam’s aspect ratie‘and inertial mass.
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1. Introduction

The beneficial effects of fluid-structure interaction (FSI) in reducing the impulse imparted
to a rigid free-standing plate from an underwater blast are well-known. Taylor have shown
that the momentum acquired by the plate reduces dramatically with its inertial mass: a
direct consequence of early cavitation at the fluid-structure interface [2]. Over the past
two decades, this ‘peculiar’ property has been extensively exploited to design sandwich
panels with a greater resistance, compared to its monolithic equivalent of the same mass, to
underwater blast loadings [3-9]. However, the majority of these studies on FSI, including
those on sandwich panels, have largely ignored limits to deformation - frem itsisupports and
the structural material - which could potentially limit the external wvalidity, of any model
predictions. There are two important factors that influence energy, and/mementum transfer
to a submerged structure in underwater blasts: (1) development/and evolution of cavitation
zone(s); and, (2) limits to material deformation, boundary (supports) compliance and its
failure. In the present study, we shall be concerned only withaFSI in the ‘pre-boundary
failure’ régime, i.e. before the complete detachment of the structtre from its supports.

Nomenclature

A Cross-section area of beam Ny Fully plastic membrane force
B Width of beam N N/Ny

Cw Acoustic wave speed in water ~ p; Incident pressure wave

D Damage variable Ds peak incident pressure

EF Non-dimensionaldnaximum to- pg; Reflected pressure wave

tal energy tramSmitted/to free-
standing beam

ET EX Transmitted energy and ki- ppgo Rarefaction pressure wave
netic energy of the elasto plas-

o tic beam

ET EX Non-dimensional — maximum pry Interface pressure
FT and EX

E%, E%, E7/ Bending, shear, membrane en- Py Average interface pressure

ergy obtained from rotational,
axial and vertical springs

EY%, E30E7% /) Bending, shear, membrane en- Q) Transverse shear force
ergy of the elastoplastic beam
E; Incident energy of blast wave @ Fully plastic shear force
per unit area
H Beam thickness t1, tg, t3 Termination time of Phases I,
IT and III
I; Incident impulse per unit area ¢, Cavitation time
T, 1% Transmitted impulse, momen- ¢; Decay constant
tum
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— A

Ir Maximum total impulse per W Average transverse deflection
unit area of free-standing beam

IT 1K Non-dimensional maximum /7 W, Maximum mid-span deflection
K

I, Eﬁ}[lgxi]mum non-dimensional Wpg, Ws Deflection at mid-span & support

~ transmitted impulse

Ir, Reduction of transmitted im- Z Lagrangian coordinates

~ pulse due to failure

I Reduction of transmitted im- [ Ratio of the plastic werk ab-

pulse due to deformation sorbed through'shear deforma-

tion to the total plastic work
done

I* Non-dimensional impulse B Critical valuewof [ separating

~ modes II and 111

I Impulse per unit area Buw FSI index

K, Rotational spring stiffness AW,y Relative mid-span displacement

L Half length of beam member Wy, W State/variable for ductile and
shear damage

L. Characteristic length of the ¢;(z) Admissible mode functions

first-order element in FE

Ly, Length of water column in FE_ p Density of beam material

M Fully plastic bending moment \ py Density of water

N Membrane force Oy Static yield strength

Treating water as a linear-elastic medinm, Kennard [10] found that if the pressure at any
point drops below the cavitationrlimit, two ‘breaking fronts’ emerge from there and propa-
gate in opposite directiong; creating an expanding pool of cavitated liquid. These breaking
fronts can arrest, invert{their direction of motion and become ‘closing fronts’, forcing the
contraction of the cavitation zone. Schiffer et al. [11] studied the effects of initial hydrostatic
pressure on cavitation fer a rigid plate with a linear backing spring. Their model is able
to capture the propagation of both breaking and closing fronts, as well as their interactions
with the structure, in"a blast event. It was found that increasing hydrostatic pressure re-
duces the transmitted impulse since it moves the point of incipient cavitation away from the
structure; however, reducing inertial mass does not always lead to a reduction in the trans-
mitted impulsé whilst increasing the supporting stiffness always will. Schiffer and Tagarielli
[12] further reported a ‘double-cavitation’ event where early plate deformation, due to the
propagation of flexural waves, gives rise to a localised cavitation zone at the fluid-structure
interface and in the central portion of the plate. This zone quickly collapses upon coales-
cence of the flexural wave at the centre. Subsequent plate deformation induces an additional
cavitation at a finite distance from the plate as previously described.

It is, as yet, unclear how limits to material deformation, support compliance and support fail-
ure affects previously known results since the impulse imparted by an underwater blast load-

4
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ing is often sufficiently intense to induce significant plastic deformation in a structure with
which it interacts leading to, in extreme circumstances, a loss of structural integrity through
partial/complete detachment from its support. In this paper, the limitations/assumptions
of previous studies are relaxed by considering a fully-clamped ductile beam system - the
analytical framework for this was developed previously by Yuan et al. [1] in a companion
paper. The model of the ductile beam system is able to capture the three different modes
of deformation observed in blast experiments, the initiation and evolution of damage with
increasing transverse beam deflection, and its consequential detachment - by fracture - from
the supports. By coupling the fluid (water) domain to the aforesaid modél of the ductile
beam system, the momentum and energy transferred by the blast wave are critically re-
evaluated for the coupled, non-impulsive loading regime; in particularyon how the beam’s
deformation mode and boundary compliance affects the fluid and, structuzre interaction, or
vice-versa, before the onset of boundary failure, defined as the complete-detachment of the
beam from its supports.

The outline of this paper is as follows: Section 2 summaries the key features of the ductile
beam system developed in [1] and outlines the fluidsstructuré coupling strategy; details
of the three-dimensional (3D) FE model are given4n Section 3; Section 4 compares the
predictions of the analytical and FE models; andsgfinally, results for the elasto-plastic and
rigid free-standing beams are compared and sensitivity analyses carried out to elucidate the
dependence of the model predictions on the beam’s"aspect ratio and inertial mass in Section

5.

2. Analytical model [1]

The analytical framework for the fully-clamped ductile beam system - developed by Yuan
et al. [1] in a separate study -‘are’briefly outlined with particular attention paid to high-
lighting the key elements that had been introduced to incorporate elasto-plastic constitutive
behaviour, boundary«ompliance and boundary failure. This is followed by details on cou-
pling strategy between ‘the fluid domain and beam system, and on the limitations of the
current F'SI model.

2.1. Fully clamped ductile beam system - key features

The ductile béam system incorporates the following: (1) large elasto-plastic deformation
with catenary action; (2) interactions between bending, membrane stretch and transverse
shear; ‘and, (3) limits to deformation through a loss of integrity at the support and the
subsequent beam detachment by rupture. Figure 1 shows a schematic of the slender beam
supported at each end by three springs (one rotational and two axial). The pressure loading
p(z,t) is assumed to always impinge normally over the span of the beam regardless of its
subsequent transverse deflection [13, 14]. Hence, a plane of geometric and loading symmetry
exists at the mid-span of the beam (x = 0), allowing one-half of the beam to be analysed.

5
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The beam - made of a rate-independent, elastic perfectly-plastic material - has a total length
2L and a uniform rectangular cross-section of thickness H and width B where L/H > 1.
The rotational spring has elasto-plastic characteristics to model the end rotation of the beam
and the subsequent formation of a plastic hinge. Both the axial and vertical springs have
rigid-plastic characteristics to model the ‘plastic stretch’ and ‘plastic shear sliding’ actions
at the support, respectively.

B,
yela-1H
vz
1) |_>A Section4=4
|
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Figure 1: Schematic of the fully clamped ductile beam\ system by Yuan et al. [1]. A plane of symmetry
exists along =0, —B/2 <y < B/2, —H/2 < z < H/2 so that only the right-half needs to be analysed.

