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Abstract
This thesis reports the findings of an experimental and numerical investigation into the
whipping response of a submerged platform, due to loading from near-field, non-contact
underwater explosion (UNDEX) events.
The experimental investigation examined the whipping response of a generic submerged
platform subjected to UNDEX. Eight scenarios were investigated, using different explosive
charge sizes, longitudinal, and transverse stand-off locations, to explore the effects of these
variables on the platform’s whipping response, and to provide validation data for the numerical
investigation. It was found that UNDEX stand-off locations near the anti-node of the first
bending mode shape induced the most severe whipping responses, while stand-offs near the
node of the first bending mode shape had greatly reduced whipping responses.
A numerical model was developed and validated against the experimental results, using
incident pressure and strain measurements. Three numerical studies were conducted with the
validated numerical model, investigating the effects of additional stand-off distances at the
previously explored longitudinal stand-off locations, the whipping response from an
intermediate charge size, and the effects of the UNDEX bubble loading on the whipping
response by using a shock-only loading model.
From these studies, the following novel contributions were made:
The stand-off distance was found to only affect the whipping severity while the charge size and
stand-off location determined the modal contributions of the whipping response.
A comparison of the peak whipping response to the bubble pressure impulse suggests that three
distinct forms of whipping could be induced, and these can be determined by the proximity of
the UNDEX stand-off location to the nodes and anti-nodes of the platform’s first bending mode
shape. These were classified as critical, resilient, and general whipping responses.
The critical whipping response occurred when the UNDEX stand-off location was near the
anti-node of the first bending mode shape. This was characterised by a dominant response of
the first bending mode and minimal contribution from other bending modes in the overall
response. The severity of this response increased nonlinearly as the bubble impulse increased
and when the bubble pulsation frequency was similar to the first bending mode frequency. This
is the most severe form of UNDEX induced whipping.
The resilient whipping response occurred when the UNDEX stand-off location was near the
node of the first bending mode shape. This was characterised by minimal contribution of the
first bending mode compared to others in the overall response. From these scenarios, the bubble
loading had minimal effect on the whipping response. This was confirmed from good
correlation in comparisons of the strain responses from experimental measurements and the
results from the numerical shock-only loading study. This is the least severe form of UNDEX
induced whipping and the most desirable outcome from an unavoidable UNDEX threat.
The general whipping response occurred when the UNDEX stand-off location was between the
nodes and anti-nodes of the first bending mode shape. This was characterised by similar
contributions of multiple bending mode responses in the overall response. The severity from
this response increased linearly for increases in the bubble impulse. It is suggested this is the
most likely form of UNDEX induced whipping to occur, based on the large number of variables
involved with UNDEX loading and platform response scenarios.
i

Current analysis methodologies are able to identify the resilient whipping response but some
methods that focus on the shock response of a platform may not identify the critical and general
whipping responses. This was demonstrated by comparison of the experimental measurements
to a numerical shock-only loading models for the most severe UNDEX scenarios, where shockonly loading and response assumptions under-predicted the whipping response by 39 % and
54 % for the critical and general whipping responses respectively.
The relative increase in the severity of the whipping response from a reduction in the stand-off
distance was consistent for all similar forms of whipping. This suggests that the whipping
severity from many different stand-off distances can be approximated through analysis of only
a few scenarios at different stand-off locations on a specific naval platform. It is suggested that
this knowledge may allow a rapid assessment tool to be developed that could determine a
platform’s survivability from a wide variety of UNDEX scenarios.
The trends from each form of whipping severity compared to bubble pressure impulse were
examined with limited extrapolation. This suggested that four whipping response analysis
regimes exist: far-field elastic, near-field and non-contact elastic, non-contact plastic, and
contact damage. Exact limits of these regimes were not identified, and all are promising areas
for further investigation.
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[MPa]
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Stand-off distance

[m]

R2

Coefficient of determination

S

Similitude parameter

[kg1/3/m]
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Maximum displacement

[m]
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Δ
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ΔT
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[s]

ζ

Damping factor

θ

Shock wave decay constant

λ
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Angle of incidence
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ω

Response frequency
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[%]
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Chapter 1. Background and objectives
1.1. Background and context
A submarine and its crew can have a significant impact in many peace and wartime operations.
In its modern iteration, a submarine is one of the most dynamic vessels within any navy, with
the capability to conduct intelligence gathering, troop deployment, and act as both an offensive
deterrence and front-line combatant. Stealth is the most significant advantage of the submarine,
and this is provided very effectively by the underwater environment. However, the natural
hostility of the environment does not grant this willingly, and a submarine is in constant conflict
with natural forces, in addition to potential man-made threats. This can easily turn the
advantage over to adversaries if left unchecked.
Submarines for military applications have been tried and tested with different levels of success
since the early 16th century. During the end of the 19th century, John Phillip Holland designed
and demonstrated the first modern submarine Holland I, which was later adopted by the British
and U.S. Navies [1]. Improvements to propulsion technology, energy storage and weaponry
significantly increased the interest in submarines by many nations. However, at that time, the
role of the submarine was mainly limited to coastal and harbour defence operations [2].
The onset of the World War I (WWI) saw a shift from the small and lightly armed defensive
submarines to larger and more heavily armed sea-going vessels, purposely designed for
offensive open ocean warfare. The use of submarines during WWI and World War II (WWII)
proved to be extremely effective, with more than ten million gross tonnage of allied and neutral
vessels sunk by submarines in each war. In the case of WWII, submarines accounted for over
68% of the total gross tonnage sunk [2].
To combat the submarine’s success, Anti-Submarine Warfare (ASW) technologies were
developed. ASW is focussed on two key areas: detection and destruction, with the former aided
by the development of radar and sonar technologies. Destruction based ASW was achieved
using an underwater explosion (UNDEX) from existing mine and torpedo weapons. Depth
charges were developed as a dedicated ASW method to force a submarine either to the surface
or the sea floor.
Threats to modern submarines are still largely defined by technology from the 19th century.
Even the most modern submarines maintain the general stiffened pressure hull structure of
Holland I, and the explosion physics of UNDEX weaponry remain the same. Modern
advancements have focused more on detection, avoidance, and counter-measures. The
sophistication and complexity of modern weapons and counter-measures, as well as the
environment in which they operate, make it difficult to accurately predict the outcome between
these technologies. It is therefore of great necessity for any navy to consider the UNDEX threat
for the submarine structure, its crew, and mounted equipment. Naval platforms and their onboard equipment are required to undergo an exhaustive structural assessment process to ensure
they can meet operational requirements, and it is critical that the assessment procedures
accurately represent the UNDEX threat and are capable of identifying a platform’s limitations.
In the following sub-sections, an overview of the UNDEX event and the UNDEX induced
structural response of surface and submerged naval platform’s is provided. An overview and
the objectives of this research investigation are outlined for the following chapters.
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1.1.1. Underwater explosions
Explosions are reactions that rapidly convert the state of matter, liberating energy in the form
of pressure and heat. This process is typically associated with a large increase in volume of the
explosive substance, which is visible from the bubble produced in the underwater environment
in Figure 1-1. There are three types of explosions: mechanical, nuclear, and chemical [3], all
of which have been used for the purposes of UNDEX weaponry and platform assessment [46]. For present ASW UNDEX weaponry, chemical explosives are favoured due to their cost
and safety. Explosive materials that undergo detonation, known as high-explosives, are the
most common for UNDEX and are the primary consideration of this work. Under detonation,
the burn-rate of the explosive is faster than the acoustic velocity within the material and a shock
wave is formed. The explosive reaction is continued as the shock wave propagates through the
remaining material, shock loading the remaining explosive material into detonation.

Figure 1-1 Gas bubble produced by an underwater explosion [7]

The shock wave
Within the explosive, the shock wave travels at the detonation velocity of the explosive
material, which is approximately 6900 m/s for the common explosive compound trinitrotoluene
(TNT). Eventually the shock wave reaches the water contact surface. The large difference in
impedance across the contact surface causes the propagation velocity of the transmitted shock
wave to rapidly reduce towards the acoustic wave velocity of water (approximately 1500 m/s).
The reduction in velocity leads to a substantial increase in the pressure of the shock wave just
beyond the contact surface, as per Bernouli’s principle [8]. The shock wave in water is best
described by an incident pressure measurement, taken at some distance R away from the charge
centre. A general pressure profile is shown in Figure 1-2, where key aspects of the shock wave
are noted. One of the most important characteristics of the shock wave is the rapid rise time
towards the peak pressure PM. This has been idealised as an instantaneous rise in Figure 1-2,
which is a very close approximation. This near instantaneous rise in pressure is the first damage
mechanism from the shock wave. As the shock wave passes through the material it may even
result in a temporary or permanent phase change over the brief loading duration. The PM will
also be substantial compared to the atmospheric pressure Patm, where even a small explosive
charge of 1 kg can result in PM magnitudes of 1 to 100 MPa above Patm [6].
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The initial shock front PM is followed by a rapid exponential decay as the fluid returns to
equilibrium. This decay is characterised by the decay constant θ, which is the time it takes for
the pressure to reduce from PM to 𝑃𝑀 /𝑒 1 . The shock wave follows the exponential decay rate
for approximately one θ, after which it decays at a slower rate [6]. The duration of the shock
wave for analysis and calculation of additional shock wave parameters is generally taken as
five θ, which is typically no more than a few milliseconds [8].

Figure 1-2 Shock wave pressure profile

At a short distance beyond the contact surface, the temperature within the shockwave reduces
to that of the surrounding ambient fluid and the energy of the shock wave is characterised by a
stable combination of kinetic energy and volumetric strain energy of the hydrostatically
compressed fluid medium, the later energy component being dominant. Along with near
acoustic velocity of the shock wave, these are considered as the far-field shock wave
conditions. Under these conditions, the peak pressure and duration characteristics of the
spherically spreading shock wave remain proportional with respect to charge mass W and
stand-off distance R between the charge centre and stand-off point. Cole [8] observed this
dispersed energy using the Energy Flux Density (EFD) or energy per unit area, which is the
total energy of the wave over the area of a sphere, as shown in Figure 1-3. For the initial shock
front, the EFD can be calculated using Equation 1.1, where ρf and cf are the density and acoustic
velocity of water respectively, and collectively form the acoustic impedance.
𝐸𝐹𝐷 =

5𝜃
1
∫ 𝑃2 (𝑡) 𝑑𝑡
𝜌𝑓 𝑐𝑓 𝑡0

Figure 1-3 Shock wave energy flux density
3

[m.MPa]

1.1

Chapter 1. Background and objectives

Based on observations of the proportionality in EFD measurements for shock waves, Cole [8]
applied the spherical wave propagation theory from Kirkwood and Bethe [9] and developed
the shock wave similarity principle in Equation 1.2, where S is the similarity factor. Empirical
similitude equations were developed from this principle and have been used to describe the
primary characteristics of the shock wave.
𝑆=

(𝑊)1/3
𝑅

[kg1/3/m]

1.2

The pulsating bubble
Once the explosive material has completely detonated underwater and the shock wave has been
emitted, a gas by-product of the chemical reaction remains trapped by the hydrostatic pressure
in the form of a bubble. The bubble undergoes a series of pulsation cycles as the internal and
external pressures attempt to equalise. This is best observed from a free-field pressure gauge
measurement taken at some distance R away from the bubble itself. A generalised illustration
of the bubble pulsation cycles and pressure responses is shown in Figure 1-4. The pulsating
bubble phase lasts considerably longer than the shock wave, in the order of 100 – 1000 ms,
depending on the explosive type, mass and the charge detonation depth. The incident pressure
from the bubble shown in Figure 1-4, consists of long durations of negative gauge pressure due
to the increasing fluid velocity as the bubble expands, referred to as the bubble under-pressure.
This under-pressure is at its lowest when the bubble reaches its maximum radius. As the bubble
collapses the incident pressure increases and immediately after this point of collapse, a highpressure pulse is emitted, referred to as the bubble pulse. Each pulsation of the bubble is
considered as one bubble cycle (shock wave to first bubble pulse, first bubble pulse to second
bubble pulse, etc.).

Figure 1-4 The pulsating bubble cycles and characteristic incident pressure

Analytical solutions can be used to calculate the transient bubble period from the pressure
difference using the Rayleigh-Plesset equation. In practice, it is difficult to obtain an accurate
measurement of the internal pressure in the extreme UNDEX environment. The internal
pressure is dependent on the explosive charge material and mass W, while the hydrostatic
pressure depends on the fluid density (which is assumed to be constant) and detonation depth
D. The material, W, and D quantities are much easier to obtain in the experimental environment.
4
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Swift and Decius [10] were able to use these quantities to study the response of UNDEX
bubbles through pressure gauge measurements and produce empirical relations for the
maximum radius An in Equation 1.3, and the period of the pulsation Tn in Equation 1.4, where
n is the bubble cycle and Jn and Kn are the bubble radius and period coefficients respectively.
These coefficients can be obtained from several sources [6, 10, 11] for different explosive
charge materials.
(𝑊)1/3
𝐴𝑛 = 𝐽𝑛
(𝐷 + 10)1/3
𝑇𝑛 = 𝐾𝑛

(𝑊)1/3
(𝐷 + 10)5/6

[m]

1.3

[s]

1.4

Loading contributions of shock wave and bubble
The contribution of UNDEX loading from the shock wave and bubble depends on the explosive
material, mass, and distance from detonation point. The previously discussed EFD can be used
to determine the amount of explosive energy that goes into the shock wave and what remains
in the bubble. Cole [8] showed from experimental and analytical calculations that at one charge
radius from the detonation point of a spherical TNT charge, 53% of the total explosive energy
was contained in the shock wave while the remaining 47% was in the bubble. Weaponised
UNDEX devices may also use additives to control the energy proportions, where aluminium is
commonly used to increase the proportion of bubble energy [6, 12, 13].
Cole [8] noted that direct measurement of energy is difficult to obtain in the severe UNDEX
environment. When assessing the loading of explosions on structures, it is common to assess
the impulse per unit area, or pressure impulse [14, 15] of an incident pressure measurement
taken at some R distance. The pressure impulse can be calculated through the integration of a
pressure-time history by Equation 1.5. The time bounds of the integration depend on the
pressure impulse of interest. For the shock wave pressure impulse, it is common practice to
take the integral from t = 0 to 5θ but may be extended to a time when P = 0, which indicates
the pressure has reached the hydrostatic level. For the bubble, the pressure impulse is taken
over the duration of the under-pressure and pulse components.
𝑡1

𝐼 = ∫ 𝑃 𝑑𝑡
𝑡0

[MPa.ms]

1.5

Figure 1-5 presents a pressure impulse example with the integral taken over the entire shock
wave and first bubble cycle duration, where the components of the shock wave IS, bubble
under-pressure IB, and bubble pulse are noted. This transient pressure impulse splits the
contribution of the bubble pressure impulse into positive and negative components for both the
under-pressure and pulse components, noted for the bubble under-pressure component as +IB
and -IB in Figure 1-5. The IB value should be considered as a summation of the absolute values
of +IB and -IB. From Figure 1-5 it is shown that IB is almost double the value of IS, and
effectively unloads all the shock wave impulse and reloads in the opposite direction. The
following pressure impulse from the bubble pulse then reverses this again, and this cyclic
loading continues over the duration of the pulsating bubble, with decay between each cycle.
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Figure 1-5 Pressure impulse and source pressure time histories

Cole [8] made the important note that the larger pressure impulse from the pulsating bubble
does not indicate the bubble has greater potential to cause damage compared to the shock wave,
as the bubble pulse EFD is in the order of 1 – 5 % of the shock wave EFD, and the peak pressure
of the bubble pulse is also substantially lower. However, the pressure impulse is a relevant
measurement for analysis of the dynamic response of the fluid and objects within it. This
demonstrates that the pulsating bubble has a more significant effect on the fluid response, as
opposed to the near-instantaneous transfer of energy by the shock wave. The pressure impulse
that arises from the controlled distribution of energy during the pulsating bubble is of interest
for investigating the relationship between the bubble and structural responses, as the pulsating
bubble has potential to continue forcing the structural response long after the shock wave
loading has ceased.
Additional UNDEX loading contributions
Boundaries are present in most underwater environments that produce reflected waves which
can also load a platform. Common underwater boundaries and the UNDEX loading paths that
a submerged platform might experience from these are shown Figure 1-6. Three common
loading paths are considered:
1. Direct wave
This is the shortest path (line of sight) between the UNDEX and the platform. It is the initial
compressive shock wave source of all loading paths, and it is typically the most severe
shock loading the platform will experience.
2. Surface reflection waves
The surface reflection occurs due to the direct wave reflecting off the free-surface. The
flexibility of the free-surface boundary produces a tensile reflected wave, as opposed to the
compressive direct wave. Due to the rapid decrease in pressure from this reflection wave,
6
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it is often referred to as the surface cut-off wave [8, 16]. This surface cut-off interaction
with the direct wave is illustrated in Figure 1-7.
3. Ground reflection waves
The direct wave may also reflect off the sea floor, producing a ground reflection wave. The
sea floor is typically a rigid boundary and produces a compressive reflected wave. The
ground wave will arrive after the direct wave and cause additional loading, as shown in
Figure 1-7.
In addition, UNDEX events close to the sea floor may also induce a seismic response that can
also load the structure. This type of loading is not considered for this investigation.