2.1.1. Fully plastic stress condition, damage and failure criteria

Plastic limit function, damage and, failure criteria are first established as functions of non-
dimensional fully plastic generalised’stresses, viz. M(2 M/M,), N(2 N/N,) and Q(=
Q/Qo) where My = oy BH?/4, Ny = oyBH and @y = oyBH/+/3 are the fully plastic
bending moment, membrane. force and transverse shear force, respectively; and, oy is the
uniaxial static yield strength of the beam material. For a beam of rectangular cross-section,
its fully plastic limit fungtion ¢ can be written as [15]

W= I 1- @ R+ 1 1)
Consequerntly, a.plastic hinge forms at any cross section where the fully plastic stress condi-
tion P = 0 is reached.

Damagershall refer to the onset and subsequent degradation of the generalised stresses in
the beam or its supports, or both. Figure 2 gives a schematic of the variation of generalised
stresses (M or N or Q) versus effective strain e.g defined on any cross section of the beam,
including at its supports. Point ¢ denotes the generalised stress state at a cross-section when
the damage initiation criterion is satisfied as follows:

wa = = 2)
€d
6
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where wy is a state variable that increases monotonically with effective strain e.q, and €4 is
the effective strain corresponding to the onset of damage. Beyond this, progressive softening
of the non-dimensional generalised stresses occur in accordance to

M| = [M'|(1- D), N=N(1-D) and Q=q(1-D) (3)

where D is a damage variable; M/, N/ and Q' are the non-dimensional bending moment,
membrane force and transverse shear force at the onset of damage, respectively. For sim-
plicity, a linear evolution of the damage variable D with effective strain e,f%is adopted as
follows [16]:

Eoff — €

€ — €4
where €, is the rupture strain to be obtained from a uniaxial tensile test. This definition
ensures that all the generalised stresses reduce to zero when D = 1.

M Q or N
“1 a)d<] \ig a)d:] Ny
‘b L) 7

0

Figure 2: Schematic on how the non-dimensional generalised stresses vary with effective strain pre- (wg < 1)
and post- (wg = 1) damage initiation:

Fuailure refers to a complete loss of load carrying capacity by the beam through detachment
from its supports. Sinee’the effective strain e.q is always greatest at the support (x = L) -
see Section 2.1.2.4 a failure criterion needs only to be defined there where damage must first
initiates and where ‘failure would subsequently occur [17, 18]. The criteria delineating the
different modes of failure, corresponding to those previously identified by Menkes and Opat
[19], are as follows:

ModeI: D<1, ws<l1 (5a)
Mode II: D=1, w, <1 (5b)
Mode III: D=1, w,>1. (5¢)

The state variable wy is expressed as

Wy = — (6)
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where [ is the ratio of the plastic work absorbed through shearing deformation to the total

plastic work done by all the other stress components given by [20]
L

E{+ E% + ET

B = (7)

where Ej is the shear strain energy (vertical axial spring); E% is the bending strain energy
(rotational spring); E¥' is the membrane strain energy (horizontal axial spring): and, 3. is
the critical § value delineating the transition from mode II to III to be given dater.

2.1.2. Effective strain e.g and material properties

The effective strain €. in Eqs. 2 and 4 will now be approximated. An general, the effective
strain e.q on any cross-section is given by [17, 18]

9 3
€eff = \/9 {(ex:c - Eyy)2 + (Eyy - 622)2 + (sz - Ezz)2 + 5(’7%2 + 'ng + ,Y%y) ’ (8)

For slender member where its thickness H is much smaller compared to its half-length L,
out-of-plane warping of cross-section is negligible; henee, plane sections remain plane [15].
Therefore, it is reasonable to write 7., = 7,, = O\17, 18]. If the material in a dynamic
uniaxial test where €;, > 0 obeys the incomptessibility relation €, + €, + €., = 0, then
€yy = €22 = —€45/2 [21]. Thus, Eq. 8 simplifies te

/ 1
Ceff — Egzm + g’y%z (9)

The maximum total in-plane strain €., on any cross-section  comprises of two parts given
by [17, 21]

€ox = €Em + € (10)
where the membrane strainye,, ‘and bending strain ¢, may be expressed, respectively, as
functions of the transverse mid-span displacement of the beam Wg as follows:

=)
WgH
L

Just ‘@swin [21], a linear variation of the membrane strain €,, along the half-length of the
beam i$ also assumed here for simplicity.

and

€p = (12)

Following [17, 18, 22, 23], the transverse shear strain -, is neglected in the beam member
whist, at the support, it depends on the plastic shear sliding distance over the shear band.
Thus, on any cross-section of the ductile beam, it follows that

- 0 ift0<x<L
T TN We/(1)2) ifa=L
8

(13)
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where Wy is the plastic shear sliding displacement and [ is the width of the shear band.
Slip-line field analysis of a rigid-plastic beam with rectangular cross-section and thickness H
by Nonaka [24] showed that the width of the shear band ranges between H <1 < 2H if the
maximum transverse beam deflection is between 0 to H. The latter (I = 2H) corresponds
to the onset of membrane (or catenary) response in the beam. Since large beam deflection
invariably leads to membrane effects, a value of [ = 2H is adopted here by following [23, 25].
Substituting Eqs. 10 - 13 into Eq. 9, gives an approximate expression for the effective strain
on any cross-section x of the beam system as follows:

() () + (1) w0405
Ceff = 2 2 2 > 14
(G e 1) 1<

It is worth re-emphasising that the effective strain is always greatest.at the supports (z = L)
since its two constituent components (total in-plane e, and transverse shear strains -,.,)
are both highest there; this is also in agreement with regults in [17, 18]. Expressions for W
and Wy are to be derived later in Section 2.1.3.

Table 2 lists the material properties for Aluminium 6061-T6 beams used by Menkes and
Opat [19]; they may be assumed to be strain rase.insensitive [26]. In this study, we adopt a
rupture strain of €, = 0.5 [20] and an effective strain corresponding to the onset of damage
at €, = 0.38 - both were calibrated to the experimental data of Menkes and Opat [19].
Yu and Chen [22] have previously shown*that (5. obtained for a square yield criterion is
greater than that obtained for an interactive yield criterion (8. = 0.45) by Shen and Jones
[20]. Furthermore, they established that (. is a material-dependent parameter which is
independent of geometry. Sincée the,present study adopts an interactive fully plastic limit
function and the same material’ properties as [20, 22| were used, it is reasonable to adopt

B, = 0.45.

Tablei2: Material properties for the Aluminium 6061-T6 beam [19]

Density,  Young’s modulus, Static yield Poisson’s
p (kg/m?) E (GPa) stress, oy (MPa)  ratio
2686 69 283 1/3

2.1.3. "Equations of motion

Following [13, 14, 27|, the deformation of the beam is divided into three phases - see Fig. 3
- according to the sequence of plastic hinge formation as follows: (1) Phase 1 (0 <t <t;) -
when plastic hinge does not form (or the fully plastic stress condition is not met) anywhere
in the beam, i.e. ¥? < 0; (2) Phase II (t; <t < t3) - when a stationary plastic hinge forms
at the support; (3) Phase III (t; < t < t3) - when a travelling plastic hinge A moves towards,

9
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Figure 3: Schematic of thé transverse displacement profile for the right-half of the ductile beam system in
[1] : (a) Phase I, (b) Phase,JJI and (c) Phase III.

and coalesce with, the existing stationary hinge at the mid-span of the beam, ending up in
a final twoshinge collapse configuration.

In each phase, the transverse displacement of the beam at a point z (x > 0) along the beam
member_and at its support is approximated as a sum of n generalised displacements and
mode fanctions given by [28]

n

W(x,t) = Zgbi(x)wi(t) (15)

i=1

where the partial functions ¢;(z) are admissible mode functions that satisfy the geometric
boundary conditions and the temporal functions w;(t) are generalised transverse displace-

10
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ments. The displacement at the mid-span and supports are, respectively,

Wg(t) =W(x =0,t) and Ws(t) =W (x = L,t). (16)
The corresponding velocity (W) and acceleration (W) fields also uses the same partial func-
tions given by

n n

Wiz, t) = ¢i(x)i(t) and W(z,t) = ¢i(z)ii(t). (17)

i=1 =1

The differential equations governing w; can be obtained by substituting the Lagrangian
(£ Ej, +V where Ej, and V is total kinetic and potential energy of the'Systemn; respectively)
for the structural beam system into the well-known Lagrange equation©fthe 2nd kind, and
simplifying, to give [1]

ov

n L
> My + EI /0 pz,t)di(z)de, A0 =1,2,...n (18)
j=1 i

where M;; is the generalised mass given by

M.

ij

_ { m [y ¢i(x)dpa)day if i # j (19)
mdy @)z ifi=j

m is the mass per unit length; V(£ B+ PBét B + E% + EW) is the total potential energy
of the beam system; E% and E'% are.the bending and membrane strain energies of the beam
member, respectively; E%, E% and ET are the shear, bending and membrane strain energies
associated with the vertical, rotational/and axial springs, respectively, at the supports. Note
that subscripts S and B denotesupport and beam member, respectively; whilst, superscripts
s, b and m denote shears bending and membrane, respectively. The key to obtaining the
governing equations of*motion-in Eq. 18 is to derive the various strain energy components
(E%, B, E%, EY% andWeh) for each Phase — they are summarised in Appendix A.

2.2. Coupling of fluid’domain to the structure

Consider/a rightward-propagating planar pressure pulse that travels at a constant speed
cw(=1498, m/s) in a fluid of density p,(=1000 kg/m?), and impinging normally on the
structural beam system shown schematically in Fig 4. It is convenient to define a spatial
coordinate Z in the un-deformed configuration with Z = 0 corresponding to the location of
the fluid and structure interface, i.e. Z = z + H/2. Assuming an exponentially decaying
blast pulse with a peak pressure p, and time constant ¢;, then the incident pressure wave at
any arbitrary point (of coordinate Z and x) at the time ¢ may be expressed as [2]

pr(Z,t) = pe~t=Z/ewl/ti, (20)

11
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Figure 4: Schematic of an exponentially decaying wave propagating to the right‘towards a clamped elasto-
plastic beam system.

The incident pulse duration is considered to be infinitely long, if.ewt; = co. If the target
structure is rigid and fixed in space, then the reflected wasxe would be

pri(Z,t) = poe 2/ et (21)

corresponding to a perfect reflection of the incident,wave in the negative Z direction. Since
the beam is not rigid, the impingement of the incident.pressure wave on this interface sets the
beam in motion, i.e. the beam acquires a velocityfield W(.CE, t). Compatibility dictates that
the wetted surface of beam and the fluid particlés at its interface possess the same velocity

W (x,t), provided cavitation is absent (everywhere) at the fluid and structure interface. The
beam motion results in a rarefaction wave, (travelling in negative Z-direction) of magnitude

pro(Za, t) = —pucoW(x, t + Z/cy). (22)
It is worth emphasising that, the reflection of planar waves off a curved interface would
render the exact formulation of the fluid pressure field too complicated to quantify. As
a simplification, the reflected waves are treated as planar and propagates in the negative
Z-direction, without<affecting the pressure and particle velocity fields perpendicular to the
incident angle. Thus, the net water pressure p(Z, x,t) due to the incident and reflected
pulses is given by

P(Z, @, t)="pr +Pr1 + Pro = ps |~ H b m ()]

PuCoW (.t + Z/cy). (23)
The interface pressure (at Z = 0) is, therefore,
pme(,1) = p(Z = 0,2, 1) = 2pe™ " — puc, Wz, t). (24)

Substituting pr(x,t) into Eq. 18 and rearranging gives the governing ordinary differential
equations that describes the beam motion as follows:

“ . oV L .
E M;ju; + —— = B/ Pt (T, t)pi(x)dx, i=1,2,...,n. (25)
= ow; 0

12
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2.3. Limitations of the current F'SI model

The tensile term (pgo in Eq. 22) may, under certain circumstances, causes the fluid pressure
to drop below zero at some point in time within the fluid domain, giving rise to a cavitation
event. Following cavitation, the pressure field in the fluid is given by a superposition of two
breaking fronts, one travelling towards the structure (positive Z direction) and the other
away (negative): generating an expanding pool of cavitated liquid [10]. Schifferset al. [11]
identified two cavitation types (or régimes) for underwater blast loading of rigid“plate with a
linear backing spring that depends on the fluid conditions in the layer betweeniithe structure
and the expanding cavitation zone. Type I cavitation occurs if a breaking front (travelling
in the positive Z direction), arrests before reaching the fluid-structure ingerface, reverses
its motion and becomes a closing front. Type II cavitation occur§ if the breaking front
(travelling in positive Z direction) reaches the fluid-structure interface and causes cavitation
at the interface. In the present study, Type II cavitation will oceur if the condition [11]

pm(% t) =0 (26)

is met. Since Schiffer et al. [11] showed that a structuré acquire s greater transmitted impulse
in Type I than in Type II, the former would be of.greater interests to a designer since the
objective of this work is concerned with the limits of\structural and material deformation.

In a Type I cavitation, several authors [11, 12] had found that the pressure wave (rarefaction
pre and reflected pr;) emanating from the ‘fluid-structure interface approaches the closing
front and eventually reflects back towardsthe fluid-structure interface as a positive pressure
pulse. It was noted in [11] that this_positive pressure pulse acts continuously on their rigid
plate which reduces to zero after’a finite duration. As a consequence, it must contribute
to the impulse transmitted to’the structure and in cases where the mass and stiffness of
the structure are high, the maximum transmitted impulse can even exceed twice the inci-
dent impulse I; = pst;. However,detailed three-dimensional (3D) finite element simulations
(to be presented later imSection 4) will show that for elasto-plastic beams deforming in any
modes of deformation;ithe contribution of the reflection wave (from the closing front) during
Type I cavitationddoes not significantly affect the maximum mid-span deflection, maximum
momentum, maximuntransmitted impulse, maximum kinetic energy and maximum trans-
mitted energy to the beam. On this basis, it is reasonable to neglect the influence of the
reflection/wavefroin the closing front in the current analytical model.

3. Finiterelement (FE) model

In addition to the analytical model presented above, three-dimensional (3D) FE calcula-
tions were also performed - using the commercial software ABAQUS/ Explicit® - to model
the fluid-structure interaction. Here, only the salient features of the FE model set-up are
presented for the fully-clamped beam since they are described previously in Yuan et al. [1].
Details on convergence studies and validation are found there.
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Figure 5: Schematic of clamped beam subjected to an exponentially decaying pressure pulse in FE: (a) front
view and (b) side view.

3.1. Material properties and damage model

Material description based on the conventional J, flow theory is adopted to allow progres-
sive degradation of material stiffnesssto beimplemented in finite elements. This approach,
coupled with element deletion, istwidely used to model progressive damage and rupture of
ductile materials [29, 30]. All'the beamns modelled are made of Aluminium 6061-T6 - the
material properties are given.inyTable 2. The progressive damage model for ductile materials
in ABAQUS/Explicit is adepted here. The criterion for ductile damage initiation is given

by .
€
wi= [ ) =] (27)
where wy is asstate variable that increases monotonically with the equivalent plastic strain.
Here, the equivalent plastic strain € at the onset of ductile damage is a function of stress
triaxiality n and plastic strain rate € [31]. When Eq. 27 is met, the damage variable D
would increase according to [16]

. L.
D= (28)
Uy
where ﬂfc is the effective plastic displacement at failure and L, = 7.83 x 10™* m is the

characteristic length of the first-order element used in the FE model - this is identical to
that in [1]. Any element whose stiffness is fully degraded, i.e. D = 1, is deleted from the
mesh. The two parameters needed to implement a ductile damage model are the damage
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strain €, = 0.8 and the failure displacement ﬂ’} = 1.1 x 1072 m; both were obtained through
calibration to the experimental data by Menkes and Opat [19].