Figure 1-6 Common environment boundaries and UNDEX loading pathways

Upon reflection of the compressive UNDEX shock wave from the water free-surface, a tensile
relief wave of equal magnitude will propagate from the affected free-surface area. The
interaction of the tensile wave front with the direct shock wave can lead to a net pressure below
the Patm at a finite depth below the free-surface. If the net pressure falls below the local vapour
pressure of the water cavitation will occur, effectively inducing a localised phase change in the
water. The substantial under-pressure of the surface reflection wave can cause the net pressure
to approach absolute zero pressure P0 at which point the response is characterised by a
cavitation cut-off of the pressure-time history, noted in Figure 1-7.
The interaction of the direct and surface reflection waves can take place over a large area and
produce a zone of cavitated water near the free-surface, known as a bulk cavitation [11]. The
eventual collapse of the bulk cavitation zone, due to the weight of the water above the cavitation
zone, may result in significant additional loading of nearby structures. The flexible response of
a platform’s hull plate may also induce cavitation, referred to as hull cavitation. Hull cavitation
will occur if the relief wave generated by movement of the flexible surface in response to the
incident shock wave is of sufficient magnitude to drive the local pressure to below the
cavitation pressure. As in the case of bulk cavitation, collapse of the hull cavitation zone may
result in significant additional loading of the adjacent structure.
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Figure 1-7 Shock wave incident pressure with ideal reflection waves

1.1.2. Platform response
All structures possess fundamental vibratory response dictated by their geometry, material, and
boundary conditions. Most maritime platforms can be idealised as a long and slender beam
(that may have a variable cross section). This beam is generally assumed to be unconstrained
and partially or fully submerged in a dense fluid. In the fully submerged condition, the platform
is free to move in any direction, while in the surfaced condition, motion is strongly affected by
the water and air boundary. Bishop and Price [17] distinguished structural responses as motion
and distortion responses in the maritime context. Motion responses consist of six rigid body
motions: three translational and three rotational, which are detailed in Figure 1-8 using the
maritime nomenclature. These motions are responsible for the rigid platform dynamics and do
not include the deformation of the structure.

Figure 1-8 Motion responses of a maritime platform

Distortional responses are dynamic responses which induce deformation in the structure. These
can take the form of different shapes based on the distortion modes. Distortional modes include
bending, circumferential, torsional, and translational responses. The beam-like behaviour of
maritime platforms means that global bending of the platform is generally the dominant
distortional mode. Blevins [18] provided a comprehensive collection of modal response
formulas, and the notation is adopted for this work.
Bending Modes (BM) are caused through alternating tensile and compressive axial strain about
the beam neutral axis. These consist of nodes and anti-nodes along the axial direction that react
to external loading. Anti-nodes are locations of maximum deflection in the mode shape and are
the most sensitive locations to external loading. Nodes experience no relative deflection in the
mode shape and have no distortional response from any external loading. A platform’s response
8
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may consist of multiple modes and therefore nodes from one mode may still be subjected to
distortional response from another mode. Both nodes and anti-nodes may still undergo rigid
body motion which can affect measurements of the platform’s motion which can make it
difficult to identify these through motion measurements (velocity and acceleration). Stress and
strain can only be induced by distortional responses and provide better measurements of just
the distortional responses. An example of the first three BM shapes for a free-free uniform
beam are shown in Figure 1-9, denoted by Blevins notation, where j is the number of half waves
in the BM response.

Figure 1-9 Bending mode shapes of a uniform free-free beam

In addition to global BM responses, localised responses may occur in hull plating. The simplest
example of this may arise from an unstiffened cylindrical pressure hull that approximates a
shell structure. These responses are referred to as Circumferential Modes (CM) [18] or lobar
modes [19], which can be excited in both the circumferential and axial directions. The
nomenclature for these modes is adopted from Blevins [18], where i denotes the number of
circumferential waves and j denotes the number of axial half waves of each CM shape, as
shown in Figure 1-10.

Figure 1-10 Circumferential mode shapes of a uniform free-free cylinder, from Blevins [18]
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Torsional and translational distortional modes may also be present in the overall structural
response. For the present investigations these are not considered as the structure and scenarios
considered in these investigations are designed to primarily induce bending mode responses.
When considering a platform’s response, the fluid must also be taken into consideration as its
density results in a significant inertia on the systems motion, much like the pulsating bubble.
This is commonly referred to as the added fluid mass. An approximate added mass can be
calculated from the total displacement of simple forms (e.g. a cylinder). Blevins [18] provided
a number of these solutions for simple cross-sections, summarised from Lewis [20], and also
briefly considered the effects of environment boundary conditions for some cross sections. The
added mass of more complex forms can be approximated with geometric transform equations,
such as those from Lewis [20]. Numerical analysis methods also allow for this approximation
to be achieved with boundary integral solutions, such as those from Deruntz and Geers [21].
Due to the added mass, a partially or fully submerged platform has both dry and wet modal
response frequencies for each mode shape, with wet modal responses including the added fluid
mass. For this research, the wet modal responses are assumed for discussion purposes unless
otherwise stated.
The shock response
The shock wave is essentially pure pressure strain energy [8] and consists of a near infinite
range of frequencies and may excite a broad range of structural responses. On contact with a
structural element, part of the shock wave energy is transferred into the structure and the
remaining energy is reflected. The amount of energy transferred/reflected depends on the
structure material and interaction geometry. The transferred energy induces significant
localised deformation at the point of impact, and the kinetic energy of this motion is enough to
cause solid matter to temporarily behave more like a fluid as the shock wave passes through
the area [22].
Keil [23] described in great detail the potential damage from an UNDEX shock wave on surface
platforms. In the extreme case of a charge at proximity, the explosion products may make direct
contact with the hull shell, causing rupture of the hull and potentially rupturing surrounding
bulkheads due to the rapid pressure change within the affected compartments. High velocity
fragmentation from the ruptured structure is also a significant concern, with potential to
compromise the water-tight integrity of platform compartments. While contact damage is
devastating, it is generally localised on large platforms and the hull’s reserve buoyancy can
accommodate this during recovery operations. The absence of reserve buoyancy on a
submarine platform means that compromised water-tight integrity is of a far greater concern to
the platform’s survivability and recoverability. At further stand-off distances, plastic
deformation damage may occur from the initial shock wave without rupturing the hull. Large
deformation of stiffened panels and bulkheads may cause the stiffeners to buckle or “trip [1]”
which significantly reduces their effectiveness and leaves these areas more susceptible to
rupture from shock wave reflection or bubble loads.
Shock wave energy that is not reflected or does not cause permanent deformation will exist as
kinetic energy in the platform. This energy causes significant motion and high acceleration
loading throughout the platform. These responses can be especially severe for mounted
equipment and last long after the initial shock wave impact. Keil [23] observed a number of
different equipment failures that result from this loading, such as failure of equipment
foundations and fasteners.

10

Chapter 1. Background and objectives

The immediate shock response is not the primary focus of this study, but the unavoidable
presence of the shock wave will be considered where applicable in the present investigation.
The whipping response
The broad frequency content and high energy of the shock wave can induce an ongoing bending
response in a structure. For naval platforms this is referred to as an UNDEX induced whipping
response [24]. If the UNDEX is small and/or relatively far away, the shock loading is the most
significant threat. For larger and/or closer UNDEX, the bubble also plays a crucial role in the
platform’s response. The frequency of the bubble pulse loading may be similar to the wet BM
response frequency of a platform, and in this situation the whipping response may be amplified
as a momentary resonant effect is induced. Depending on the proximity of the bubble, the
platform can experience direct interaction with the bubble’s pulsation cycle, bending upwards
(hogging) as it expands and downwards (sagging) as it collapses, illustrated in Figure 1-11.

Figure 1-11 Stages of UNDEX induced whipping for a surface platform

The flow field produced by the bubble expansion may also draw the platform towards the
bubble source, increasing the loading from the bubble. If the platform is close enough, the
bubble may directly impact the hull, which causes a phenomenon known as bubble jetting.
Bubble jetting causes a column of water to rapidly accelerate up through the bubble cavity
towards the impact location. In weaponised applications, this water jet is capable of breaching
through the hull and all decks of a platform, causing catastrophic damage [23]. This effect is
famously visible on a sinking exercise conducted on the decommissioned HMAS Torrens
(DE 53) in Figure 1-12 (also viewable on YouTube [25]). In this example, the use of a heavy
weight torpedo on the relatively small destroyer platform (compared to modern destroyers)
resulted in the ship breaking in half, a failure aided by the whipping response prior to the jet
impact.

Figure 1-12 Bubble jet damage from a heavy weight torpedo detonation under the amidships section
of the decommissioned HMAS Torrens [26]
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Mines are far more common in modern incidents [27, 28], and are less likely to result in the
catastrophic failure shown in Figure 1-12, but still pose a significant threat to a platform’s
overall structural integrity. A mine strike incident on the USS Princeton (CG-59) [27]
demonstrated this, and the resulting buckling damage to the external hull plating is shown in
Figure 1-13. A mine is also more likely to produce contact damage where much of the energy
from the shock wave and bubble go into deforming and piercing the hull plate and supporting
structure.

Figure 1-13 Buckling damage to the hull plate from UNDEX induced whipping due to a mine strike on
USS Princeton (CG-59) [29]

For whipping assessment purposes, there is an ideal scenario where the bubble is too far away
to collapse and jet, but close enough to drive the whipping response. In such a scenario, the
responses of the bubble and structure can be coupled. Little is known about this range and the
parameters of the UNDEX and platform that affect this bubble-structure coupling. The general
term of whipping is also used liberally and can often cause confusion in discussion of the
response. The whipping response induced by wave loading while similar physically, is at a
completely different scale of time and global displacement compared to the UNDEX induced
counterpart. Further clarification of the UNDEX induced whipping response and the
characterisation and causation for different modal responses may help to differentiate UNDEX
induced whipping from the generalised whipping response term.
The whipping response is of concern to both surface and submarine platforms, but in each
environment the response can be quite different. For surface platforms, the whipping response
will predominantly occur in the vertical direction, due to the air-water interface [24]. In this
case, the greatest threat from a whipping response is damage to the keel and buckling of the
hull, which put the platform’s structural and water-tight integrity at risk. However, a surface
platform has the benefit of reserve buoyancy, which can allow for some recovery, post event.
As the response is most likely in the vertical direction, it is also relatively easy to predict the
response and protect onboard equipment from this.
Burcher and Rydill [1] made note that submarine platforms have a far greater risk from a
whipping response. The stiffened pressure hull design, while strong under dominant hoop stress
conditions from hydrostatic pressure, has an inherent weakness to dominant longitudinal stress
from a global bending response. The longitudinal stresses concentrate at the stiffener locations
and will vary from being tensile or compressive. This loading on the stiffeners may induce
tripping failure which can then lead to interframe buckling (sometimes referred to as concertina
12
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mode) failure. Global buckling failure of the pressure hull may also be induced from a very
large bending response. As the pressure hull is responsible for both the structural and watertight
integrity of the submarine platform, any damage to this structure could result in catastrophic
failure of the platform. The whipping response on a submarine platform can also occur in any
direction, as it is generally submerged during operation. This is of particular concern to
mounted equipment, which must therefore be resilient to loading from any direction. The
greater risk of submerged platforms to a whipping response forms the primary consideration
for this research.
At present, the variables of the UNDEX and platform that affect the whipping response are
generally understood, but defined limitations of these variables have not been reported. There
is also little information regarding the sensitivity of these variables on the UNDEX induced
whipping response.

1.2. Research overview and objectives
The objective of this present investigation is to explore the UNDEX induced whipping response
of a fully submerged platform. The aim of this is to clarify which variables of the UNDEX and
platform are important to consider on this whipping response, and to determine the sensitivity
of the whipping response to these variables. This investigation will also seek to better define
UNDEX induced whipping and coupled bubble-structure responses, using a generalised and
where possible, a dimensionless characterisation of the responses. Improved understanding of
these effects could better inform design and operational decisions for current and future naval
platforms.
For this objective, three research questions were considered:
1. What variables of the UNDEX event and platform design contribute to the whipping
response?
Before assessment of different analysis methods, better understanding of the variables that
affect the UNDEX induced whipping response on a submerged platform was required.
Previous experimental work is examined in Chapter 2 which found existing data was not
suitable and could be largely improved through a new experiment. An experiment on a
generic submerged platform is described in Chapter 3, which explores the effects of the
charge size, stand-off distance, stand-off location along the platform length, and the relative
size of the bubble to the platform on the UNDEX induced whipping response. A numerical
model is developed and validated in Chapter 4, and further studies on the effects that
different charge sizes and stand-off distances have on the whipping response are explored
and reported in Chapter 5.
2. Are existing assessment methods appropriate for analysing the UNDEX induced
whipping response of a platform?
There is uncertainty as to whether analysis methods used are able to consider the effects of
the whipping response for modern platforms, particularly if these are based on legacy
empirical observations. Chapter 2 explores current available methods for UNDEX loading
assessment of naval platforms and determined that further experimental analysis was
required to understand the submerged whipping response, which is discussed in Chapter 3.
Numerical analysis using a Boundary Element Method (BEM) was the most promising
analysis tool for this problem and this is explored in Chapter 4.
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3. How can the UNDEX induced whipping response and bubble-structure coupling be
better defined?
There is a need to better define the interaction between bubble and structure, and the
UNDEX induced whipping response to maintain consistency across the application of
legacy and new datasets to this problem. Categorisation of the bubble response and
interaction near boundaries is examined in Chapter 2. In Chapter 3 the bubble loading is
compared against the peak whipping responses of the experimental events. The relationship
of the bubble loading and whipping response is further explored in the numerical
environment in Chapter 5 and from these results detailed definitions of different UNDEX
induced whipping responses are suggested.
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2.1. Introduction
In this chapter, the complications of bubbles interacting with boundaries are reviewed and the
relationship of bubble proximity and relative size to a platform are considered for their effects
on the bubble-structure coupling. Analysis techniques for assessing a platform’s response to
UNDEX loading are investigated, with consideration of their validity to conduct a submerged
whipping analysis.
The modern research of UNDEX and platform response research began during WWI, where
the availability of explosive warheads from both purpose designed UNDEX weapons such as
sea mines and torpedos, and inaccurate explosive shells detonating in water posed significant
threat to ships of the period. A large escalation of research into the UNDEX phenomenon
occurred after WWI and WWII, to improve the effectiveness of weapons and the survivability
of ships [23]. Much of this work was compiled after the WWII by British and American
research agencies into a three volume compendium [16], which explored the key aspects of the
underwater explosion event: the shock wave, the gas globe (now more commonly known as
the bubble), and the damage processes that arise from these. A comprehensive overview of the
UNDEX event itself was produced by Cole [8], who considered the novel contributions of the
compendium and presented this with fundamental mathematical and physical aspects, forming
the definitive text of the field. This work was conducted over 60 years ago, and the methods of
measurement and analysis used by these key references predate computers and, in many cases,
even general electronics in the field. Mechanical measurements analysed with ideal
mathematical or empirical solutions were the primary source of data from experiments. Despite
the current availability of sophisticated computers and measurement systems, much of this
dated research is still relevant today, as even these more sophisticated methods now available
are still constrained by the extreme environment of the UNDEX event.

2.2. UNDEX bubble interaction
At present, there remains a lack of consensus for a universal categorisation of UNDEX events
in regard to their size and proximity to a platform. The following section discusses a variety of
observations and theories that have attempted to define regimes of UNDEX events. Some of
the most recent work in this field has also occurred from observations of bubble interactions
with different boundaries. These works are reviewed and discussed, and current knowledge
gaps are noted for further investigation.

2.2.1. Categorisation of UNDEX Events
UNDEX events may be generally categorised as occurring in either a near or far-field regime,
depending on the proximity of the bubble to a boundary [8]. A dimensionless stand-off
proximity γ, defined in Equation 2.1 as the ratio of the stand-off distance R to the maximum
bubble radius A has been used by a number of authors [30-40] to describe UNDEX regimes
and the influence of a boundary on a near-field bubble response.
𝛾=

𝑅
𝐴

2.1
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The generalised form of γ does not account for all variables of bubble-structure interaction,
such as curvature and the degree of flexibility of the boundary, or the relative size of the bubble
with respect to a finite boundary size. Because of this, there is currently no scientific consensus
on an exact value of γ that may define the border between near or far-field regimes.
As a general definition, a far-field event is one where the bubble is essentially unaffected by
the presence of a boundary. This is referred to as the free-field regime if there is absolutely no
boundary present and the fluid flow field around the bubble remains undisturbed, shown in
Figure 2-1. Under this regime the bubble generally remains spherical except for brief moments
during the collapse phases. Only buoyancy forces will be present in the bubble motion, so the
migration path will be directly towards the free surface. Bubble response models that utilise an
ideal spherical assumption [24, 41, 42], consider a value of γ > 2.00 as far-field and consider
this as a general limit of their applicability.