The water is modelled as an acoustic medium with density p,, = 1000 kg/m?, wave speed

¢ = 1498 m/s and bulk modulus E,, = 2.244 GPa. It can be treated as linear elastic under

compression, with zero tensile strength and zero shear modulus. A Mie-Gruneisen equation

of state with a linear Hugoniot relation is used to model the linear elastic ratio between

applied pressure p(Z,t) and volumetric strain €, given by

p(Z, T,) _ {—EwGV = —Cipwq/, ey <0 (29)
O, €y > 0

Note that when €, > 0, the pressure becomes zero and this leads“to an onset of cavitation
3, 4, 32].

3.2. Mesh, loading and boundary conditions

TT7T Part-1
= = —d.~0 ux:¢y:¢z:0/
(a) ux_uy_uz_¢x_¢y_¢z_ (b) ux=uy=uz=¢x=¢y=¢z=0

- Yy
4 Part-4 arf 3 Part-2 )
' 4 oF 1
: z % o’E : z
:) /‘ OC3E 4 :>
< u—4,~4.~0¢" ’

Figure 6: Schematic of boundary,/0r support, conditions (BCs) in the FE simulations: (a) standard fully
clamped BC and (b) modified BE. wand ¢ denote displacement and rotation degree of freedom, respectively.

The FE model, shown/séhematically in Fig 5, consists of a water column L,, X L x B above
the elasto-plastic beam¢ Only one-half of the fully-clamped beam and water column are
modelled since reflective symmetry exists on the plane bounded by z =0, —B/2 <y < B/2
and —H/2 — A, <.z < H/2. Figure 6a depicts the standard displacement boundary
conditions that wonld need to be imposed for a fully-clamped boundary condition (BC).
It has been shown in [1] that the local equivalent plastic strain in the beam abutting the
supportstdoes not converge with repeated mesh refinement. In order to accurately model
progressive ductile fracture /rupture at the supports, a modified BC given in Fig 6b is
adopted. Yuan et al. [1] showed that both the standard and modified BCs predict similar
beam deflection profiles, but only the latter gives a converged equivalent plastic strain at the
boundary/support. A similar procedure was also adopted by Yuan and Tan [33] to model the
impulsive response of rectangular plates numerically. For the modified BC, three additional
parts (labelled 2-4) are added to the end of the original solid beam (part-1) to form an
extended boundary shown schematically in Fig 6b. Note that the standard fully-clamped
BC of Fig 6a is imposed on part 4. All the additional parts have equal width 7 and identical
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material properties as the solid beam, apart from a gradation of their elastic modulus F,
by a factor a. The parameters 7 = H/6 and o = 10 were obtained by calibration to the
experimental data of [19] - the details are provided in Yuan et al. [1].

Horizontal displacement w, for the left boundary of the water column (u, = 0 at x = —L,
—B/2<y<B/2, —H/2—L, < z < —H/2) is constrained as does the vertical displacement
u, on the front (v, = 0at —L <2 <0,y = B/2, —H/2—- L, <z < —H/2), and back
(uy=0at —L <2 <0,y=—-B/2, -H/2 - L, < z < —H/2) boundary ,of the water
column - see Fig 5. An exponentially decaying pressure pulse, given by Eq.20, is,applied
to the top of the water column. Tie constraints are applied between the wetted edge of the
beam and fluid.

The half-beam modelled has a dimension of 0.06 m (L) x 0.01‘m (H)-x 0.01 m (B).
The length of water column L, is sufficient long to ensure the véflectedywave from the top
boundary does not reach the structure over the duration of the caleulation [3, 4]. L, /c,t; =3
is used to ensure that the water column is semi-infinite. Both.the beam and water column
are discretised using the 8-noded solid elements (C3D8R), with reduced integration and
hour-glass control. In order to capture necking localisation, progressive damage and ductile
fracture with acceptable fidelity, twelve elements are used through the beam thickness (H).
Results of convergence studies have shown this to be sufficient. All C3D8R elements - used
to discretise the water column and beam - are ciibic in size with a dimension of 7.83x 10~* m;
consequently, the nodes of the water and selid meshes are coincident at the fluid-structure
interface.

4. Comparison of analytical and FE predictions

To assess the fidelity of the analytical model, its predictions for the average interface pressure,
mid-span deflection, impulse and energy transfer will now be compared to predictions by the
FE model. Appendix Asgivesiall the energy expressions for the three phases of deformation
and a flow chart on“the/numerical implementation of the analytical model is presented in
Section 2. The termporal history of the transmitted impulse per unit area I (¢), momentum
per unit area [#(t) transmitted energy per unit area E7(¢) and kinetic energy per unit area
EX(t) of thebeam are defined, respectively, as follows:

t H L .
T(4) = / Fas()dt,  T5(2) :% W(x, t)dz,
0 0

1 L
ET(t) = o7 /O P ()W (2, )z, EX (1) 2L2 / W2(z, t)dz. (30)

Note that the average interface pressure is given by

pInt L/ plnt X, t (31)
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Time t is measured from the instant when the incident pressure wave arrives at the fluid
and structure interface. The impulse and energy components in Eq. 30 are normalised by
the incident impulse per unit area I; and incident energy per unit area F; given by [2]

I = pst; and  E; = p*ti/ puwCe. (32)

Unless otherwise specified, a time constant of ¢; = 0.2 ms - corresponding to 16 kg of
TNT at a 1.4 m standoff distance according to the scaling law by Swisdak [34]/~ was used
in all calculations; consequently, variations of FSI index f, is achieved by altering the
beam thickness. It is worth emphasising that in both analytical and EE model, if the
structural system fails (i.e. complete detachment occurs) before all the initial'kinetic energy
is expended, then the beam member would have a residual kinetig=energy at the point
of severance. Parts of this are absorbed through further plastic déformation as the beam
member continues to deform until it reaches a rigid permanent get whilst the remaining as
translational kinetic energy. Since fluid-structure interaction in the ‘pre-detachment’ régime
is of interests, the energy (and impulse) transferred ‘post-detachment’ by the blast wave is
not considered, or characterised, here.

Figures 7a, 7b and 7c compare the analytical and FE\predictions for beams that deform in
mode I, IT and III, respectively. Pressure contouripletsipredicted by FE (to be presented
later in Fig 8) confirm that a Type I cavitation event _(i.e. the breaking front travelling in
the positive Z-direction, always arrests before ‘it Téaches the fluid-structure interface and
inverts its motion as a closing front) occursyin all the cases shown in Figs 7a, 7b and 7c
at t./t; = 0.53, t./t; = 0.41 and t./t; =:0.36, respectively. For beams deforming in mode
I, Figure 7a shows that their non-dimensional average interface pressure pr/ps initially
decreases before attaining a peak valueiat time ¢t = ¢3 (when the beam reaches its maximum
mid-span deflection); this is follewed by'a monotonic reduction in interface pressure. Beyond
t > t3, the FE model predicts that pr./ps remains positive - this is in agreement with [11].
The analytical model under-predi¢ts the maximum transmitted impulse in mode I by up
to 12.7% since it neglects the additional loading from the reflected wave arising from the
closing front. Complete detachment occurs shortly after cavitation in Figs 7b and 7c¢ which
explains why it is“acceptable to neglect the effects of the reflected wave from the closing
front in the subsequent’ structural response. In general, the predicted interface pressure,
mid-span deflection, impulse and energy exchange are in good agreement with those from
FE for all.three modes of deformation.