Figure 2-1 Free-field Bubble expansion and contraction flow fields

In contrast, a near-field bubble will experience interactions between its own pulsating fluidflow field and the reflective fluid-flow field from a boundary. This interaction of flow fields
appear as a force acting on the bubble in addition to buoyancy and are often referred to as
Bjerknes forces [43] due to the similar responses seen in magnetic field interactions. Bjerknes
forces can alter the bubble geometry, causing a non-spherical bubble shape during expansion
phases, and modify the pulsation period. In extreme cases, Bjerknes forces may even
overpower buoyancy forces, resulting in changes of the migration path, potentially in direct
opposition of the buoyancy. How these Bjerknes forces influence the bubble shape and
dynamics generally depends on the boundary geometry and its material properties [44].

2.2.2. Boundary effects on bubble dynamics
Studies on the interaction of bubbles and relatively rigid boundaries [30-34] have found that
when γ < 2.00 the Bjerknes forces attract the bubble to the boundary and reduce the bubble’s
pulsation period. This occurs from the bubble “seeing” its reflection from the surface and
generating reflection waves that are of the same phase as the source, as illustrated in Figure 2-2
and it physically behaves as if another real bubble is present in the field. An experimental
investigation conducted by Zhang, et al. [34] which studied small UNDEX bubbles from
detonators showed that a bubble migrating vertically towards the free-surface would experience
limited attraction to a perpendicularly suspended flat rigid boundary when γ = 1.40, causing it
to deform slightly. At this relative proximity the bubble was still able to undergo a complete
set of pulsation cycles and maintain vertical migration without collapsing onto the boundary.
In an additional experiment from Zhang, et al. [34] a horizontal plate was suspended below the
bubble, parallel to the free surface representing a rigid floor. This arrangement demonstrated
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that the Bjerknes forces were essentially balanced with the buoyancy forces when γ = 1.20,
which prevented any significant migration during the early pulsation cycles. Values of γ < 1.20
caused the Bjerknes force to overpower the buoyancy force and resulted in the bubble
collapsing on the plate. In a similar experiment from Krieger and Chahine [45], the incident
pressure records from spark generated bubbles near a rigid boundary showed that as the bubble
proximity approached γ ≤ 1.00 the bubble was still able to undergo a pulsation cycles, and the
peak pulse pressure from the subsequent bubble pulses reduced as energy was lost to the
deformation of the bubble.
Near a relatively flexible boundary, the Bjerknes forces will repel the pulsating bubble and the
pulsation period increases [34]. The flexible boundary alters the phase of the reflected waves
and creates interference. There are few studies on the effects of bubbles near flexible
boundaries, and it is difficult to distinguish to what degree the relative boundary flexibility
influences the Bjerknes forces acting on the bubble. The repulsion effect is commonly observed
when a bubble interacts with the free-surface [35, 36]. Gibson and Blake [46] conducted an
experimental study on cavitation bubbles collapsing near a flexible rubber boundary and found
that reduced relative proximity and different rubber material thickness had negligible effect on
the repulse bubble response. This bubble interaction has also been explored in medical
applications on human tissue material analogues [37, 38]. These medical studies identified that
the Young’s modulus of the boundary material was responsible for changes in the attraction
and repulsion behaviour.
An experimental study by Tomita, et al. [31] demonstrated that curvature of the boundary also
affected the Bjerknes forces, where convex curvature reduced the Bjerknes forces, while
concave curvature increased them. It was observed that a bubble interacting with a solid sphere
that had a similar radius to the bubble balanced the Bjerknes and buoyancy forces when
γ = 1.60.

Figure 2-2 Bubble and image interactions near rigid and flexible boundaries
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In close proximity (as γ approaches 1.00), the bubble may collapse on the boundary [47]. In
this case, a low pressure zone develops between the bubble and boundary. The bubble begins
to flatten and the pressure difference on the boundary side and free side of the bubble cause the
surrounding fluid to accelerate through the bubble, producing a toroidal form. The water
accelerating through the bubble forms a distinct column, known as the bubble jet. The bubble’s
response while jetting can vary depending on the strength of the buoyancy and Bjerknes forces.
Both Zhang, et al. [48] and Chahine [49] developed similar dimensionless buoyancy
parameters to characterise how buoyancy forces affected the bubble response. Zhang’s work
also used this parameter to compare with the effects from Bjerknes forces, so this definition of
the buoyancy force is adopted for the present work. This is expressed in Equation 2.2 where ρf
and A were previously defined as the fluid density and maximum bubble radius respectively, δ
is the buoyancy parameter, g is acceleration due to gravity, and ΔP is the difference between
the ambient pressure and the saturated vapour pressure. A larger δ indicates a larger buoyancy
force.
𝜌𝑓 𝑔𝐴
𝛿=√
𝛥𝑃

2.2

Using this parameter and the previously noted proximity parameter γ from Equation 2.1 as a
dimensionless comparison of Bjerknes force, Zhang, et al. [48] explored a broad range of
buoyancy forces (0.034 ≤ δ ≤ 0.950) and proximities (0.30 ≤ γ ≤ 3.00), and characterised many
different bubble responses near free and rigid surfaces. For a free-field bubble with a buoyancy
force of δ = 0.451 the bubble collapse caused a jet which splits the bubble into a toroidal form,
before collapsing further into a cloud of smaller bubbles that reforms every subsequent cycle.
Increasing δ decreased the jet velocity and this energy went towards a larger bubble radius and
increased migration. Near the free-surface three behaviours were identified:
1. The bubble jetted away from the free-surface when the Bjerknes force was dominant.
2. The bubble jetted towards the free-surface when the buoyancy force was dominant.
3. The bubble either split if buoyancy was low or deformed when buoyancy was large, if both
the buoyancy and Bjerknes forces were balanced, referred to as neutral collapse.
Three near-identical behaviours were also identified for a bubble above a horizontal rigid wall,
except the outcome is reversed for behaviours 1 and 2, where jetting occurred towards the
surface when Bjerknes was dominant, and away when buoyancy was dominant. The
relationship of these forces are described in more detail in Figure 16 for interactions near the
free-surface and Figure 20 for interactions near a rigid surface by Zhang, et al. [48].
It is noted by many authors [46, 49-51] that visual examination of the jetting phenomenon is
difficult due to the opacity of UNDEX bubbles. For large UNDEX weapon sized bubbles, the
force from the bubble jet can also be large enough to pierce through hull plate and multiple
decks of a surface platform [23]. Due to both the destructive force of jetting and the
complications in analysing it for UNDEX bubbles, the jetting phenomenon is not considered
within the scope of this work.

2.2.3. Scale and scalability
All the interaction studies discussed were conducted at substantially smaller scales than even a
small UNDEX bubble, which raises a question of how these responses might be influenced by
the relative scale of the bubble and structure in a similar fluid. There is surprisingly very little
information regarding how the relative size of the bubble to a structure will affect the response
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of each, although three broad scenarios of interaction (shown in Figure 2-3) may be interpreted
from the literature:
1. The first scenario considers a small bubble near a relatively large structure. Here the bubble
will itself deform but the structure is unlikely to experience any significant global motion
due to the bubble interaction. Such a situation is often the focus of cavitation bubble
collapse studies near relatively rigid boundaries [52-54], while bubble interaction with the
free-surface can be considered as the equivalent scenario for a highly flexible boundary.
2. The second scenario considers a large bubble against a relatively small structure. Here the
bubble will not experience any significant deformation itself or be influenced by any
Bjerknes forces between itself and the structure. The structure will likely experience a
global motion response from the bubble. For example, Zhang, et al. [51] noted a sparkgenerated bubble was relatively undisturbed by the presence of the small electric ignition
probes used in their experiments, while the report of the Crossroads Baker underwater
nuclear explosion test [5] detailed how a ship momentarily floated atop the dome of the
large bubble at the surface before disintegrating as it burst. This is of course an extreme
scenario for UNDEX case and is not considered as a survivable scenario.
3. The final scenario considers a bubble and structure to be of similar size, this may be
measured by some control length of a structure (e.g. a hull diameter). Here it is suggested
that both the global and local dynamics of the structure and bubble are dependent on each
other [31]. There is limited understanding on exactly what relative size limits apply to this
scenario, other than that they are “comparable”. This scenario is of significant importance
in assessment of the UNDEX threat and platform response as it presents the most
complicated bubble-structure interaction scenario. It is currently unknown what the relative
proximity and size limits are required for a bubble-structure coupling to occur, and how
this coupling may affect the UNDEX induced whipping response. How the bubble “sees”
the platform is of equal importance for this investigation, and relative bubble proximities
of γ < 2.00 remain largely unexplored for UNDEX weapon sized bubbles (scaled or fullsize) and its interaction with a platform.

Figure 2-3 Scenarios of bubble- structure interaction

Snay [55] provided an incredibly detailed report on the methods of model testing and scalability
(going so far as to provide comprehensive definitions of both these terms and their usage)
where the challenges scalability were noted, and it is even further complicated through the use
of different explosives and equivalents. Snay made a broad conclusion in this report on the
usage of scaling for UNDEX, stating that:
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“Since the fact remains that many underwater explosion phenomena of
importance, in particular those which are connected with the behaviour of the
pulsating bubble, often cannot be appropriately scaled, one has to investigate
possibilities other than scaling in order to use small explosions to obtain the
desired full scale results.”
Snay later stated that consideration of all scalable phenomena is “unattainable, even
unreasonable” but model testing and scalability is suitable with appropriate validation of
individual scalable items that are the focus of their relevant investigations. Snay also noted that
due to the complexity of the UNDEX environment there will always be some compromise in
these methods. Because of these additional complications the present investigation will seek to
avoid direct scalability and the assumptions that come with it.

2.3. Analysis methods
A variety of analysis methods have been employed for the structural responses of platforms
due to UNDEX loading. These may be broadly considered as experimental, standardised and
spectral, analytical, and numerical methods. In this section relevant research work for each of
these methods is discussed for the application to an UNDEX induced whipping response of a
submerged platform. Appropriate methods for analysis of a submerged structure in response to
UNDEX loads are identified to proceed with further investigation into this problem.

2.3.1. Experimental analysis
De Candia, et al. [56] reported on several key experiments that have been published for
benchmarking purposes and noted that few of them considered whipping responses in their
assessment. Furthermore, the reported experiments offer limited data, with shock loading and
response being the primary focus of these experiments.
Chertock [57] performed some of the earliest experimental observations using small scale test
platforms consisting of a floating barge and a submerged cylinder. The 2.510 m long, 0.206 m
diameter cylinder was stiffened, and sealed by end plates. The cylinder was subjected to
UNDEX events ranging from 1.2 to 8.2 grams of TNT, at depths of 3.66 to 275 m, and standoff distances of 0.30 to 1.52 m; with all events considered far-field (γ > 2.00). This experiment
also explored the effect of the longitudinal stand-off point on the whipping response, but only
for the case of the surface barge. The submerged experiments showed how the variation of
depth and charge size could excite BM1 and BM2 responses in the cylinder.
Outside of Chertock’s work, most experimental analysis has primarily focused on the response
of internal equipment and the extent of localised hull damage. A combined effort of the Defence
Nuclear Agency, the Office of Naval Research, and the Naval Sea Systems Command produced
the DNA/ONR 33.6 test model which consisted of a submerged 6.43 m long, 0.845 m diameter,
ring stiffened cylinder that was subjected to a series of UNDEX events for numerical analysis
benchmarking purposes [58]. This vessel was tested under three configurations: no internal
equipment, symmetrical mass distribution, and asymmetrical mass distribution of internal
equipment. However, the published measurements [58] and analysis conducted on this
experiment only considered the early time shock response, resulting in an insufficient time
history to determine whether whipping occurred.
The shock response of small submerged cylinder sections has been explored, specifically
looking at far-field response and modelling techniques [59], close-in bubble collapse contact
responses [32, 60], and the response of internal decks and their modelling [61, 62]. However,
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none of the above experiments were able, or designed to consider, any significant whipping
effects on the structural response. van Aanhold, et al. [63] conducted experiments on a floating
stiffened cylindrical hull that was 17.5 m long and 3.1 m in diameter. This platform briefly
displayed a whipping response; however, the authors did not discuss the whipping in any
significant detail and the reported data ranges were sanitised, making it unsuitable for
validation or benchmarking studies by a third-party.
A limited number of full-scale experiments have been conducted but were not as well
documented as the generic tests discussed above. The shock response of full-scale submarines
and onboard equipment has been documented from tests during the Second World War in [64],
but the measurement and data acquisition equipment used at the time was in its infancy, and
the data was case specific to the submarine vessels tested. The ‘Steel Mosquito’ from Hellqvist
[65] was an 11 m long, 5.7 m diameter scale submarine section that investigated the localised
panel damage, and the response to UNDEX events of structure and equipment such as ballast
tanks, batteries, hull penetrations, and resiliently mounted decks. However, this low length to
diameter ratio section did not exhibit any notable whipping response. Recent work from Liu,
et al. [66] presented two experiments on complex water and double hull structure interfaces.
The more complex of these experiments consisted of a liquid oxygen tank, resiliently mounted
within a large stiffened pressure hull. This hull was surrounded by an elliptical sectioned light
casing that was free-flooded. Two smaller independent pressure hulls were positioned port and
starboard side of the large pressure hull, separated by the free-flooded area of the light casing.
While no whipping response was predicted or observed by the outer hull, it was predicted that
the resiliently mounted tank would exhibit an oscillatory response that would be amplified by
the periodic bubble pulse loads. However, the experimental results showed much heavier
damping of this cylindrical tank response with lower amplification resulting from the bubble
pulse load.
From this overview of experimental work, it can be appreciated that the whipping response is
not normally given primary focus. However as noted in Chapter 1, a submarine can be
especially susceptible to this and even a minor UNDEX event could potentially induce severe
damage to equipment through a whipping response. There is justifiable cause to conduct further
experimental investigation with a focus on the whipping response to determine what
parameters of the platform’s design and the UNDEX might affect this, and to determine if
existing assessment methods are appropriate for determining if a platform can undertake its
operational requirements.

2.3.2. Shock standards and spectral analysis
Shock standards are the current and most practical methods of defining and assessing a
platform’s requirements. Many of these consider a spectral response as the requirement and
this may be defined directly by a response plot, or through the classification of a threat by its
explosive energy and potential to do damage. All these methods are based on prior
experimental observations and at times broad assumptions to simplify the assessment process.
They also tend to strongly favour the direct shock responses over that from the bubble loading
and it is sometimes difficult to determine whether whipping is considered by these methods.
Shock Factor (SF)
As previously noted in Chapter 1, the UNDEX event severity depends on the charge mass (W)
and stand-off distance (R), often combined in a measurement of EFD. A simplified relationship
of these variables is considered as the Shock Factor (SF) [11, 23, 67]. Depending on the
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platform and/or response of interest, the SF can be expressed as the Hull SF (HSF) as Equation
2.3, or the Keel SF (KSF) in Equation 2.4. As shown in Figure 2-4, for submerged platforms
the HSF is the only consideration, while for surface platforms the HSF and KSF are applicable.
The KSF considers the angle of incidence on the keel (Φ), the primary structural member in
most surface platforms, where for an angle of 90° KSF = HSF. For a surface platform, the KSF
is known to be proportional to the heave motion kick-off velocity [11]. The shock factor can
be used for immediate threat assessment if the mass and stand-off of the threat is known. Levels
of shock factors are indicators of the damage potential, and the classification of these levels
remain confidential due to platform vulnerability risks.
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Figure 2-4 Shock factor definitions [67]