The impulse and energy transferred to the beam through FSI, also plotted in Fig 7, can
be suceinctly summarised as follows: (1) In mode I, the average interface pressure beyond
t > t3'does not further contribute to the transmitted energy E7. This is because the beam
now responds in an elastic manner with deflection that decreases slightly before reaching
permanent set; (2) In modes IT and III, both the transmitted impulse I7 and transmitted
energy E7 reach a maximum at t = ¢35 following complete detachment from the supports;
(3) The maximum momentum /% and kinetic energy EX are reached before the onset of
cavitation at ¢ = ¢, for all three modes, this also agrees with analytical predictions in [11];
(4) The maximum transmitted impulse is significantly higher in mode I than in modes II
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Figure 7: Analytical and FE predictions of the non-dimensional interface pressure, mid-span deflection,
impulse transfer and energy exchange for 0.06 m (L) x 0.0l m (H) x 0.0l m (B) (L/H = 6 and §,, = 10.9)
beam deforming in different moedesisubjected to three different exponentially decaying pressure pulses of
identical time constant t; =,0.2 ms and a peak pressure of (a) ps = 30 MPa, (b) ps = 80 MPa and (c)
ps = 110 MPa. — current analytical predictions; -.- current FE predictions. t. and t3 denote the time when
cavitation first occurs and when the beam reaches its maximum transverse deflection, respectively.

and IIT because a considerable amount of impulse is transmitted to the beam during elastic
rebound; and, (5) The maximum transmitted impulse and energy are higher in mode II than
III since #5 for moede III is smaller than mode II.

To gain anvinsight into the cavitation event, pressure contour maps predicted by detailed 3D
FE simulations are plotted in Fig 8 at five selected times (corresponding to the elasto-plastic
beam and loading parameters of Fig 7). Here, only the results for a third of the ‘water-tank’,
i.e. L,/3, is plotted. It is worth emphasising that cavitation first occurs at t./t; = 0.53
(for mode 1), t./t; = 0.41 (for mode II) and t./t; = 0.36 (for mode III). This is caused by
the tensile wave (Eq. 22) which is generated as a consequence of the rapid motion of the
beam and is reminiscent of the experimental observations made in [12] for circular plates.
All the cases shown in Fig 8 correspond to a Type [ cavitation event since the breaking
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Figure 8: FE predictions of fluid.pressure field at five selected times corresponding to the cases (L/H = 6
and S, = 10.9) shown in Figs'7a, 7b and 7c, respectively. Black denotes cavitated water. Note that only a
third of the water tank thatywas simulated had been plotted here.

front arrests and‘inyerts its motion as a closing front. Note that a closing front (this refers
to the bottom” edgetof the cavitated region) has already formed at t/t; = 1.00, 1.00 and
0.8 in Figs,8a; 8b and 8c, respectively. It is worth highlighting why the cavitated region at
t/t; = 5.8 appears closer to the fluid-structure interface compared to t/t; = 1.5 in Fig 8a.
At t/t;=1.0, the entire cavitated region is in the midst of propagating towards the top of the
water-tank whereupon, after reflection, it would reverse its motion towards the structure.
What Wwas shown for ¢/t,=5.8 is the reflected cavitated region from the top boundary which
is now propagating towards the structure - this is why the bottom boundary of the cavitated
region appears closer to the structure at ¢/¢;=5.8 compared to, say, at t/t;=1.5 in Fig 8a.

Predictions by FE and the current analytical model will now be compared for a range of
incident impulses where the primary focus will be on the maximum mid-span deflection,
transmitted impulse and energy. The maximum non-dimensional transmitted impulse 17,
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Figure 9: Variations of the non-dimensional mid-span deflection Wy /H with non-dimensional impulse I* for
elasto-plastic beam with L/H = 6 and §,, = 10.9. I, Ilvand IV indicate the three distinct damage modes
predicted by the current analytical model. — current analytical model; [1 current FE predictions.

momentum %, transmitted energy E7 and kinetic energy EX of the elasto-plastic beam
are defined as follows:

I = max [I7(t)/L],4 I =/max [I¥(t) /1],

0<t<oco 0<t<o0

E" = max [ET(t)/F;), E* = max [E¥(t)/E;]. (33)

0<t<oo 0<t<oo

Figure 9 shows an excellent agreement for the maximum mid-span deflection Wy/H, at
either the point of ¢essation of motion or failure (if complete detachment from the supports
had occufred) for modes I and II. The over-prediction of AWy/H in mode III with I*(£
2pst;/H \[fayp) is because our analytical model adopts a constant hinge length of [ = 2H -
the same assumption was also made in [17], [23] and [18] - as opposed to the approach by
Shen and Jones [20] where a new hinge length is re-calibrated for each data point. Both the
current FE and analytical models correctly predict a reduction in Wy/H with increasing [*
in modes II and III - this trend is also observed in [1].

Figure 10 compares the non-dimensional impulse (/7 and ) and energy (E” and EX)
terms with the corresponding FE predictions. In general, the analytical predictions agree
well with its FE counterpart despite the under-prediction of I7 - by up to a maximum
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Figure\10: Variations of the non-dimensional maximum impulse and energy against non-dimensional im-
pulse I*jfor elasto-plastic beam with L/H = 6 and §,, = 10.9. I, IT and III indicate the three distinct
damage modes predicted by the current analytical model. — current analytical model; [J and O current FE
predictions.

of 12.7% - in mode I. This discrepancy arises because our analytical model neglects the
additional impulse transmitted by the reflection wave from the closing front.
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In a Type I cavitation event (i.e. cavitation does not occur first at the fluid-structure inter-
face), the maximum non-dimensional transmitted impulse /7 can be shown to be related to
the average maximum transverse deflection, as well as the time (¢3) for complete detachment
to occur; note that t3 = 1.66¢; and t3 = 0.8¢; in Figs 7b and 7c, respectively. Substituting
Eqgs 30 and 31 into Eq. 33, and re-arranging, gives

— (1/1) /Ooﬁlnt(t)dt, if mode (34)
0
and .
3
— (/L) / P (£)dt,  if mode IT and IIL. (35)
0

Using Eqgs. 15 and 24 in Eqgs. 34 and 35, respectively, leads to an“expression for the non-
dimensional impulse I as follows:

pwcw /t/ { ()]dxdt pwcw/tg / [ ()

dxdt, if mode I
(36)

and

T =9 —2¢7 3/t pwcw /tS/ { ( )

Since the mid-span velocity of the beam is negligibly small during elastic rebound ( see Fig
7a for example), it is reasonable to negleet the second term in Eq. 36 which simplifies to

) el

Thus, the maximum non~dimensional impulse transmitted to the beam is related to the
different mechanisms through,which alleviation of the transmitted impulse is achieved as
follows:

dadt, if mode II or III. (37)

dzdt, if mode I. (38)

m=r—n—in (39)
where I] =2 - this”is a reference (or maximum) value - denotes the maximum non-
dimensional impulse transmitted to a rigid beam of infinite mass; IJ = 0 (if mode I) or
IT = 2ef 3/t (if mode II or mode III) refers to the reduction of transmitted impulse as
a consequence’ of boundary failure or detachment; and I = pwcwW/ I; quantifies the al-
leviationwef transmitted impulse due to both non-linear material deformation and support
compliance, where T is the average transverse deflection of the beam given by

W:/OtS /OL [iW]dxdt. (40)

Equation 39 suggests that early boundary failure (a smaller ¢3 leads to higher fQT_ which is
evident by comparing Fig 7c to 7b) and/or large material deformation (a higher 1) would
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contribute to a significant reduction in the maximum non-dimensional impulse (I7) that is
transmitted.