As the shock factor is based on the shock wave EFD, it inherently does not consider the effects
of bubble loading. However, it remains unclear as to whether the shock factor may also be
appropriate for assessing potential damage from a whipping response, and if there are
limitations to applying the theory for this application.
Shock classes
Empirical standards consider platform and equipment response under different shock classes
[67]. These shock classes are determined from UNDEX experiments conducted on real world
platforms [64] or model analogues that represent key features of platform structure [65]. Shock
classes are determined by general layouts of a platform. The specifics of classes vary for
individual standards but in general they consist of three broad definitions of decreasing
severity:
1. Components mounted on structure in direct contact with the shock load (e.g. hull)
2. Components mounted on structure off direct contact areas (e.g. stiffeners, bulkheads,
and decks below the water line)
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3. Components mounted on structure off secondary class components and above the
waterline (e.g. ship superstructure)
From these definitions it is apparent that for a submerged platform, only the two most severe
class definitions are applicable.
Bishop [67] compared two extremes of shock standards from the Swedish [68] and United
States (US) [69] approaches. The common approach of these methods is to simplify the loading
and analysis inputs from an UNDEX event, with particular focus on the shock wave
component. The Swedish approach was developed from specific experiment analogues [65]
and is applicable only for submarine structures. A shock response spectra (SRS) class was
developed for specific areas of the submarine. This makes for more efficient designs but is also
a more involved analysis process [67]. In contrast, the US approach is based on a larger number
of experiments and observations since WWII [70] that were used to develop shock testing
machines and testing procedures, detailed in the current revision of the MIL-S-901D standard
[71]. These shock machines produce similar acceleration loads to an UNDEX event. The US
shock qualification is more broadly applicable for equipment at any location in a platform, but
due to this is considered a more severe requirement to meet [67].
The shock standard and class qualification methods have an inherent limitation, in that they are
entirely based on previous design testing. This can make it difficult to apply these methods to
new platform designs and equipment systems, particularly if these deviate greatly from
anything that was considered by previous tests. As noted in Section 2.3.1, the whipping
response has not generally been the focus of many experimental observations, so it is uncertain
whether this has also been considered within existing requirements, or whether the
requirements are even capable of considering the effect that a significant whipping response
may have on the platform and equipment.
Shock response spectra (SRS)
Spectral analysis methods utilise the frequency domain to assess the response of a platform
and/or mounted equipment from shock wave loading, often in terms of acceleration.
Considering the individual frequency components of the shock wave and the measured
response of a target, allows for characterisation of an event and susceptibility to given loading
frequencies [72]. Scavuzzo and Pusey [73] note that shock spectra methods are popular for
analysis firstly because the magnitude and frequency terms are common to all engineering
fields, and secondly because the frequency components are independent of each other and may
be assessed in relation to specific criteria. Shock spectra treat equipment responses as simple
single DOF mass-spring-damper systems [72]. The responses for these are typically obtained
through spectral decomposition of an experimental measurement [73]. These responses are
presented in the frequency domain and may be used to assess potential equipment responses
and failures. SRS are generally developed from acceleration frequency responses, where the
peak acceleration from a given frequency response is taken and this is summarised as an
acceleration frequency or SRS plot. The analysis is simple and has the inbuilt confidence of
empirical knowledge. However, like shock standard procedures, this empirical basis may also
arise as a limitation if the assessed design or equipment is drastically different from prior
experiments, or if the analysed system does not easily conform to a single spring-mass-damper
assumption. It is also nearly impossible to distinguish what phenomenon has caused the final
response, so while SRS are an efficient assessment method, they are difficult to use for an
investigative study into the underlying cause.
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Pseudo Velocity Shock Spectrum (PVSS)
Gaberson [74] pioneered a spectral analysis method using a Pseudo Velocity (PV) to develop
the Pseudo Velocity Shock Spectrum (PVSS). PV is determined by the peak displacement
(zmax) of a given frequency response (ω), as expressed in Equation 2.5. Gaberson and Chalmers
[75] demonstrated with this method that analysis of this pseudo velocity response was a better
representation than acceleration for the potential damage and failure modes in structures and
materials, as the maximum modal velocity is directly proportional to the maximum stress. It
considers that “high g” accelerations act for only a short time during a shock event and thus
result in small changes in velocity (and displacement causing the deformation), while “lower g”
accelerations that act longer may induce higher velocities and larger displacements in certain
items and areas of a platform.
𝑃𝑉 = 𝜔𝑧𝑚𝑎𝑥

[m/s]

2.5

The PVSS response is best expressed using a four-coordinate log scale plot of the PV,
acceleration, and displacement in the frequency domain. An example for the response of an
equipment piece from a 800 g half sine shock wave is shown in Figure 2-5 [74]. The response
is characterised by the presence of a low and high frequency asymptotic responses of
displacement and acceleration respectively, and the plateau response of the velocity. The low
frequency response causes the peak displacement of 50 inches (1.27 m) in this scenario. This
response is due to the late-time free vibration of the equipment piece after the initial shock
load. The 800 g peak acceleration is present in the high frequency response that is a direct result
from the initial shock to the equipment piece. The plateau response corresponds to the peak
velocity, approximately 196 inches per second (4.98 m/s), that is induced in the equipment
piece from the initial shock load.

Figure 2-5 PVSS of a 800 g, 1 ms half sine shock wave [74]
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The PVSS plot can be used as a comparative analysis tool, where the response at a given
location on a platform can be assessed for a shock load, and mounted equipment can be
assessed under the same shock load. Comparison of the PVSS responses will determine if the
equipment is likely to survive the shock threat in this area. These can also be applied to
whipping analysis if the response considers the subsequent bubble loading. However, issues
from this may arise as it is not immediately clear if bubble loading and response has been
considered on these plots. Like the SRS method, it is difficult to determine what phenomena
caused the final response, so while PVSS are an effective assessment method, they are not
suitable for an investigative study into the underlying cause.
Dynamic Design Analysis Method (DDAM)
The Dynamic Design Analysis Method (DDAM) is an analytical assessment process developed
by the US Navy for equipment assessment in response to UNDEX [76]. DDAM utilises shock
spectra of UNDEX to determine a Shock Response Spectra (SRS) that may be used to apply
simplified loads to equipment that yield the equivalent response to real shock loads [77].
DDAM was first implemented in the 1960’s, prior to adoption of numerical analysis and the
computational power required for this. NAVSEA [76] noted a number of limitations due to
this analysis method:
1. The analysis assumes that the equipment analysed is representative of a linear elastic
system with discrete modes.
2. The analysis assumes no damping, which while valid for some shock response analyses,
is not so for the longer duration whipping response.
3. The data behind DDAM specifications was obtained from many different full-scale
platforms, and there is no distinction between the response of different platforms.
4. A single point spring-mass system is assumed which may not be applicable to large
distributed items (e.g. a torpedo tube).
It has been noted that some, if not all, of these limitations are applicable to every standard or
spectral assessment method. In the event that these limitations arise during assessment,
NAVSEA [76] recommends that alternative assessment methods such as experimental trials
and transient analysis should be employed. As it is uncertain if the whipping response is
considered by these methods, the suggested alternatives are the most promising candidates for
further investigation.

2.3.3. Analytical Methods
Analytical analysis of surface and submarine platform whipping responses was first considered
by Chertock [78] who derived analytical solutions using a method of modal superposition of
the structural response frequencies, based on the contributions from the pulsating bubble.
Chertock derived this solution from the previously discussed experiments [57]. It must be noted
that Chertock’s method was developed prior to the availability of the modern computer, and
the simplicity of the models and experimental setup resulted in limitations to the method’s
applicability and accuracy. A review of whipping analysis techniques by Bannister [79] noted
four major simplifications that were considered in the solution:
1. The structure was considered as a uniform section, and the mass distribution was
idealised as uniform across the length of the structure. This is rarely the case for a real
platform.
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2. The method is based on modal superposition, so only linear responses can be
considered.
3. The effects of bubble migration to the surface are neglected, so the bubble is assumed
to be stationary in space.
4. A spherical bubble is assumed, so this method may only be accurate for a far-field
UNDEX scenario.
While Chertock noted good correlation on the surface barge events, the analysis overpredicted
the response of the submerged pressure hull model due to the third BM response by 30 % when
charges were detonated away from amidships. The error was attributed to the non-uniform
mass distribution in the experimental model. Bannister [79] noted that there was no indication
of how well this analytical theory would scale when applied to a full-sized platform and
questioned how well it would apply to near-field bubble-structure interaction.
Geers [80] summarised a number of analytical solutions for the response of an infinitely long,
elastic, cylinder submerged in an infinite fluid medium. Carrier [81] first derived modal
response equations for the response of an elastic cylindrical shell, and Lax, et al. [82] presented
solutions for the first circumferential and translational modal responses. Additional modal
responses were presented by Murray [83], Forrestal [84], and Forrestal and Alzheimer [85].
Early-time response solutions of shock wave interactions with a cylinder were presented by
Mindlin and Bleich [86] who treated the wave as planar. Haywood [87] improved on this
solution by incorporating afterflow effects which allowed the shock wave to be treated as
cylindrical in the two-dimensional analysis. Geers [80] noted that the responses from Mindlin
and Bleich [86] and Haywood [87] were accurate for the early-time responses but were
questionable for analysis of the late-time, low frequency, free vibration response.
All analytical modal analysis methods discussed thus far have the inherit limitation of only
being able to assess elastic whipping responses, and generally require an idealised geometry to
do so. Essentially all these methods were developed prior to the wide availability of computers
and were limited to what could realistically be achieved through hand calculations.

2.3.4. Numerical Analysis
Numerical analysis methods were able to overcome computational hurdles in previous attempts
to analyse structural responses due to complexities of Fluid Structure Interaction (FSI) for the
UNDEX event [80]. Numerical techniques such as Finite Element Analysis (FEA) utilise two
distinctive methods to approximate complex problems: implicit and explicit. Details on these
methods are provided by Hughes [88]. In relevant summary, implicit methods follow an
iterative convergence solution that resolves a global stiffness matrix for every timestep in
response to imposed loads and boundary conditions. This method is unconditionally stable and
provides a high degree of accuracy. However due to the convergence checks that must occur
for the solution, it is extremely inefficient or ultimately unable to solve complex non-linear
dynamic problems that require fine outputs over a very short duration, such as shock wave
propagation. Explicit analysis forgoes the need to resolve a global stiffness matrix and iterative
convergence checks by assuming minimal change in a short duration on an element-by-element
solution basis. To ensure the analysis remains stable, a minimum timestep (ΔT) is generally
determined by the smallest ratio of the element size (Le) and the speed of sound (c) in that
element (Equation 2.6), though some element formulations have different criteria and are best
described by an analysis code manual [89]. As shock waves need to be tracked through each
element and travel near the speed of sound, explicit codes are generally preferred for shock
analysis. For whipping there is justification to use either method. The efficiency of implicit for
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the longer duration is beneficial, but as the shock wave is always present in UNDEX it is also
important to capture this response.
∆𝑇 ≤

𝐿𝑒
𝑐

[s]

2.6

Hicks [24] first demonstrated a numerical analysis approach for surface platform whipping
analysis, with a beam model that used a geometric transform based on the added mass
expressions from Lewis [20] to account for the non-uniform mass distribution of a typical
surface ship hull form. Hicks also developed a spherical migrating bubble model that accounted
for the first bubble pulsation cycle, which was coupled to the beam model. It was noted that
due to the assumption of a spherical bubble, the model was only accurate for applications where
the bubble is not distorted by the interaction with the vessel. This is generally considered
applicable only for far-field UNDEX events, though Hicks provided no absolute value of a
bubble proximity that may constitute this limit. These contributions went on to be consolidated
into the MSWHIP analysis code [90] in 1971. While real world validation of this code is kept
inside confidential reports, the fact that it was still in use as of 2006 [91] is some testament to
its capability.
Numerical analysis of the elastic excitation of a submerged cylindrical shell due to a transient
acoustic plane wave was first presented by Geers [80], using a two-dimensional numerical
approach based on an earlier analytical method of the early-time shock response from Haywood
[87]. Geers [92] later expanded this method into a three-dimensional analysis and noted that
the approximate solutions from the developed asymptotic equations were suited to the shock
wave impact problem, in which a structure undergoes short duration high-frequency response
from the initial shock wave impact followed by a comparatively slower, low frequency free
vibration response. This method was later referred to as the Doubly Asymptotic Approximation
(DAA) [93], and treated as a Boundary Element Method (BEM) for the FSI of a submerged
flexible structure. Geers demonstrated that the DAA method was applicable to transient [93]
and vibration [94] analysis.
The USA code
The DAA method was utilised by DeRuntz [95] to develop the Finite Element (FE) Underwater
Shock Analysis (USA) code. This application benefited from the significant computational
efficiency of the DAA BEM, as fluid elements and responses did not need to be physically
modelled. The commercialised version of the USA code is typically bundled with the
Livermore Software Technology Corporation (LSTC) explicit LS-Dyna FE code [89] to
conduct the full FEA. The analysis between the implicit USA and explicit LS-Dyna codes
consists of a coupled feedback loop. Because of the substantial computation efficiency
difference between an implicit and explicit code, a staggered feedback system is sometimes
used, described by the analysis flowchart in Figure 2-6.
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Figure 2-6 FEA process using the USA and LS-Dyna codes

The USA code can use a variety of different shock wave and bubble loading models to perform
an UNDEX analysis. Shock waves based on the exponential decay assumption from the
similitude equations [6] are the standard models. The USA code assumes incompressible flow
theory and a spherical bubble shape and therefore only far-field bubble models can be used by
the DAA BEM. The bubble model from Hicks [24] is implemented without a shock wave and
is considered accurate for only one bubble cycle due to its lack of a decay function [96]. A
more advanced shock wave and bubble model was developed by Geers and Hunter [42] and
this was refined by Hunter and Geers [41]. Both these models contain decay functions and were
validated up to three bubble pulsation cycles. The decay function was implemented through a
user defined drag term, which is not directly representative of actual drag effects on the bubble.
Optimisation of this drag term for different UNDEX bubble environments was analysed by
Geers and Park [97]. The current R7.5.3 release of the USA code [96] contains a unique shock
wave and bubble model that utilises an exponentially decaying shock wave fitted to empirical
pressure data from Price [98] and the bubble from Hicks [24] with a decay function based on
the Geers and Hunter [42] model. This is referred to as the Price-Hicks Shock Bubble (PHSBUB) model [96]. In a previous benchmark application of these models for a surface ship
whipping analysis by De Candia, et al. [99], the combined PHS-BUB model was found to best
replicate the bending moment responses from an experimental whipping study, though no
validation was made against the incident pressure.
While the USA code and its implemented shock wave and bubble models should be applicable
to only far-field whipping analysis, there is limited validation beyond the assumed far-field
limit of γ ≥ 2.00 in these models. As previously noted in Section 2.2, this limit has some
validity, but there is also justification for far-field conditions to apply at closer bubble
proximities, and additional variables of the bubble structure interaction (such as relative size
to the platform) are not considered by this bubble proximity limit. It is also unknown what level
of error can result from an analysis if scenarios of γ < 2.00 are analysed with the DAA BEM
and the USA implemented shock wave and bubble models.
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Physical FSI modelling
The even greater availability of computation power since the development of the USA code
now also allows for FSI modelling with structure and fluid elements. The benefits of this
method are that restrictions inherent to the DAA, shock wave, and bubble models can be
negated by the physical modelling of each phenomenon. This comes at the significant cost of
computational power, but this is becoming more justifiable option for full-scale platform
analysis as computing power costs continue to decline.
A hybrid approach using the DAA BEM on a fluid mesh is possible with the USA code and
LS-Dyna. For this application part of the fluid around the structure is physically modelled
assuming acoustic propagation properties. The DAA boundary elements are then applied to the
outside of this mesh. This method has the advantage of being able to consider the effects of
cavitation near the structure. The acoustic shock wave can also be modelled through the fluid
for tracking purposes. This approach was demonstrated by Shin [100] for a full scale surface
ship model, and it was noted that the numerical results compared well with experimental
measurements. Shin also concluded from this approach that full scale ship shock assessment
could be achieved with this method but noted the computational power constraints as a hurdle
for adoption. It was also suggested that a whipping assessment would be possible through this
approach, but this was not tested.
A different hybrid approach was presented by Zhang, et al. [101] who formulated a nonspherical bubble BEM that was capable of producing the jetting response. This was applied
against a partially rigid cylinder and a full scale dimensionless surface ship model. The bubble
was located in the far-field regime and thus the model did not consider the effects of the ship
response on the bubble. Zhang’s analysis noted that the jetting load was the most significant of
these events, exceeding the damage potential of the shock wave and whipping motion. It was
concluded that the application of this model for near-field scenarios was not practical due to
the significant cavitation effects which were not captured by the bubble BEM. Zong, et al.
[102] expanded on Zhang’s method and developed a deformable bubble model that was
coupled with the response of structural deformation.
Computational Fluid Dynamics (CFD) generally utilise a Eulerian mesh which remains static
as the material flows. In contrast, most FEA methods utilise Lagrangian mesh which deforms
as the material does. A combination of these methods known as the Arbitrary LagrangianEulerian (ALE) method [103], allows for a deformable Lagrangian structure mesh to be
modelled within a Eulerian fluid mesh and for the Eulerian mesh to be updated to account for
the structural deformation. Barras, et al. [104] successfully demonstrated this method for
modelling the UNDEX bubble from detonation to the second bubble cycle. It was noted that a
2D axisymmetric model had to be used as 3D would have greatly exceeded any reasonable
CPU time costs for the analysis, but should these CPU costs be overcome this would be a
promising analysis method. Prompted by the sinking of ROKS Cheonan, a joint investigation
conducted a full analysis of the platform subjected to UNDEX using the ALE method [105].
The final ship damage from this model compared well with the 3D scans of the damaged hull,
providing a rare real world and full scale validation, albeit at a significant cost. To date this is
likely the most detailed model of UNDEX induced whipping available in open literature,
though this was only conducted under the exceptional circumstances of the event and is not
likely to be replicated in industry until computational power and the expertise to drive these
analyses become more readily available. It is also worth considering that this significant effort
only assessed one event, while industry would be expected to demonstrate survivability for
many scenarios.
Zhang, et al. [106] applied the Smooth Particle Hydrodynamics (SPH) method from Gingold
and Monaghan [107], using an axisymmetric model to analyse the detonation of UNDEX. A
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BEM was also applied to produce a pulsating bubble and resolve a jetting response. This
compared well to experimental results and highlights that combined numerical methods
possess the capability to complete more of the UNDEX analysis as CPU time becomes more
readily available. de Graaf [108] also used SPH to explore the complex interaction of the gaswater interface between the bubble produced by an underwater seismic airgun. She also noted
computational power and time as limitations to the method and this ultimately meant the
simulation was not capable of reproducing experimental results.
Modelling of the individual components in an UNDEX event (detonation, shock wave
propagation, pulsating bubble) and the structural response to these is possible for independent
consideration. The combination of all in one is at present an idealistic scenario and is rife with
challenges from FSI effects, material properties and the raw computational power and time
requirements. While it is possible to achieve a full ship analysis using more advanced
techniques, the current methods remain reasonably inaccessible for industrial applications at
present and therefore, it was considered impractical to conduct further assessment with these
advanced FSI methods.

2.4. Conclusion
From this review of UNDEX bubble interaction and platform response analysis methods a
number of tasks have been identified to conduct further investigation into the UNDEX induced
whipping response of a submerged platform.
The interaction of bubbles and boundaries is an ongoing area of investigation. Studies have
defined a proximity parameter of the bubble which has been used to characterise interaction
regimes and responses that may occur within these. The relative size of the bubble to a structure
has not been directly considered and is often only informally reported in extreme
circumstances, i.e. a very small bubble near a very large structure or vice versa. The effect of
the relative bubble-structure size on their coupled interaction warrants further investigation.
Existing experimental investigations have primarily focused on the shock response with limited
regard, if any, to the whipping response. Further experimental investigation into the whipping
response is required to assess and validate analysis methods that can be used to determine a
platform’s suitability for operational requirements.
Standard, spectral, analytical, and numerical methods were reviewed for their applicability and
potential to conduct a whipping analysis. Previous demonstrations of transient UNDEX shock
response using numerical analysis are promising for use as assessment tools for an UNDEX
induced whipping analysis of a submerged platform, but these have yet to be validated for this
purpose. The DAA BEM in the USA code is the most promising numerical method for this
application, with the more advanced hybrid and full physical FSI modelling methods still
largely inaccessible for industrial applications. Validation of this tool with experimental data
will provide confidence for its use as an assessment method on future platforms.
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3.1 Introduction
In the previous Chapter it was identified that no recent experiments focused on the whipping
response of a platform due to UNDEX loading. The last experiment to report on the UNDEX
induced whipping response for a submerged platform in significant detail was Chertock [57]
who conducted a series of experiments in the early 1950’s. Since this time there has been
significant advancements in the knowledge of UNDEX and structural response. Measurement
equipment is also far more sophisticated now compared to what was available to Chertock at
the time. With these considerations and with the interest in developing further understanding
of the whipping response and ways in which it can be assessed, it was decided that a new
experimental investigation was required to explore the research questions raised in Section 1.2
of Chapter 1.
The following experimental investigation was conducted to measure the elastic whipping
response of a submerged platform. The platform was subjected to a series of UNDEX events
of different charge sizes W, and at different stand-off distances R and locations L along the
platform’s length. With these variables, the investigation considers how the bubble proximity
γ and its relative size to the platform λ affect the UNDEX induced whipping response. Details
of this work have been published as a Research Report (DST-Group-RR-0451) [109] through
DST Group, who also provided the experimental facilities and technical expertise to conduct
this investigation. At the time of this publication, this is the largest generic platform to have
been purposely developed for analysing the UNDEX induced whipping response.

3.2 Methodology
3.2.1 Platform design
The experiments were conducted at the Defence Science and Technology (DST) Group
Underwater Explosion Test Facility (UETF) in Epping, Victoria. The facility is a flooded
quarry with approximate dimensions of 100 x 40 m, as shown in the overview in Figure 3-1,
and water depth varying from 12 to 16 m. A nominal test depth of 5 m was specified to limit
boundary interaction effects from the free surface and the quarry floor.
A new test platform was required to undertake these experiments. This would be subjected to
UNDEX events detonated at horizontal stand-off locations from the platforms centreline to
induce a whipping response. Horizontal stand-off locations were used to prevent the bubble
migrating and collapsing on the platform, which would have caused an undesirable contact
scenario for this experimental investigation into the near-field, non-contact UNDEX induced
whipping response of a submerged platform.

31

Chapter 3. Experimental investigation

Figure 3-1 Overview of the DST UETF and test platform location

A design study for a free-free ended hollow cylindrical section beam structure (the platform)
was conducted. The hull of the platform was constructed from a standard pipe size. It was
determined that based on the test area size and depth, and the standard pipe sizes available, that
a maximum charge size of 250 g1 of Pentolite could be used and not pose a significant risk of
yielding the platform hull. The design of the platform hull was primarily based on achieving a
similar natural bending mode response frequency to the frequency of bubble pulsations from
the 250 g pentolite charge detonated at a depth of 5 m, which was calculated to be 7.2 Hz from
Equation 1.4. From these design constraints, a 12 m long, 400 mm nominal diameter (DN400),
6.35 mm thick (SCH10) standard pipe was selected for the platform hull. The high length to
breadth ratio of this platform (12/0.4 = 30) is a largely unrealistic value however, this design
produced a platform that could undergo the worst case whipping scenario, where the natural
frequency of the platform bending response and bubble pulsation were similar. The simplicity
of the platform also allowed for a simple numerical model to be developed for later
comparisons and further investigation. Further details of tuning this design are described in
Appendix 1.
The platform hull was manufactured from C350 grade cold rolled steel according to standard
AS1163 [110]. The platform hull was fitted with flat flanges at each end and flat endcap seals,
constructed according to standard AS2129 Table E [111]. Each endcap had a purpose-built
rack mount system to attach disk weights, which were used to control the platform’s net
buoyancy and to tune its bending mode frequency response to the bubble frequency. The
overall design and additional structural features are shown in Figure 3-3. Each disk weight was
approximately 25 kg and the final configuration utilised nine disk weights at each end, for a
total additional mass of 450 kg. This provided a reserve buoyancy of approximately 80 kg.
A wet modal analysis was performed on this early stage design of the platform to predict the
BM response shapes and frequencies when the platform was fully submerged at a centreline
1

g is the mass unit of grams. To avoid confusion acceleration g units are not used within this thesis.
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depth of 5 m. This was achieved using the implicit LS-Dyna solver [112] coupled with the
USA code [113], which calculates the added fluid mass using the boundary integral method
described by Deruntz and Geers [21]. The platform was expected to behave as a free-free ended
beam, and therefore it was anticipated that the lowest BM responses would be dominant. The
first three BM responses are considered sufficient to account for most of the response in naval
platforms [17] and these mode shapes and frequencies are presented in Table 3-1, with
longitudinal distances of the response shape node and anti-node positions measured from
amidships. These shapes and locations were used to determine the explosive charge and
instrumentation locations.
Table 3-1

Wet bending mode response frequencies and the longitudinal positions of the response
shape nodes and anti-nodes, relative to amidships
Bending Mode

Frequency
(Hz)

Anti-node positions
(m)

Node positions
(m)

6.8

0.00, ± 6.00

± 4.30

20.3

± 2.80

0.00, ± 5.25

41.6

0.00, ± 3.90

± 1.95, ± 5.62

j=1 (BM1)

j=2 (BM2)

j=3 (BM3)

Additional functional modifications were made to the early platform design. Three access
portholes were constructed into cut-out sections that were welded back into the hull and
reinforced to maintain the watertight integrity against UNDEX loading. These portholes were
used to install and remove internal measurement transducers located at amidships and at 2.8 m
forward and aft, as noted in Figure 3-3. A cable gland was inserted at the top of the pipe for
running data cables to the on-shore data acquisition systems.
Six outriggers were used to suspend pressure gauges and position the explosive charge with
respect to the hull. These were fixed by a clamped saddle design around the hull. The design
also allowed these to be repositioned between each experimental event.
The locations of the portholes and outriggers corresponded to the anti-node locations for the
BM1 and BM2 mode shapes, noted in Table 3-1. The total mass of the full platform outfit,
including all modifications and measurement transducers, was measured as 1548±1 kg. A
breakdown of the mass for major components, presented in Table 3-2, was calculated from
CAD geometry and real measurements of the actual platform. An approximate mass
distribution of the platform hull and end masses is shown in Figure 3-2.
Table 3-2

General breakdown of the platform structure and component masses
Component
Pipe Hull
End Flanges
Endcaps
End Masses (per end)
Outriggers
Access port inserts
Sealing caps
Transducers, cables, fixtures and weldments
Total
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Mass
735
36
65
25
7
6
5
86

Quantity
1
2
2
18 (9)
6
3
3
1

Total
735
72
130
450 (225)
42
18
15
86
1548 ±1 kg
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Approximate mass distribution
350

Mass (kg)

300
250
200
150
100
50
0
-8

-6

-4

-2

0

2

4

6

8

Distance from amidships (m)

Figure 3-2 Approximate mass distribution per 0.3 m

Figure 3-3 Schematic of the platform with detailed features of the end assembly and portholes

The platform was suspended from a floating test rig at a centreline depth of 5 m. A total of
100 kg of ballast mass was suspended by chains below the platform, split evenly between 4.2 m
forward and aft of amidships as shown in Figure 3-4, to overcome the positive buoyancy. The
location of the vertically suspended mass was at the expected nodal points of BM1 and thus it
was judged that the mass would have negligible effect on the platform’s horizontal response.
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Figure 3-4 Floating test rig with platform suspended below

3.2.2 UNDEX event scenarios
Eight UNDEX events were performed on the platform using military grade Pentolite explosive
charges (50/50 TNT/PETN). Each event considered the variables of the explosive charge mass
W, and Stand-Off distance R, and the longitudinal stand-off position L. The R distance is taken
from the platform hull surface to the centre of the explosive charge. The L distance is measured
from amidships to the centre of the explosive charge, where forward is positive and aft is
negative.
Two explosive charge sizes (250 g and 43 g) were used in this set of experiments, both
detonated at the same depth of 5 m. The variables of each charge size are presented in Table
3-3. The maximum bubble radius (A) was calculated from Equation 1.3 for each charge size,
using coefficient J = 3.52 from Table 10 of Swisdak [6]. The first T1 and second T2 bubble
periods were calculated from Equation 1.4, using coefficient K = 2.11 from Table 10 of
Swisdak [6] for the first bubble period and K = 1.59 for the second bubble period, based on an
average value of the Pentolite data from Table XI of Swift and Decius [10]. It is worth noting
that this Pentolite dataset for the second bubble cycle consists of only two results and the
scenarios conducted in this experiment are outside the ranges of this dataset. Therefore, the
predictions for the second bubble period may not be as accurate as those for the first bubble
period. The pulsation frequency of the first f1 and second f2 bubble cycles was determined from
the inverse of the period. The similar frequency of the 250 g bubble f1 and the BM1 response
of the platform was expected to induce a strong whipping response, while the mismatched
frequencies of the smaller 43 g charge bubble were expected to induce a weaker whipping
response. A dimensionless relative bubble size parameter λ was defined, taken as the ratio of
the theoretical A, calculated from Equation 1.3, over the nominal platform hull radius RH of
0.2 m, expressed in Equation 3.1. This parameter is used for the characterisation of the UNDEX
events, considering the broad bubble structure interaction regimes that were discussed in
Section 2.2.2 of Chapter 2.
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𝜆=
Table 3-3

𝐴
𝑅𝐻

3.1

Explosive charge bubble variables
W

Amax

(g)

(m)

250
43

0.9
0.5

λ

T1

T2

f1

f2

(ms)

(ms)

(Hz)

(Hz)

140
78

106
59

7.2
12.9

9.4
17.0

4.5
2.5

The UNDEX events were arranged as shown in Figure 3-5 with the variables detailed in Table
3-4. All events were detonated on the port side of the platform. To characterise the bubble
structure interaction effects of these events that were discussed in Chapter 1, the bubble
proximity parameter γ was calculated using Equation 2.1. It is shown in Table 3-4 that
1.45 ≤ γ ≤ 2.00. Given this proximity, it was expected that there would be a coupling of the
bubble and platform responses, but sufficient distance to prevent direct collapse of the bubble
on the platform. The Shock Factor (SF) is also provided in Table 3-4for comparison, calculated
from Equation 2.3. A placement tolerance for the R and L distances was defined as 0.04 m,
accounting for a maximum misalignment of 10 % relative to the platform hull diameter.
Table 3-4

Details of event variables
Event
E1
E2
E3
E4
E5
E6
E7
E8

W
(g)
250
250
250
43
250
43
250
43

R
(m)
1.8
1.5
1.3
0.8
1.3
0.8
1.3
0.8

L
(m)
0.0
0.0
0.0
0.0
-2.8
-2.8
-4.3
-4.3
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γ
2.00
1.67
1.45
1.60
1.45
1.60
1.45
1.60

SF
(kg1/2/m)
0.28
0.33
0.38
0.26
0.38
0.26
0.38
0.26
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Figure 3-5 Topside view arrangement of charge location, external pressure gauges, and internal
measurement locations for (a) E1 – E4, (b) E5 – E6, and (c) E7 – E8.

Events E1 – E3 used a 250 g charge at amidships (L = 0.0 m), decreasing the R distances for
each successive event to establish the transition from the generally accepted borderline of farfield to near-field UNDEX regimes. Event E4 used a smaller 43 g charge at amidships to
investigate the effects of reduced explosive energy and relative bubble size on the platform’s
response.
Events E5 and E6 repeated events E3 and E4 at a L = -2.8 m. These events were conducted to
investigate BM2 of the platform. Events E7 and E8 also repeated events E3 and E4, at
L = -4.3 m. It was expected that these events would excite BM2 and BM3 of the platform and
reduce the contribution of BM1 as the L position was aligned with the node of the BM1 mode
shape.

3.1.1. Measurement instrumentation
The full instrumentation outfit consisted of transducers for measuring the free-field water
pressure, structural acceleration and velocity, and strain for each event. Measurements were
taken at five measurement stations noted in Figure 3-5. This report only discusses the results
of pressure and strain transducers to characterise the global whipping response from a structural
perspective. Details of the additional data acquisition systems and transducers are discussed in
Appendix 2.
An Elsys TraNET data acquisition system [114] was used to sample pressure and strain
transducers. The data acquisition system was located on shore and suspended transmission lines
were run out to the platform over the water. All measurements were taken for a duration of four
seconds post trigger time.
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Outside the platform, nine free-field pressure gauges (P1 – P9) were suspended from the
outriggers at locations noted in Figure 3-5. Two types of pressure gauges were used: Six PCB
138A05 [115] and three Neptune T11 [116] gauges. All Neptune T11 gauges were paired with
a PCB 138A05 for comparison. The designations of each gauge type are listed in Table 3-5.
All pressure gauges were suspended between the outriggers at fixed positions along the
platform length to measure the spread of the incident pressure. Gauges P8 and P9 were moved
in relation to the charge position for each event, as shown in Figure 3-5 and detailed in Tables
3-4 and 3-5, to measure the effective incident pressure at the stand-off point on the platform.
All pressure gauges were sampled at 5 MHz to track the rise time of the shock wave as close
as possible, and calibrated to measure pressure relative to the ambient hydrostatic pressure of
0.05 MPa at the 5 m test depth (Pabsolute = Pgauge + 0.05).
Inside the platform, 24 weldable strain gauges (S1 – S24) were used to measure the hull
structural response and monitor for any permanent deformation between events. Strain
measurements were taken at four locations at approximately 90° increments around the hull
circumference, at each of the five measurement stations shown in Figure 3-5. The exact
locations of each strain gauge are described using a polar coordinate system shown in Figure
3-6, with the coordinates detailed in Table 3-5. Two strain gauge models were used: Six VPG
CEA06-W250-350 [117] gauges were used in two 45° rosette arrangements at amidships on
the portside (S1 – S3) and bottom (S4 – S6) as shown in Figure 3-6, and 18 TML AW-6-35011-01LT [118] (S7 – S24) gauges were aligned in the axial direction. All strain gauges were
sampled at 1 MHz with the Elsys TraNET data acquisition system. All internal gauge
transmission lines exit the platform hull through topside cable glands, shown in Figure 3-3,
where gauges at the forward end exit through the forward gland and gauges at the aft end exit
through the aft gland. In most cases strain gauges that make up a planar response (athwartships
of vertically opposite pairs) were not able to be positioned directly opposite one another. This
means there will likely be some differences when the responses of these planar pairs are
compared.