Figure 10a shows that I” decreases only slightly with I* in mode I. This is because the
maximum mid-span deflection W, - which is related to the average transverse deflection W
- increases linearly with I* (or I;) in mode I (see Fig 9) which leads to a higher I] and a
consequential reduction in I7. A sharp decrease in I follows the transition from mode I—II
because of boundary failure; a direct consequence of a jump in I7 from zero to a‘finite value
in Eq 39). Figure 10a shows a monotonic reduction in /7 with I* in modes Meand*lII. This
is because a higher I'* leads to premature boundary failure, resulting in a greater reduction
of the transmitted impulse (IJ in Eq. 39), see Figs 7b and 7c. It is notable,thata higher I*
also leads to greater transmitted impulse I7; this is a direct consequence of alower ]_3T since
Wy in modes II and III reduces monotonically with I* as shown.in Fig 9. The monotonic
reduction of I7 in modes II and III indicates that IJ could be mone’dominant than IF
when complete detachment occurs at the support. Figure 107alsoshews that the maximum
transmitted energy ET reduces monotonically with I* in miodes ITiand III; again, this is due
to pre-mature detachment of the beam from its supports. Assalluded to earlier, the impulse
and energy transmitted ‘post-detachment’ are not censidered. This curtails the amount of
impulse and energy transmitted to the elasto-plastiesbeams if the incident pressure pulse is
sufficiently intense.

It is interesting to note that both I and £ appears relatively insensitive to I*. This is
because the elasto-plastic beams, regardless\ofitheir deformation mode, always acquires the
maximum I% well before the onset of cavitation in the fluid; the same was also reported in
[11]. The maximum I is already attainedywhen the travelling plastic hinge had only just
started to emanate from each end of the support; hence, the central portion of the beam
is reminiscent of a rigid, freetanding beam. Schiffer and Tagarielli [12] also reported a
similar ‘central rigid portion”fer their fully-clamped circular composite plate in an under-
water blast. Recall that/for rigid free-standing structures, the maximum non-dimensional
momentum acquired is“fadependent of load intensity since it is only a function of FSI index
[2]. Because of the.above, the maximum non-dimensional transmitted momentum I also
appears independentrof, blast impulse; similarly, for EX.

5. Effects of ESI on ‘deformable supported’ versus ‘rigid free-standing’ beams

Parametric studies will now be carried out, using the coupled fluid-beam analytical model, to
evaluate the sensitivity of the maximum impulse (I7) and energy (E7) transfer to aspect ra-
tio L/ I and 3, (£ pwcwti/pH - Taylor’s FSI index). Results from rigid free-standing beams
of an equivalent mass per unit area are also included for comparison where the maximum
transmitted impulse and energy - superscript F' denotes free-standing - are, respectively,
given by [2]

IF = 25;(%/%—1) (41)
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In the parametric studies to be presented, it is worth noting the following: (1) the non-
dimensional maximum transmitted impulse I¥ and energy EF of rigid free-standing beams
are independent of peak incident pressure p, and aspect ratio L/H but depends only on [,;
(2) both the ‘elasto-plastic’ and ‘rigid, free-standing’ beams have identical mass per unit
area given by f,; and, (3) cavitation always occurs at the fluid and structuré interface for
free-standing beams at time t. = t;In(3,)/(58, — 1) whilst it does not for the elasto-plastic
beams (Type I cavitation); hence, the fluid-structure interaction time fér anielasto-plastic
beam is always considerably longer compared to its free-standing cownterpart of the same
mass per unit area.

(42)

5.1. Mode I

The solid blue lines in Figs 11a and 12a denote the non-dimensional maximum transmitted
impulse (I7 and I”) and the broken black lines denote the non-dimensional maximum
transmitted energy (ET and EF ). A peak incident overpressure of p;, = 15 MPa is used
throughout so that the elasto-plastic beams always deform in mode I. Figure 11a plots
the variation of the non-dimensional maximum“impulse and energy terms as a function of
L/H (for a constant (3, = 21.7). For elasté-plastic beams, I reduces monotonically with
L/H while ET does not. The reason is evident. by comparing two beams of different L/H,
denoted by (D and @ in Fig 11b. The beam With a higher L/H, i.e. beam (2), has less average
interface pressure pr,/ps but higheramid-span deflection Wp, leading to a smaller IT and
non-monotonic decreasing ET. Figure 12a plots the maximum non-dimensional impulse and
energy to FSI index 3,, with a.€onstant’'L/H = 10. It shows that I” increases monotonically
with increasing (3, (less mass per unit area) but E7 does not. Again, the reason is that the
average interface pressure Py, /ps is higher but the mid-span deflection W is lower for beam
with a higher 3, (less/ffiass per unit area) - compare beam @) to 2 in Fig 12b.

According to Eq./ 39, increasing maximum mid-span deflection would lead to a greater
reduction of I”,1.e’by eomparing the maximum mid-span deflection between beam (1) and
@ in Fig 11bfor betwéen beam 2 and @) in Fig 12b. Notice that this finding is independent
of beam’s, geometry (i.e. two beams can have different L/H and f,,), when comparing beam
(D (in Fig 11) to @ (in Fig 12). The above finding is potentially useful for designers as the
maximun ‘mid-span deflection (in mode I) could - alone - be used as an indicator of the
alleviationrof the impulse imparted to the structure.

Even though the beneficial effects of FSI, in reducing the maximum transmitted impulse for
a given incident pressure pulse, is clearly evident for both the deformable (and supported)
and rigid (and unsupported) beams, the mechanisms by which this reduction is achieved are
clearly different. In the former, its is due to increased elasto-plastic deformation whereas, in
the latter, it is due to early cavitation (a reduction in the beam’s mass per unit area). We
have previously shown in Eq. 39; that the maximum impulse transmitted to a deformable
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Figure 11: (a) Analytical prediction of non-dimensional maximum impulse (— corresponds to I and I*") and
energy (—.= corresponds to ET and ET') for elasto-plastic beams of identical cross-section, H = B = 0.005
m (By.= 2177); deforming in mode I; and (b) Comparison of the normalised temporal average interface
pressute prag(t) /ps and temporal mid-span deflection Wg(t) for beams (D and @) in Fig 11a. Beam (D is
0.04 m (L) x 0.005 m (H) x 0.005 m (B); beam ) is 0.05 m (L) x 0.005 m (H) x 0.005m (B).

beam can be related to its average transverse deflection . However, unlike for rigid free-
standing beams where the maximum transmitted impulse scales directly to its mass per unit
area (or (3,) through Eq. 41, the entire temporal-history of the beam transverse velocity
must first be determined - this is needed to calculate W in Eq. 40 - before the maximum
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Figure 12:/(a) Analytical prediction of maximum impulse (— corresponds to I7 and I*") and energy (.-
corresponds to BT and EF) for elasto-plastic beams with identical aspect ratio L/H = 10 deforming in
mode I; and*(b) Comparison of analytical normalised temporal average interface pressure pru(t)/ps and
temporal tid-span deflection Wg(t) for beams (2) and ) in Fig 12a. Beam (2) is 0.05 m (L) x 0.005 m (H)
x 0.005.m (B) (B, = 21.7); beam @) is 0.014 m (L) x 0.0014 m (H)x 0.0014 m (B) (B, = 77.5).

s transmitted impulse can be evaluated.

sor It is also worth noting that in both Figs 11a and 12a, the elasto-plastic beams have sig-
see nificantly higher non-dimensional maximum transmitted impulse and energy compared to
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free-standing beams. This is because, as alluded to earlier, the fluid-structure interaction
time for elasto-plastic beams are significantly longer.