Figure 3-6 Internal arrangement of measurement transducers
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Table 3-5

Strain and pressure gauge details and polar coordinates
Station
1
(Bow)

2
(Forward)

3
(Amidships)

4
(Aft)

5
(Stern)
-

Gauge
S13
S14
S15
S16
P5
S9
S10
S11
S12
P3
P4
S1
S2
S3
S4
S5
S6
S7
S8
P1
P2
S17
S18
S19
S20
P6
S21
S22
S23
S24
P7
P8
P9

L (mm)
5825
5735
5890
5890
5640
2750
2850
2500
2800
2800
2800
75
75
75
-50
-50
-50
300
0
0
0
-2750
-2850
-2500
-2800
-2800
-5825
-5735
-5890
-5890
-5640
L=R
L=R

θ
353
90
187
270
0
0
90
180
270
0
0
0
0
0
90
90
90
180
270
0
0
0
90
180
270
0
353
90
187
270
0
0
0

Orientation

Model

Axial

TML

-

PCB

Axial

TML

Hoop
Axial
45°
Hoop
Axial
45°

PCB
Neptune

Axial

TML

-

PCB
Neptune

Axial

TML

-

PCB

Axial

TML

-

PCB
PCB
Neptune

VPG

3.3 Results and discussion
The results obtained during the experimental investigation are presented and discussed under
two general aspects: the incident pressure loading and the structural response. The effects on
the whipping response due to the different R distances and L positions, and the charge mass W
are also discussed in further detail. Further discussion is made with the combined incident
pressure and strain results for the L position variable.

3.3.1 Incident pressure
The incident pressures are representative of the pressure emitted by the explosive charge shock
wave and bubble response at the measurement stand-off distance, where a positive pressure is
defined as pushing away from the charge source and a negative pressure is pulling towards the
charge source. Only one incident pressure gauge (P9) provided usable data from the
experiments; all others suffered mechanical failure during the first few events. Failure of these
gauges was largely due to compromised water integrity through by shock wave loads on the
exposed gauge connecters. The shock wave itself was also likely to have damaged electrical
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components over the repeated events. The combination of repeated usage, proximity of the
bubble, and duration of the required measurements meant that these gauges were being
operated at and above their limits during this experiment.
Gauge P9 was relocated between events to measure the effective pressure on the hull at the
stand-off distance, as described in Section 3.1.1 and illustrated in Figure 3-5, which also
corresponds to the bubble proximity parameter γ. Ultimately this gauge also failed during the
shock loading from event E7. Due to this, incident pressure measurements are presented and
discussed only for events E1 – E6 in this section. No comparison of the different pressure gauge
models was possible due to the gauge failures.
The characteristic incident pressure for all events consisted of the shock wave, followed by at
least two significant bubble pulse cycles. Differences in the frequency of bubble pulsations
were purely dependent on the charge size, as all events were conducted at the same depth of
5 m in this experiment. An example incident pressure record for the 250 g charge size from
event E1 is presented in Figure 3-7a. All 250 g events contained a minor third bubble response
before the pressure record zeroed out, indicating the bubble had vented at the surface. The
incident pressure for the smaller 43 g charge, example from event E4 shown in Figure 3-7b,
contained a third and fourth minor bubble pulse before the signal zeroed out. The additional
minor pulse from the 43 g events was due to the smaller bubble produced, which builds up a
lower buoyancy force and reduces the migration rate to the surface.

Figure 3-7 Characteristic incident pressures records for (a) W = 250 g from E1 (R = 1.8 m,
L = 0.0 m), and (b) W = 43 g from E4 (R = 0.8 m, L = 0.0 m)

Shock wave
A detailed overview of the initial shock wave and reflection pressure loading is presented in
Figure 3-8. The initial shock wave (Figure 3-8a) contained a small signal pulse almost
immediately after the trigger time. This pulse was an artefact generated by the electric
triggering mechanism and was present on all pressure and strain time histories and therefore,
it was not considered to be representative of any mechanical loading from the UNDEX event
itself. All pressure measurements of the initial shock wave contained large cavitation and
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collapse effects during the initial front decay. From the Time of Arrival (TOA) of the cavitation
pulses, the source was determined to be from the outriggers that gauge P9 was suspended from.
The outriggers were comparatively flexible in the design, more so than what was initially
anticipated. They also underwent some minor plastic deformation on post-event observations.
The combination of these effects caused large cavitation loads from the initial shock wave to
occur very close to the gauge. Fortunately, because these loads occurred so early in the decay
of the shock wave, they did not obstruct any of the environmental reflections, noted in Figure
3-8b. Because of the source location, the measured cavitation loads are not representative of
what would have been experienced on the platform. It is likely though that some cavitation
would have occurred near the stand-off location on the platform.
The later shock wave loads in Figure 3-8b were determined to be reflection sources from the
platform, free surface, and quarry floor and walls (noted and highlighted in Figure 3-8b), based
on their TOA and relative distances from the gauge. The measured reflections from the
platform are of course not representative of the direct loading experienced by the platform, but
all other sources are considered to have contributed to the total shock loading of the UNDEX
event.

Figure 3-8 (a) Initial shock wave and (b) later shock reflection pressure measurements. Example from
E1 (W = 250 g, R = 1.8 m, L = 0.0 m)

The initial shock wave incident pressure-time histories from events E1 – E6 are compared in
Figure 3-9 for each charge size. The shock fronts from the 250 g charge events in Figure 3-9a
show that the peak pressure increased when the R distance was reduced, as expected. The
measured cavitation collapse loads from the outrigger in event E1 were much larger than those
in other events. The variation in these loads can be attributed to variables in the outrigger
design, such as bolt tension and fastening saddle position. Additionally, these outriggers did
experience some minor plastic deformation from the first event which will have altered their
response in subsequent events. Event E4 in Figure 3-9b also contained a more prominent
cavitation loading from the outrigger than was seen in event E6, which may be due to further
plastic damage occurring from this closer event.
There was a slight difference in TOA between events E3 (0.85 ms) and E5 (0.79 ms) which
have the same R distance. There was a standard variation of 3.4% between their arrivals which
can be accounted for within the charge placement tolerance. The similar 43 g charge events E4
(0.51 ms) and E6 (0.61 ms) also had a difference in TOA with a larger standard variation of
8.8%, which can also be accounted for in the charge placement tolerance.
The peak pressures between the similar events compared very well, with an average peak
pressure of 21.8 MPa and standard variation of 0.1% for events E3 and E5 (W = 250 g,
R = 1.3 m), and average peak pressure of 18.1 MPa with a standard variation of 0.8% for the
events E4 and E6 (W = 43 g, R = 0.8 m). The similarity of the peak shock wave pressures in
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these similar events show that the minor difference in TOA did not have a significant effect on
the shock loading. Based on the similarity of these events, it can be assumed that the shock
wave loads of events E7 (W = 250 g, R = 1.3 m) and E8 (W = 43 g, R = 0.8 m), which did not
produce reliable measurements, would have been similar to events with the same W and R,
namely E3 and E5, and E4 and E6 respectively.

Figure 3-9 Comparisons of the initial shock wave for events E1 – E6 for (a) W = 250 g and
(b) W = 43 g

Bubble response
The characteristic response of one bubble cycle (example from E1) is presented in Figure 3-10.
Here it is shown that the gauge pressure was mostly negative during the quarry wall and floor
reflections from the shock wave. The pressure record steadied and further reduced after these
reflection sources, which is the characteristic response of the bubble under-pressure phase from
its expansion. The lowest pressure, followed by a steady increase indicated when the bubble
had reached its maximum radius, noted in Figure 3-10a by the dashed line at approximately
70 ms. The pressure steadily increased until it reached the hydrostatic pressure, and then it
increased rapidly into the bubble pulse, highlighted in yellow. A close-up of the bubble pulse
incident pressure in Figure 3-10b shows that the regular pulse shape had a sharp peak. The near
instantaneous rise time of this peak indicates that a shock wave was emitted during the collapse
phase of the bubble cycle and therefore this collapse partially occurred at supersonic velocity
in the water. The highlighted bubble pulse rapidly decays and was followed by the arrival of
its own surface cut-off reflection wave, and then the reflection from the quarry floor. The
pressure then stabilised at the hydrostatic pressure until the bubble began to expand again, and
the cycle was repeated.
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Figure 3-10 Incident pressure due to the pulsating bubble2 noting (a) the bubble maximum and pulse,
and (b) the loading from the bubble pulse. Example from event E1 (W = 250 g, R = 1.8 m,
L = 0.0 m).

A comparison of the significant first and second bubble pulses from events E1 – E6 is presented
in Figure 3-11 for each charge size. The periods and frequencies of each bubble cycle are listed
in Table 3-6. The period of each cycle is taken as the time between the peak of the shock wave
to the peak of the first bubble pulse for T1, and from the peak of the first bubble pulse to the
second bubble pulse for T2. The plots in Figure 3-11 contain offsets for their transmission time
from the charge to the platform and so the time values in Figure 3-11 are not a direct
measurement of the period.
The first bubble pulse of events E1 – E3 and E5 (W = 250 g) presented in Figure 3-11a show
that the pulse shape for all these events was very similar and all emitted a shock wave at the
peak of the bubble pulse. The average period of these events was calculated as 138.5 ms with
a standard variation of 0.2%, which compares very well with the predicted value from
Equation 1.4 of 140 ms. Generally, the peak pulse pressure increased between events as the R
distance reduced, but unexpectedly event E2 had the highest peak pressure due to its shock
wave. This may be due to some variation in the expansion rate of the recompressed explosive
gas. However, if the shock wave component of the bubble collapse is ignored, the overall
pressure pulse from events E3 and E5 was larger. Similar events E3 and E5 (R = 1.3 m) had
good correlation with their TOA and pulse magnitudes, where the average peak pulse pressure
of these similar events was 3.9 MPa with a standard variation of 5.6%.
The first bubble pulse of the events E4 and E6 (W = 43 g, R = 0.8 m) presented in Figure 3-11b,
also had very good similarity in their pulse shape and magnitude. The period of both events
was measured at 79 ms, which corresponds to a pulsation frequency of 12.7 Hz. This compares
well to the predicted pulsation frequency of 12.8 Hz from Equation 1.4. The average pulse peak
pressure was 2.9 MPa with a standard variation of 4.5%. Unlike the 250 g events, these bubble
pulses did not contain a shock wave component, which indicates the bubble collapse was
entirely subsonic. The different response seen between charge sizes is likely due to the greater
amount of energy that is contained in the 250 g charge compared to the much smaller 43 g
charge.
The second bubble pulses are presented in Figure 3-11c for W = 250 g, and Figure 3-11d for
W = 43 g. Events E3 and E4 were found to have much smaller and flatter pulse shapes than
their respective similar events E5 and E6. However, event E3 did contain a short spike right
before the pulse begins to decay. While the pulse shapes varied, the spike in E3 meant that the
peak pulse pressures of the similar events E3 and E5 (W = 250 g, R = 1.3 m) compared well,
2

The peak incident pressure of shock front (13.83 MPa) has been cut-off the plot to improve clarity of bubble
responses.
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with an average of peak pressure of 1.1 MPa and standard variation of 3.1%. The similar events
E4 and E6 (W = 43 g, R = 0.8 m) did not compare well, with a large standard variation of
24.9% between the two results. The flattened pulse shape of event E4 was unusual and the
experimental setup did not provide a sufficient way to track the shape and motion of the bubble.
Based on other experimental work discussed in Chapter 2, particularly the noted observations
from Krieger and Chahine [45], a combination of interaction with the platform and migration
of the bubble could be responsible for the distorted pulse profiles seen in events E3 and E4.
The average second bubble cycle period for the 250 g events was 116 ms with a standard
variation of 0.4%, corresponding to a pulsation frequency of 8.6 Hz. For both 43 g events, the
period was 61 ms, corresponding to a frequency of 16.4 Hz. A reduction in period between
each pulsation cycle was expected, primarily due to the loss of energy that is emitted at the
bubble pulse, which reduces the maximum size the bubble can reach. However, it was found
that the periods did not reduce as much as predicted from Equation 1.4 in Table 3-3, where the
250 g and 43 g second bubble cycle periods were predicted at 106 ms and 59 ms respectively.
The discrepancy is consistent between events of similar charge size, with the second cycle
period being approximately 9% and 4 % longer than predicted for the 250 g and 43 g charges
respectively. Two possible causes for this deviation have been identified: Firstly, the sample
size for Pentolite UNDEX bubble data beyond the first bubble cycle from Swift and Decius
[10] is limited to only two results, and the depth and charge sizes of the present investigation
are outside of the ranges of the dataset. Secondly, if the predictions are accurate for free-field
UNDEX, the apparent increase of the second bubble period may be taken as evidence of
Bjerknes repulsion forces, which would indicate the bubble “sees” the whipping hull as a
flexible boundary during the second cycle. Under the circumstances of this second possibility,
the closer relative size of the bubble radius to the platform radius during the second cycle may
have also increased the coupling strength of this bubble-structure interaction. However, the
sample size of these results is insufficient to draw a conclusion to the exact cause.
The bubble period coefficients for the first K1 and second K2 bubble cycles have been calculated
for all measured events and are presented in Table 3-6. An overall average of the first bubble
period coefficient K1 = 2.12 from these experiments compares well to the K1 = 2.11 value from
Swisdak [6]. Closer examination of individual events shows that the two furthest events 1 and
2 from the platform (250 g at 1.8 m, and 1.5 m) matched Swisdak’s value, while the two 250 g
Events 3 and 5 at 1.3 m stand-off had a lower value of K1 = 2.09. The smaller 43 g charge
Events 4 and 6 at the closer stand-off distance of 0.8 m had a larger value of K1 = 2.15. These
different values result from events outside of the general far-field assumption of γ > 2.00 which
is considered as a limitation of the similitude equations. The results of the present experiment
indicate that similitude predictions from Equation 1.4 were valid when γ > 1.67. Beyond this
limit the predictions were unreliable and given the counteracting variation between the smaller
and larger charge size scenarios, further work is required to understand the influence of charge
size and stand-off distance variables on the fluid-structure interaction. Underwater imaging
may greatly assist in future investigations of the bubble-structure interaction.
As previously discussed there was a large deviation of the expected second bubble period
predictions and the present experimental results. Therefore, the overall average measured
second bubble period coefficient of K2 = 1.73 also varied significantly from the average Swift
and Decius [10] value of K2 = 1.59. For the second bubble period, only the charge size seems
to have influenced the bubble period where for the 250 g charge an average K2 = 1.76 was
measured, while for the smaller 43 g charge an average K2 = 1.66 was measured. This suggests
that during the second bubble period the stand-off distance and therefore the relative proximity
γ did not have a significant effect on the pulsation period. The same issue of different
coefficients between the charge sizes is still present, and further work would be required to
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establish the effects of charge size on the bubble-structure interaction where γ < 1.67.
Migration of the bubble between pulses may also account for differences in the period and K
factors. Without observation of the bubble response there was no way to determine the
contribution of migration to this effect. Given the data from this experiment is of a larger
sample size of pentolite explosives than what is present in Swift and Decius [10], the presented
second bubble period coefficients from this investigation may be more suitable for use in
similitude equations on similar scenarios. For future exploration, free-field UNDEX
measurements as a baseline may provide insight on the bubble-structure interaction effects.
Table 3-6

Bubble pulsation periods for the first and second cycles of events E1 – E6. Predicted values
from Table 3-3 are presented in red.
Event

γ

E1
E2
E3
E4
E5
E6

2.00
1.67
1.45
1.60
1.45
1.60

λ
4.5
4.5
4.5
2.5
4.5
2.5

T1
(ms)
139
139
138
79
138
79

Table
3-3
140
140
140
78
140
78

T2
(ms)
117
116
115
61
116
61

Table
3-3
106
106
106
59
106
59

f1
(Hz)
7.2
7.2
7.2
12.7
7.2
12.7

f2
(Hz)
8.5
8.6
8.7
16.4
8.6
16.4

K1

K2

2.11
2.11
2.09
2.15
2.09
2.15

1.77
1.76
1.74
1.66
1.76
1.66

Figure 3-11 Comparison of (a) the first bubble pulse for W = 250 g, (b) W = 43 g, and (c) the second
bubble pulse for W = 250 g and (d) W = 43 g from events E1 – E6

Pressure impulse
To assess the contribution of the shock wave and bubble components, the pressure impulse of
each event was calculated from the pressure-time histories using Equation 1.5. An example of
the first bubble cycle impulse from event E1 is presented in Figure 3-12. The total pressure
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impulse of the event IT (highlighted in yellow) is the sum of the maximum shock impulse IS
and the positive +IB and negative -IB portions of the bubble under-pressure impulse IB. The
start of the bubble pressure impulse is determined by a significant change in gradient after the
shock wave reflection arrivals, denoted by the first dashed line in Figure 3-12. This point is
noted for W = 250 g and W = 43 g in Figure 3-13. It is shown that there is a notable delay
between the initial shock wave loading and the onset of the bubble under-pressure loading due
to the comparatively slower response of the explosive gas expansion rate for the bubble.