5.2. Mode I

Variations of the maximum non-dimensional impulse and energy terms against L/H and
By for a peak incident overpressure of p, = 120 MPa are shown in Figs 13 and’14 respec-
tively. Note that all the elasto-plastic beams shown deform in mode II. Figure{l3a,plots the
maximum non-dimensional impulse and energy terms, against the aspectdaatio L/H with
B, = 54.3. Both I” and ET do not reduce monotonically with L/H. 4Thistis because as
L/H increases - comparing (D to ) in Fig 13b - (D has a lower average interface pressure
Pmt(t)/ps and, consequently, takes longer to reach its maximum mid-spansdefiection and for
complete detachment to occur. Figure 14a shows the effect of mass per unit area, or (,,
on the non-dimensional impulse and energy terms for a fixed aspect ratio L/H = 6. It
shows that both /7 and E” reduce monotonically with /3,, (or-dess mass per unit area). As
opposed to Fig 13 increasing 3, - compare 2) and (@) in Kig-13 - leads to a reduction in
the average interface pressure pr(t)/ps and a shorter time is required to reach maximum
mid-span beam deflection and for complete detachment.to 6ccur.

Increasing L/H, as shown in Fig 13b, would lead to a lower I and a higher I while
increasing B, (see Fig 14b) leads to a higher I} and a lower ]_ST . This explains the non-
monotonic decay in I” in Fig 13a. The monotonic decay in I7 with 3, in Fig 14a suggests
that the effects of 3 on the impulse tramsmitted in mode II could be more dominant than
the transverse beam deflection.

The beneficial effect of FSI for the rigid un-supported beam is evident in Fig 14a. However,
this is due to early cavitation triggered by a reduction in the beam’s mass per unit area
as f3,, increases. Furthermore,'the ¢alculation of I has a direct correspondence to the FSI
index 3, given by Eq. 41jas opposed to its deformable and supported counterparts that
deform in mode II.

The maximum non-dimensional transmitted impulse and energy are significantly smaller
in mode Il comparéd to mode I for the fully-clamped elasto-plastic beams due to a loss
of integrity at the supports. Notwithstanding, the maximum non-dimensional transmitted
impulse and-energy for elasto-plastic beams are still considerably greater than those of free-
standing/beams since I” > I and ET > EF | as is evident in Figs 13a and 14a.

5.8. Mode I1]

Figure 15 plots the non-dimensional maximum impulse and energy for beams deforming in
mode IIT (ps = 160 MPa). Note that the ratio of the plastic work absorbed through shearing
deformation to the total plastic work done has reached the critical ratio of 5. = 0.45 in all
cases. The results in Fig 15 are broadly similar to Figs 13a and 14a, despite a slight decrease
in I” and ET due to the fact that the time it takes for complete detachment to occur is shorter
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Figure 13:/(a) Analytical prediction of non-dimensional maximum impulse (— corresponds to IT and IF )
and energy. (—— corresponds to ET and EF ) dissipation for elasto-plastic beams with identical cross-section
(H =.B = 0:002 m) deforming in mode II where §,, = 54.3; and (b) Comparison of analytical normalised
temporal average interface pressure Py (t)/ps and temporal mid-span deflection Wg(t) for beam (1) and 2)
in Fig 13a. Beam (D has 0.02 m (L) x 0.002 m (H) x 0.002 m (B) (8., = 54.3); beam ) has 0.012 m (L)
x 0.002m (H) x 0.002 m (B) (B, = 54.3).

sss  in mode III than in mode II - compare Figs 14a and 15b for an example. Notwithstanding,
sev  the effects of L/H and f,, on maximum impulse and energy transfer in mode IIT are broadly
sss the same as that in Figs 13a and 14a for mode II. It is evident from both figures that for
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Figure 14:/(a) Analytical prediction of non-dimensional maximum impulse (— corresponds to IT and IF )
and energy, (—.— corresponds to ET and EF ) dissipation for elasto-plastic beams in mode II with the same
aspect. ratio 'l = 6; and (b) Comparison of analytical normalised temporal average interface pressure
Pt (1)) ps @nd temporal mid-span deflection W (t) for beam (2) and () in Fig 13a. Beam (2) is 0.012 m (L)
x 0.002m (H) x 0.002 m (B) (B, = 54.3); and beam @) is 0.036 m (L) x 0.006 m (H) x 0.006 m (B)
(Bw = 54.3).

greater impulse and energy were transmitted to the elasto-plastic beams than their free-
standing counterparts; this is also the case for modes I and II as shown in Figs 11a, 12a, 13a
and 14a. Since both I7 and E7 decrease monotonically with peak incident pressure p, in
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Figure 15, Analytical predictions of the non-dimensional maximum impulse (— corresponds to IT and IT)
and energy (—.— corresponds to E7 and EY’) dissipation for two sets of elasto-plastic beams deforming in
mode IT¥ (a) of the same cross-section, H = B = 0.002 m (8, = 54.3) and (b) the same aspect ratio,
L/H =6.

52 modes II and 11T (see Fig 10 for an example), maximum transmitted impulse and energy of
s53  elasto-plastic beams could be even less than those of rigid, free-standing beams, as a result
s of significant alleviation of transmitted impulse by boundary failure I
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6. Conclusions

The dynamic response of fully-clamped elasto-plastic beam subjected to underwater blast
has been investigated. An analytical model by [1] is used to predict beam deformation,
interface pressure history, impulse and energy transfer in a Type [ cavitation event where
predictions were found to be in excellent agreement with 3D FE simulations. It was found
that increasing non-dimensional impulse I* leads to a reduction in the maximum mid-span
deflection during modes II and III deformation. A sharp reduction in the maximum trans-
mitted impulse accompanies the transition from mode I—II and a monotenic reduction in
both the maximum transmitted impulse and energy were found in modes [Tyand III. The
beneficial effect of FSI in reducing the maximum transmitted impulse towelaste-plastic beams
(for a given incident pressure-pulse) was found to be dependent on, two/parameters: the av-
erage beam transverse deflection and the time it takes for complete detachment to occur.
The latter significantly limits the impulse imparted to a structure that deforms in modes 11
and III but not when it is deforming in mode I. The effects.of*aspect ratio L/H and FSI
index 3, were investigated. It was found that in mode I, an‘increase in aspect ratio L/H, or
decrease in FSI index f3,,, always leads to a reductionin the maximum impulse transmitted.
In modes II and III, increasing FSI index [, always leads to a reduction in the maximum
transmitted impulse. The effects of boundary on ESI were also investigated where it was
shown, as to be expected, that a significantly higher impulse and energy are transmitted
to the fully clamped deformable beams, deforming in all three modes, as opposed to their
free-standing counterparts of the same mass, per unit area.
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Appendix A - Strain energy components in the equation of motion (Eq. 25)

The dynamic vesponse of the beam system is divided into three separate phases according
to [1jrand the strain energy components corresponding to each are derived below. Figure 16
presents the flow chart on the numerical implementation of the analytical model. Note that
each phase of motion has its own unique set of initial conditions and associated displacement
(and velocity) field. The transitional conditions between phases follow the proposal by
Symonds et al. [35], which is based on the well-known ‘minimum A, technique’ This
technique is commonly employed to determine the starting amplitude of the ‘new’ velocity
field by minimising the difference in kinetic energies between the velocity fields at the end
of the terminating phase and at the start of the new phase [13-15].
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Figure 16: Flow-chart on the numerical implementation of the analytical model in Section 2.

Phase I: 0=t < t;

In Phase I, it is reasonable to neglect catenary actions and transverse shear since the trans-
verse deflection is small compared to the beam thickness, i.e. W < H [13, 36]. The plastic
limit function at the support is simplified according to Eq. 1

V% = [Ms| — 1. (A-1)

Phase I motion ends when ¢% = 0.
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An admissible transverse displacement field for the right-half of the structural beam system
in Phase I, shown in Fig 3a, is given by [13]
T

W(z,t) = w12(t) (1 + cos 7) + wy(t) cos T (A-2)

The bending strain energies in the beam member and rotational spring are, respectively,

and %
BY(1) =~ (1)’ (A1)

where ¢(t) = [}[0*W (z,t)/0x?]dx [13, 14]. Since Wp < H, it id reasonable to assume that
the strain energies due to shear and membrane are negligibly small.[36]; hence,

E5(t) = Eg'(t) = Eg(t)~ 0. (A-5)

Substituting Eqs. A-3, A-4 and A-5 into Eq. 25, and using the initial conditions w; = wy = 0
and w; = wy = 0 gives the two equations of motion for this phase. When the fully plastic
stress condition at the support is reached, i.e.

s = Koo Mo — 1 =0, (A-6)

it marks the end of Phase I deformation at_the corresponding time of ¢t = ¢;.

Phase II: t; <t <ty

In Phase II, small transyérse deflection is also assumed [36-38]; hence, the influence of
transverse shear and catenary actions are also ignored. Therefore, the fully plastic stress
condition at the support - since 1% = 0 - reduces to

|Ms| =1 (A-7)
whilst the same at the mid-span simplifies to
v = |Mp| - 1. (A-8)
Phase [I'motion ends when ¢}, = 0.

An admissible transverse displacement field for Phase IT motion, shown in Fig 3b, is given

by [13]
Wz, t) = |wi(ty) + wa(t) cos% (A-9)

where w; (t1) is the terminating amplitude of the generalised displacement from Phase I at
t;. Expressions for strain energy components are identical to those previously derived for
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Phase I (Eq. A-3 for E%; Eq. A-5 for E%, E§ and EZ') with the notable exception of the
bending strain energy of the rotational spring at the support which is as follows:

E5(t) = |Ms|[(t) — ¢1] = Mo[o(t) — ¢1] (A-10)

where ¢; = My/Ky. Substituting Egs. A-3, A-5 and A-10 into Eq. 25 gives the equation
of motion for Phase II. Following [35], the starting amplitude of the generalised xelocity in
this phase is given by

: 8 . :

Wo = 3771_’11)1(151) -+ ’wz(tl) (A—ll)
where w;(t1) and (1) refer to the terminating amplitude of the generalised velocity from
Phase I at time t;. Once the mid-span of the beam meets the fully plastic stress condition,

i.e.

Y = Elk(t)/My—1=0 (A-12)

where £ (t) = 0*W (x,t)/02%|,=0 is the curvature at the mid-spamjpit marks the end of Phase
IT deformation at the corresponding time of ¢ = 5.

Phase II1: ty <t < tj

The fully plastic stress conditions at the supportand mid-span of the beam are, respectively,

[Ms|(1 - Q%) ¥ N¥Qs =1, if [Mg|>0 (A-13a)
N2 X Q%=1, if |Mg|=0 (A-13b)

and ) .
Mp+ N? = 1. (A-14)

If motion of the beam mémber ceases when the damage variable D < 1 (Mode I deformation),
this will be followed by residual elastic vibration. By contrast, if this happens when D =1
then the beam would fail in either mode IT or mode III.

The admissible transverse displacement field at the start of Phase I1I motion is

Wiz = { wy(t) + {wl(tl) + wa(tz) + ws(t) — w4(t)} e fL-¢<az<L

(A-15)

where ‘wy (1) and wa(t2) are terminating amplitudes of the generalised displacements from
Phases I (at time t1) and II (at time t5), respectively. When the travelling plastic hinge
reaches the mid-span, i.e. £ = L, the admissible transverse displacement field becomes

L—x

Wz, t) = wy(t) + [wl(tl) + wy(te) + ws(t) — w4(t)} 7

(A-16)
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The bending strain energies of the beam member and rotational spring are, respectively,

w3 (t) — wy(?)

E%@) = Mp 5 >

(A-17)

and

EY(t) = |MS|W. (A-18)

The membrane strain energies of the beam member and the horizontal axialsspringumay be
expressed, respectively, as
Eg(t) = NAp(1) (A-19)

and

B2 (t) = NAs(t) (A-20)

where Ap(t) = A(t)/(1+1/ /1 — Q%/Q3) is the in-plane membranédisplacement at the mid-
span, A(t) = [ws(t)—w4(t)]?/€ is the total membrane displacementand Ag(t) = A(t)—Ap(t)
is the membrane displacement at the support. Here, itdis assumed that in-plane membrane
displacement is significant where a plastic hinge has’develepéd. The shear strain energy of
the vertical axial spring is

E§(t) = Qgwa(t)s (A-21)
Note that the parameters Mg, Qg, N, Mg, £and€ in Egs. A-17, A-19, A-18, A-20 and A-21
are unknowns. Recasting them in a non-dimgensional form, viz. Mg, Qs, N, Mp, § =& /L
and € = ¢ /L, they will have to be computed as described below.

The non-dimensional velocity of the travelling hinge A is [20]

oy L5(|Ms| + ).~ 2Q5E(L/H)/ /3 + 6N (s — @) + E[p(t)/pd]
pL? &(w3 — wy)

where ws = ws(t)/Hyws = ws(t)/H, wy = iy(t)/H; p. = 4My/L? is the fully plastic
collapse force perainit, length, i.e. the largest force per unit length that can be supported by
the structural beam, system when subjected to a pure bending moment before the bending
moment at each plastic hinge reaches the fully plastic bending moment M, [20]. Note that
when theAravelling hinge A reaches the existing stationary hinge at the mid-span B, they
coalesce into a/single stationary hinge so that in subsequent motion

£= (A-22)

£=0 and &=1. (A-23)

The calculations of Mg, Qg, _]\_/ , ]\__4 p would depend on whether damage had initiated. If the
state variable wy < 1, then Mg, Qs and N are governed by normality requirements so that
plastic low must occur at a non-negative energy dissipation rate since they have met the
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fully plastic stress condition (Eq. A-13). Therefore, according to [20],

1
) = 2(w3 — Wy A-24a
p¢(1-+ \/1__63%) 2 ) (A-24a)
[ 2 Mg 1 4€(L/H)iy A
S W e Rl e -
if |Ms| > 0, and . o ..

[ 2wy Wy — W] (W — W) (W5 — Wy) ]

| V3Qs £<L/H>] - §(L/H) e

if |[Mg| = 0. If the state variable wy = 1, then the non-dimensional héniding moment Mg,
membrane force N and shear force ()g are governed by Eq. 3. Note that the non-dimensional
bending moment Mp remains governed by fully plastic stress*condition established for the

mid-span (% = 0) in Eq. A-14.

To calculate Ms, Qg, N and Mpg, they have to be expressed as functions of ws, Wy, Ws, Wy,
€, € and t through Eqs. A-13, A-14, A-22, A-24 and A-25"if w,; < 1; and through Eqs. 4,
3, A-14 and A-22 if wy = 1. The temporal evolutien of these parameters are obtained by
solving the aforementioned equations using thémwell-kmown 4th order Runge-Kutta method
with the initial conditions of ws = wy = 0 and"w; = 0. The starting amplitude of the
generalised velocity w3 for Phase III is given hy

N2
W3 — pw2(t2) (A—26)

where 5(ty) refers to the terminating amplitude of the generalised velocity from Phase II
at time ¢5. Phase III deformation ends at time ¢3 if motion of the beam member ceases i.e.

ws(ts) = 0, (A-27)

If the damage variable Dr< 1 when this occurs, then the beam fails in mode I. Otherwise,
a mode II or mode Il failure would ensue if D = 1.
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