Figure 3-12 Example of pressure impulse produced by Equation 1.5 from event E1 incident pressure

From the identified delay between the shock front and first bubble expansion, a cut-off point
between shock loading and bubble loading components was defined. For all 250 g charges,
bubble impulse was insignificant on the structure for the first 24 ms, while for 43 g charges
there was insignificant bubble impulse for the first 12 ms. Based on these observations, these
times were taken as the points at which initial shock loading had ceased and the bubble loading
became dominant. This point is noted for each charge size in Figure 3-13 by the dashed line.

Figure 3-13 Pressure impulse from the shock wave and beginning of bubble loading for (a) W = 250 g,
and (b) W = 43 g

The pressure impulse magnitudes for the IS and IB of each event are listed in Table 3-7.
Assessing the relative contribution of IS and IB on the IT it is shown that the average percentage
of IS and IB is respectively 35.1% and 64.9% of IT across all measured events, with a standard
variation of 0.6%. Given the different W and R variables of each event, such consistency in
these pressure impulse contributions between events indicates that this is likely a property of
the explosive material.
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For events with the same W and R, the standard variation of the IT was 3% for W = 250 g at
R = 1.3 m (E3, E5, and E7), and 1% for W = 43 g at R = 0.8 m (E4, E6, and E8). Based on the
similarity of these pressure impulses and the previously noted similarity of the distribution of
IS and IB, it was assumed that events E7 and E8 would have likely had similar incident pressure
time histories for their respectively similar charge sizes and stand-offs. Calculated results of IT
for events E7 and E8 have been produced by the average values of similar events. The
breakdown of IS and IB has been calculated assuming the previously noted average percentage
contributions of IT and these results are listed in Table 3-7.
Table 3-7

Pressure impulse magnitudes for shock and bubble components
Event
E1
E2
E3
E4
E5
E6
Average
E73
E83

IS

IB
(MPa.ms)
2.45
4.19
2.88
5.23
3.32
5.96
1.74
3.64
3.44
6.43
1.91
3.55

6.64
8.11
9.28
5.38
9.87
5.46

3.36
1.90

9.57
5.42

6.21
3.52

IT

IS/ IT
(%)
36.9
35.5
35.8
32.3
34.9
35.0
35.1
-

IB/ IT
63.1
64.5
64.2
67.7
65.1
65.0
64.9
-

3.3.2 Structural response
The results and discussion of the structural response are categorised by whether the shock or
bubble loading initiated the response. From the previous discussion of the pressure impulse
loading, the cut-off point between shock and bubble loading was defined as 24 ms and 12 ms
(dotted lines in Figure 3-13) from detonation for the 250 g and 43 g charge sizes respectively.
Therefore, any structural response between detonation time and the defined cut-off time for
each charge size is assumed to be due to the shock loading, while any response after this cutoff time is assumed to be predominantly due to the bubble loading.
For the presented strain records, positive strain is defined as a tensile response and negative
strain is a compressive response. The sampling rate of the raw data was reduced by a common
factor to reduce the overall file size and noise in the signal. This process is referred to as
decimation [119]. The factor refers to the resampling size. A factor of 6 was used, meaning the
raw data was sampled at 1 in every 6 points. A moving average filter was applied to smooth
these values. Care was taken to ensure that the maximum values from the shockwave were not
significantly affected, as a reduction to the peak value would indicate the resampling factor
was too high. Plots of the shock fronts are presented unfiltered due to their large frequency
content and short duration. Strain records presented for bubble loading responses were further
filtered by the application of a low pass 10 kHz Fast Fourier Transform (FFT) filter to further
reduce noise. As with the pressure measurements, all strain records contain a trigger signal
pulse artefact shortly after the trigger time due to the electric trigger mechanism, which is not
a mechanical response.
The first strain responses arise from the shock wave impact at the gauges closest to the standoff point (SOP) on the platform. An example of this from the amidships rosette arrangement
on the portside for event E1 is presented in Figure 3-14. The first measurement is a small and
short duration compressive response from all gauges, indicating this is a local “dishing”
reaction of the platform hull. This is followed by a rapid series of high magnitude tensile and
3

Values estimated from similar events
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compressive response cycles (highlighted in yellow), for an overall duration of approximately
0.25 ms. The early TOA and duration of this loading is likely due to cavitation formation and
collapse around the SOP from the shock wave induced motion and elastic deformation of the
platform hull, as well as the interaction of incident and reflection pressure waves in the
surrounding fluid. In all events, this cavitation response cycle was the most severe response
from the shock loading. After the cavitation loading, the platform began to undergo a global
structural response, with the first bending response occurring around 0.25 ms after the
cavitation response, noted in Figure 3-14.

Figure 3-14 Strain measurements of the initial shock response from gauges S1 – S3 in a rosette
arrangement at amidships. Example from event E1 (W = 250 g, R = 1.3 m, L = 0.0 m).

At measurement locations away from the SOP, the initial strain response was different. It was
observed from strain measurements taken around the Station 4 (-2.8 m aft, strain gauges S17 –
S20) in Figure 3-15a, that all four gauges contained a similar compressive pulse response at
the same time. Based on this behaviour and the TOA, this first response was determined to be
caused by the stress wave propagating down the cylinder from the initial SOP. This wave
arrives before the water-borne shock wave travelling at 1500 m/s because it is travelling at a
higher acoustic velocity of 5000 m/s through steel. This signal is followed a short time later by
the arrival of the water-borne shock wave, noted in Figure 3-15a. Comparing the response as
the shock wave moves down the hull length from gauges at amidships (S2), -2.8 m aft (S17),
and -6 m aft (S21) in Figure 3-15b, it is shown that the water-borne wave response amplitude
reduces at gauges further from the initial SOP. This is due to the greater distance the wave must
travel, and therefore disperse, as well as the increased perpendicular angle of incidence of the
shock wave interacting with the hull. In contrast, the steel-borne stress wave maintains a similar
amplitude between strain gauges S17 and S21 as it moves along the hull length from the initial
SOP, due to the absence of the larger dispersion area and angle of incidence that are present in
the water environment.
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Figure 3-15 (a) Strain measurements for the shock response at Station 4 (-2.8 m aft, gauges S17 – S20),
showing the simultaneous TOA for the steel and water acoustic waves, and interference
range. (b) Strain measurements for the portside shock response at amidships (S2), -2.8 m
aft (S17) and -6.0 m aft (S21), showing the different TOA for the steel and water shock
waves, and the simultaneous arrival of interference. Example taken from event E1
(W = 250 g, R = 1.3 m, L = 0.0 m)

The arrival of the water-borne wave at bow and stern locations, noted when the water shock
wave arrived at strain gauge S21 in Figure 3-15b, coincided with a significant high frequency
anomaly (highlighted in yellow) that was found to be present in many of the strain records.
This interference level greatly exceeded the initial shock wave response strain levels at the SOP
on most gauges. In some cases, the increase in strain is greater than twice the yield strain limit
of the material. Notably in Figure 3-15b, this interference has the same TOA on all affected
strain gauges, regardless of their location from the initial SOP. Therefore, this interference
cannot be due to a localised event around any one gauge but must be due to a disturbance in
the transducer and data acquisition arrangement used by these gauges. Based on the TOA of
the interference signal, it was determined that this interference is likely due to the shock wave
impacting and reflecting amongst the measurement cables that protrude from the cable glands
on the top side of the platform, shown in Figure 3-3. The rapid squeezing and release of the
cable may have caused an unwanted change in the cable electrical resistance, acting in series
with the desired signals from the strain gauges. The phenomenon has been observed and
discussed by Walter [120] as a known problem in shock test measurements. This interference
was greater at the aft cable protrusion, which may be attributed to a variation in the cable
sealing process. On post-test examination, it was found the cables protruding closest to portside
(the same side as charge detonation) were affected more than those closest to the starboard
side, with the portside cables likely “shielding” those on the starboard side to some degree. For
most strain measurements, the TOA of the interference was outside of any significant loading
or structural response time ranges of interest and therefore, the interference response could be
neglected. For measurements taken at the bow and stern of the cylinder (strain gauges S13 –
S16 and S21 – S24) this was not the case, as these gauges were located near the cable gland
protrusion and the shock wave reached these areas in the same time frame. To report the true
maximum strain of the affected locations, it was assumed that due to the spherical spreading
from the UNDEX source, the angle of incidence of the shock wave perpendicular to the hull at
bow and stern locations was very large, and the bending strain in these areas was minimal due
to the free-free beam structure. Therefore, it was assumed that the greatest strain response due
to shock loading at these locations would be due to the strain wave travelling through the
platform, and not the apparent maximum within the interference range.
For the strain response due to bubble loading and the damped free-vibration of the platform,
the principal plane (vertical or athwartships) of the response was determined by comparing the
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axial strain gauge measurements about a single measurement location. An example from event
E1 taken at the amidships axial strain gauges (S2, S5, S7, and S8) and presented in Figure 3-16
demonstrates that the primary response was bending in the athwartships plane (strain gauges
S2 and S7). This was also the primary response plane for all events in this experiment. It was
found that all portside gauges measured slightly larger peak strain levels than their starboard
counterparts, by an average of 91 µε in all events. There are three main reasons why this was
the case. First, the effective stiffness of the platform was slightly different for each side. The
starboard side had the cut-outs and porthole inserts and additional welding as part of the
manufacturing process, all of which will have affected the stiffness. The mass distribution
between the port and starboard sides of the platform was also not equivalent as the starboard
side porthole inserts were heavier than the portside mounted outriggers, which resulted in a
noticeable angle of list of 7° to starboard. Second, the strain gauges on opposite sides (port –
starboard, top – bottom) were not always directly opposite one another. For low frequency
bending responses this was not as significant an issue due to the proportionally larger
wavelength. However, when higher frequency bending responses where present, the strain
gauge pair misalignments were more noticeable due to the shorter wavelengths. Larger
differences were observed in these scenarios, but these were due to phase misalignment from
the gauge measurements as opposed to different amplitudes. Finally, the presence of a bending
response in the vertical plane, as seen in Figure 3-16 indicates that the platform response was
three dimensional and therefore the measurements at each gauge will not be purely from axial
strain due to in-plane bending. The vertical bending responses were found to be of a similar
order of magnitude as the differences seen in the port and starboard measurements.

Figure 3-16 Strain measurements of the response from bubble loading at amidships (gauges S2, S5, S7
and S8) demonstrating the primary bending response in the athwartships direction.
Example from event E1 (W = 250 g, R = 1.3 m, L = 0.0 m).

The effect of stand-off distance
To determine the effect that the R distance has on the structural response, the amidships standoff events E1 – E4 (L = 0.0 m) were considered. A summary of the largest strain response
magnitudes at each section of the platform for these events, due to shock and bubble loading,
is presented in Figure 3-17.
The shock response was largest at amidships for all these events and was lower at measurement
points further along the hull in both forward and aft directions, with the bow and stern locations
exhibiting the lowest responses. This was expected due to the spherical spreading and
increasing perpendicular angle of incidence to the hull of the shock wave.
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For both shock and bubble loading, only minor strain responses were measured at the bow and
stern locations, where the greatest strain of the four events was 232 µε measured during the
shock response at the stern from event E3 (W = 250 g, R = 1.3 m). Given the free-free ended
boundary condition of the platform, it was expected that these locations would naturally
experience minimal strain during any bending response from whipping and would be more
susceptible to the direct shock loading. All events demonstrated this to be the case, though the
response from shock loading was only marginally higher than that from bubble loading. Low
responses under shock loading are likely due to the dispersion of the spherically spreading
shock wave by the time it reaches these ends and the substantial amount of mass at each end
compared to the platform’s cylindrical hull.

Figure 3-17 Largest strain response magnitudes due to shock and bubble loading at each measurement
point for amidships SOP events E1 – E4.

For events E1 – E3 (W = 250 g), the largest strain response from bubble loading occurred at
amidships on portside, and like the shock wave response the strain levels were lower at
measurement points further along the hull in the forward and aft directions, with the lowest
response seen at the bow and stern locations. The distribution of the response due to bubble
loading indicated global bending of the platform as the dominant response. The most severe
scenario of these three events, as well as overall of all events conducted, was E3 at a stand-off
distance of R = 1.3 m. In this event, the peak strain response at amidships was measured as
1806 µε, which slightly exceeds the theoretical static yield limit of 1750 µε. However, all strain
gauges at the amidships location had no indication of physical yielding occurring.
Differentiation of the transient result for E3 at amidships (S2) revealed strain rates in the order
of 105 s-1 at the time of the peak response, enough to cause dynamic yield limit effects which
would increase the effective yield stress [121]. For all 250 g events at amidships SOP, the peak
response from bubble loading was an average of 94% larger than the peak response from shock
loading. Therefore, the bending response from the bubble loading was the dominant response
of these UNDEX events.
Comparing the transient response of these three events at amidships from the strain gauge
closest to the SOP (S2) in Figure 3-18a, it is shown that the bending response in the platform
was amplified and the peak strain response occurred just after the first bubble pulse. This
amplification of bending is a clear indication that a whipping response was induced by the
UNDEX events and driven by the pulsating bubble loads. The bending strains were generally
maintained up to the second bubble pulse, with an average reduction in strain levels of 11 %.
Notably the closest event E3 (R = 1.3 m) had a significantly larger reduction of 308 µε,
compared to 105 µε for E1 (R = 1.8 m) and 109 µε for Event 2 (R = 1.5 m). This larger reduction
in event E3 did not continue in successive bending cycles, but was enough to make the bending
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responses after the second bubble pulse for E2 and E3 almost equivalent. This unique behaviour
in E3 suggests that the increased proximity of the bubble to the structure had a significant effect
on the severity of the whipping response, and this severity was increased only when the bubble
was driving the bending response in the platform over the first bubble cycle.
After the second bubble pulse, the platform demonstrated a damped vibration response, which
suggests the bubble loading was no longer strong enough to have any significant effect on the
platform’s response. High frequency components from the shock wave loading were almost
completely damped out by this time and the response was dominated by only a single modal
frequency.
The frequency of the whipping response observed in these three events was determined by
performing a FFT on the transient signals in Figure 3-18a to produce a frequency response plot,
presented in Figure 3-18b. All frequency response plots presented in this paper were produced
from an FFT performed on the full length and raw strain record, with a duration of 4 seconds
at a sampling rate of 1 MHz. From this plot it was found that the whipping response was
dominated by a single frequency of 6.7 Hz. Comparing this to the initial modal analysis from
Table 3-1, the response was identified as the first bending mode (BM1) of the platform.

Figure 3-18 (a) Comparison of the strain response at amidships (S2) for events E1 (R = 1.8 m), E2
(R = 1.5 m), and E3 (R = 1.3 m), and (b) frequency response plot of these records.

Event E4 (W = 43 g, R = 0.8 m) differed in its bubble loading response from the other amidships
events, where the greatest bubble response was measured at the portside locations 2.8 m
forward and aft of amidships. The largest bubble response was also slightly lower than the
shock response for this event. From the transient strain records on portside at the amidships
(S2), 2.8 m forward (S9) and aft (S17) measurement locations, shown in Figure 3-19a, it was
found that there was a higher frequency component in the whipping response. The frequency
response of these signals, shown in Figure 3-19b, revealed that all these locations contained
two significant frequency responses: a dominant response at 6.7 Hz, which was previously
identified as the BM1 response of the platform, and another response at 41 Hz. From the modal
analysis in Table 3-1, the 41 Hz response was identified as the third bending mode (BM3) of
the platform. BM1 and BM3 share a mode shape anti-node at amidships and the alternating
phase of these responses resulted in alternating constructive and destructive interference cycles
between amidships and the 2.8 m forward and aft measurement locations. The arrival of the
first bubble pulse coincided with the first peak of the BM1 response, as noted in Figure 3-19a,
and the UNDEX induced whipping response amplified the interaction between BM1 and BM3.
The timing of this bending mode interaction resulted in a constructive response occurring at
the 2.8 m forward and aft locations for the maximum measured response due to the bubble
loading, and a destructive response at amidships. Notably, this response only occurred under
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the driving force of the first bubble cycle, and after the first bubble pulse the largest bending
response consistently occurred at amidships. The amplified response during the bubble loading
is again indicative of the bubble driving the whipping response. It is also worth noting that the
bending responses at the 2.8 m forward and aft locations are in phase and have almost the same
amplitude over the entire response duration which indicates the platform’s response was
symmetrical about amidships. Therefore, under this scenario the platform exhibited two
independent zones of high severity while its response was driven by the first bubble cycle.

Figure 3-19 Event E4 (W = 43 g, R = 0.8 m, L = 0.0 m) (a) Strain response at portside amidships (S2)
and 2.8 m forward (S9) and aft (S17), and (b) frequency response plot of these records.

The effect of longitudinal stand-off position
To examine the effect that different charge L positions had on the platform’s response, events
E3 – E8 are considered. These events are discussed according to their similar W and R variables.
Initially the results of events E3, E5, and E7 (W = 250 g, R = 1.3 m) are considered. A summary
of the largest peak strain response magnitudes along the platform length from shock and bubble
loads in these events is presented in Figure 3-20.
The peak strain measured for the initial shock response of the platform was found to have a
similar severity at the station closest to the SOP for each event, with a maximum shock
response of 923 µε in E3 (L = 0.0 m) and 816 µε in E5 (L = -2.8 m). For E7 (L = -4.3 m), there
was no strain gauge at the SOP. At -2.8 m aft a peak strain of 871 µε was measured, while the
closer proximity of the charge to the cable protrusion produced substantial interference on the
signals of all strain gauges near the stern (S21 – S24) and no reliable measurement of the shock
response could be obtained. The trend of the maximum shock response along the hull length
for E7 indicates the peak response may have been higher than what was measured at 2.8 m aft,
and would have occurred between the -2.8 m aft and stern measurement locations. However,
the similarity of the peak strain level at 2.8 m aft compared to other events suggests that it
would not have been significantly higher at other locations. The measured results have good
correlation despite the issues with E7, with an average peak strain of 870 µε and a standard
variation of 3.5% over the three events. Therefore for these events, the shock response was not
affected by the L position. The distribution of the shock response along the platform length for
E5 and E7 was similar to what was observed in E3, with the peak of the distribution only being
offset along the platform length by the change in L position for each of these events.
Similar to what was observed in events E1 – E4 in Figure 3-17, only minor strain responses
were measured at the bow and stern locations for events E3, E5, and E7 in Figure 3-20, where
the greatest strain measured was 467 µε at the stern during the shock response of E5
(L = -2.8 m). It is worth reiterating that it is likely the shock response at the stern would have
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been larger during E7 given the L position was the closest to this location in this event, but
reliable measurements could not be obtained at this location due to signal interference. As
previously discussed this general distribution was expected due to the charge proximity, mass
distribution and free-free ended boundary condition of the submerged platform. Unlike the
amidships events, the peak responses of E5 and E7 were larger at the stern than the bow for
both the shock and bubble responses. This can be attributed to the closer proximity of the
charge, and smaller perpendicular angles of incidence from the spherically spreading shock
and bubble pulse waves for these events.

Figure 3-20 Summary of the peak strain response from shock and bubble loading at each measurement
location for events E3 (L = 0.0 m), E5 (L = -2.8 m), and E7 (L = -4.3 m).

The peak responses due to bubble loading were substantially different for each event. As
previously discussed, E3 (L = 0.0 m) exhibited the most severe bubble response out of all the
events conducted, with a peak strain magnitude response of 1806 µε at the portside amidships
measurement location.
The peak bubble response observed in E5 (L = -2.8 m) was one of the most noteworthy
observations in this investigation. Here, the peak response from the bubble loading occurred at
the 2.8 m forward location on the platform, measured at 1260 µε. A lower peak response of
1011 µε was measured at -2.8 m aft, closest to the charge SOP.
The unexpected response from E5 was further investigated through examination of the transient
strain gauge records, on portside at amidships (S2), 2.8 m forward (S9), and aft (S17) in Figure
3-21a. The frequency response plot of these signals is shown in Figure 3-21b. The transient
results in Figure 3-21a demonstrate an amplification of the bending response during the first
bubble cycle, which demonstrates the bubble was driving the whipping response. Unlike the
other 250 g events at L = 0.0 m, there were different bending mode responses occurring
between each of the measurement locations. The amidships location (S2) was dominated by
only one frequency response, the previously observed BM1 at 6.7 Hz, while the forward and
aft locations contained a combined response of two dominant frequencies, the BM1 response
and a response at 20 Hz. The transient measurements also show that the 20 Hz response was
inverted between the 2.8 m forward (S9) and aft (S17) and had similar amplitude which
indicates the 20Hz was antisymmetric about the amidships location. The absence of the 20 Hz
response at amidships also indicates there was a node for this mode shape at this location.
Based on this behaviour and the modal analysis from Table 3-1, the 20 Hz response was
identified as the second bending mode (BM2) of the submerged platform.
The interaction of these two bending modes is the most likely cause of the peak response
occurring at the forward end, despite the SOP at L = -2.8 m. While the BM1 response was
symmetric about amidships, the BM2 response was antisymmetric, so BM responses in the
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forward and aft ends of the platform were always in opposing constructive and destructive
interference cycles. It is seen in Figure 3-21a that due to the phase of these response
frequencies, the constructive interference of BM2 at the forward location coincided with the
peak bending response of BM1 while under the driven whipping response from the bubble,
which resulted in the maximum whipping response occurring at this location.
As with other 250 g events discussed in the previous section, the platform response began to
undergo damped free vibration after the second bubble pulse. During this time, the phase of
the response at the 2.8 m forward and aft locations shifts slightly which results in the forward
and aft responses having similar amplitudes, with the response at the 2.8 m forward location
still being marginally higher. The phase shift after the direct bubble loading is a strong
indication that the vessel response was predominantly driven by the bubble pulsation frequency
and the bubble and platform responses were decoupled after the second bubble pulse.
This result of the overall peak response occurring away from the SOP has important
implications for assessment and recovery response of a real platform. It highlights that it is
possible for a scenario to occur where the most susceptible part of the vessel is not at the
location of the SOP. The change in the L position between E3 (L = 0.0 m) and E5 (L = -2.8 m)
also reduced the overall severity of the response in E5 by 30%. Furthermore, it should be noted
that the severity at the 2.8 m forward location was essentially the same for both events, i.e.
while the overall severity reduced, the 2.8 m forward location saw the same severity from
whipping between both events. To correctly identify similar vulnerable scenarios of a platform,
the full response would need to be replicated and therefore the entire platform structure would
need to be considered in the analysis method. A simplified compartment or symmetric model
would not be sufficient to capture this response.

Figure 3-21 Event E5 (W = 250 g, R = 1.3 m, L = -2.8 m) (a) strain responses at portside amidships
(S2), 2.8 m forward (S9), and aft (S17), and (b) frequency response plot of these records.

The peak response from bubble loading during event E7 (L = -4.3 m) was measured at only
528 µε, as shown in Figure 3-22. This was a significant reduction of 71% compared to E3
(L = 0.0 m) shown in Figure 3-20, despite the same charge size (W = 250 g) and stand-off
distance (R = 1.3 m). This was also the only 250 g event where the response due to bubble
loading did not exceed the response from the shock wave loading. This reduction in response
from the bubble loading is a remarkable result given the only difference in this event was the
charge L position.
The reduced response from the bubble loading observed in E7 was further examined in the
transient strain gauge records taken at the portside amidships (S2) and 2.8 m forward (S9) and
aft (S17), presented in Figure 3-22a. Here it is apparent that after the shock wave, there is no
amplification of the bending response until the first bubble pulse. In fact, between the shock
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wave and the first bubble pulse, the bending cycle amplitudes decayed. The same was true for
the bending responses that occurred between the first and second bubble pulses. This behaviour
indicates that unlike all other 250 g events, the platform’s response was not being driven by
the under-pressure of the first bubble cycle. Only the direct pulse loads from the bubble’s
collapse were able to induce a notable response after the shock wave. This event has
demonstrated that the L position has a significant effect on the bubble-structure coupling and
at this location (L = -4.3 m), which coincided with the theoretical position of a node in the BM1
mode shape, the bubble and platform responses were uncoupled. It is possible higher strains
may have occurred at the SOP during the bubble loading, but no strain gauges were placed at
this location. The lower responses measured at other locations along the platform length in
Figure 3-20 suggest that it is unlikely the strains would have been significantly larger at the
SOP.
Unlike all other 250 g events, the amplitude of the responses measured between the 2.8 m
forward (S9) and aft (S17) locations was not equivalent. For every second cycle of the bending
response at these locations, the peaks of each cycle at the aft end were on average 130 µε larger
than the forward end while under loading from the bubble. The frequency response plot from
a FFT of the transient strain records, presented in Figure 3-22b, indicated that unlike all other
250 g events, the dominant bending response for E7 was the previously identified BM2 at a
frequency of 20 Hz. Minor responses of the previously identified BM1 at 6.7 Hz and BM3 at
41 Hz were also present. The different amplitudes seen at every second cycle of the 2.8 m
forward and aft locations can be explained by the superimposed interaction of the dominant,
antisymmetric BM2 and minor, symmetric BM3 responses. The BM3 response frequency is
approximately double the BM2 response frequency, resulting in every second BM3 cycle being
in phase with BM2. The combination of the periodic phase alignment and the different
symmetry conditions of these responses about amidships resulted in constructive and
deconstructive interference cycles consistently occurring at the aft and forward ends of the
platform respectively.
The results from E7 demonstrate that if the SOP is aligned with a node response of the primary
bending mode shape of a platform, the severity of the platform’s response from bubble loading
can be greatly reduced, to the point that the initial shock response is of a greater concern.

Figure 3-22 Event E7 (W = 250 g, R = 1.3 m, L = -4.3 m) (a) strain response at portside amidships
(S2), 2.8 m forward (S9) and aft (S17), and (b) frequency response plot of these records.

The results for Events E4, E6, and E8 (W = 43 g, R = 0.8 m) are now considered. The peak
strain response magnitude from shock and bubble loads at each measurement location are
summarised in Figure 3-23.
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There was a noticeable disparity of the peak shock response between what should have been
similar events E4, E6, and E8, shown in Figure 3-23. The peak response of E4 (L = 0.0 m)
measured 863 µε, compared with just under 600 µε for E6 (L = -2.8 m) and E8 (L = -4.3 m).
There are two explanations for why this was the case. First, the overall reduced energy of the
43 g explosive charge may have been insufficient to produce the same deflection of the
platform when the L positions from E6 and E8 were closer to the ends, which contained a
significant portion of the overall platform mass. Second, due to the interference that occurred
at the stern measurement location, it is possible that the true maximum shock response for
events E6 and E8 was hidden within the distorted signal. While a set of results was able to be
determined at the stern for E6 and E8, these may not be as reliable as other locations due to the
interference issues.
Once again, only minor responses were measured at the bow and stern locations for both shock
and bubble loading, with the largest response of 360 µε measured at the stern in E6. Again, the
peak responses at the stern were higher than at the bow, which can again be attributed to the
closer proximity of the charge and the smaller perpendicular angles of incidence from the
spherically spreading shock and bubble pulse waves.

Figure 3-23 Summary of the peak strain response from shock and bubble loading at each measurement
location for events E4 (L = 0.0 m), E6 (L = -2.8 m), and E8 (L = -4.3 m)

The overall severity of the bubble response in these events decreased as the L position was
moved away from amidships. The previously described amidships E4 had the most severe
bubble loading response of the 43 g charge events, measuring 852 µε at the - 2.8 aft location.
The peak bubble loading response from event E6 was 621 µε, measured at amidships despite
the SOP at L = -2.8 m. This peak response was 27 % lower than the amidships event E4. This
event did not have the same dip in the peak strain distribution along the hull length at amidships
that was seen in E4, instead the severity at the amidships and 2.8 m forward and aft locations
was very similar, with an average of 582 µε and a standard variation of 3.5% between the peak
measurements at these locations.
The cause of similar peak strain levels measured at the amidships, 2.8 m forward and aft
locations for E6 was further examined in the transient strain gauge records from the portside
gauges at amidships (S2), 2.8 m forward (S9), and aft (S17), presented in Figure 3-24a. It was
found that in this transient response, the amidships strain levels were generally much lower
than the forward and aft locations. The only exception to this was at the time of the first bubble
pulse, where a large spike was observed in the amidships response. This spike was also the
overall peak in the platform’s response from the bubble loading for this event. It is also shown
that the bending response between the shock wave and the first bubble pulse was amplified,
indicating an UNDEX induced whipping response.
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Between the first and second bubble pulses, the response was not symmetric between the
forward and aft ends of the platform. This non-symmetric behaviour could be due to the bubble
locally forcing the aft end and because the lower energy of the 43 g event was insufficient to
induce the same motion into the forward end. Additionally, there was a difference between the
bubble pulsation frequency of 12.9 Hz for the 43 g charge compared to any of the bending
mode frequencies of the submerged platform, which means the pulsating bubble was unable to
excite a distinct response in the platform. While the bubble was capable of initiating a whipping
response, it was not able to maintain a driving force over the full platform length beyond the
first bubble pulse, and the platform’s inertia appears to have dominated the motion after the
first bubble pulse. Beyond the second bubble pulse the platform started to undergo damped free
vibration, where the amplitude of the responses at the 2.8 m forward and aft locations was
nearly always double that of the amidships response amplitude.
The frequency response of the three locations is determined by applying a FFT on the transient
signals to produce a frequency response plot in Figure 3-24b. Three frequencies were noted,
all of which have previously been observed and identified in this investigation. This event is
one of the few that exhibited an UNDEX induced whipping response which was not dominated
by BM1 at 6.7 Hz. Instead, BM2 at 20 Hz is the dominant response, which is apparent in the
previously noted larger responses occurring at the forward and aft locations of the transient
records in Figure 3-24a. A minor contribution of BM3 at 41 Hz was also present in all three
records. This can be clearly seen interacting with BM1 on the superimposed response measured
at amidships during free-damped vibration in Figure 3-24a. The BM3 response did not appear
to have any significant interference with the dominant BM2 response at the 2.8 m forward and
aft locations.
Like event E4, E6 has shown that when higher modal responses are excited by the UNDEX
loads, there can be scenarios where there are multiple points of similar severity over the
platform length. E6 also demonstrated that this can be the case even when the UNDEX event
occurs away from amidships. Like event E5, it highlights that the most severe response from
bubble loading may not always occur at the SOP.

Figure 3-24 Event E6 (W = 43 g, R = 0.8 m, L = -2.8 m) (a) strain responses at portside amidships
(S2), 2.8 m forward (S9), and aft (S17), and (b) frequency response plot of these records.

The peak bubble response from the event E8 (L = -4.3 m) measured 354 µε, a reduction of
58 % compared to E4 (L = 0.0 m). The bubble response in E8 was very similar to what was
observed in E7 and while all other 43 g events had a similar severity between the shock and
bubble responses, the peak bubble response from E8 was much lower than its peak shock
response.
The greatly reduced response from bubble loading was found to be due to the same reasons
discussed for E7. The transient strain gauge records from amidships (S2) and 2.8 m forward
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(S9) and aft (17), presented in Figure 3-25a, show that like E7, the initial bending response of
the structure prior to the first bubble pulse did not amplify. This behaviour combined with the
overall reduced strain levels during the bubble loading indicate the bubble did not drive any
significant whipping response. The peak responses due to bubble loading for this event are only
due to the pressure pulse loading that was emitted during the first bubble cycle collapse. The
different amplitudes between the forward and aft locations are also due to the symmetry
conditions and phase alignment of BM2 and BM3 discussed for E7. The FFT frequency
response results in Figure 3-25b, show that all previously identified frequency response
components were present in this event, and like E7, the dominant bending response for E8 was
due to BM2 at 20 Hz.
Given the similarity of the E8 response results to those in E7, the same conclusions may be
drawn and extended to apply to this smaller charge size of W = 43 g. To reiterate, the results
of both E7 and E8 have demonstrated that when the SOP was aligned with a node of the primary
bending mode shape of the platform, the severity of the platform’s response from bubble
loading was greatly reduced, to the point that the initial shock response was of a greater
concern. As this has been observed for two different charge sizes and R distances, it would
appear that this is a function of the L position in relation the platform’s primary bending mode
shape. Because modal response shapes are a fundamental physical attribute of any structure, it
is suggested that any similar structure could be inherently “hardened” against a whipping
response if the UNDEX SOP can be influenced to coincide with the node of the structure’s
primary bending mode shape.

Figure 3-25 Event E8 (W = 43 g, R = 0.8 m, L = -4.3 m) (a) strain responses at portside amidships
(S2), 2.8 m forward (S9), and aft (S17), and (b) frequency response plot of these records.

3.3.3 Comparison of bubble pressure impulse and peak strain response
The effect of the L position on the peak strain response magnitude is summarised in Figure
3-26. A linear regression on the shock peak strain data demonstrates that the L position had no
effect on the severity of the shock response in these events (R2 value of -0.05). For the bubble
responses, there was a weak linear correlation R2 value of 0.52, where the peak response was
lower as the charge was positioned further from amidships (L = 0.0 m). The spread between
the highest and lowest peak strain responses from bubble loading at each L position also
reduced, despite the same W and R scenarios at each L position. This suggests that the bubble
loading had a diminishing effect on the peak strain response after the shock wave, as the L
position was moved further from amidships. While it was noted that the results for E7 may
have been slightly larger due to the strain gauge locations, this would only result in a stronger
correlation between the L position and peak platform response from bubble loading. However,
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further data is required to quantitatively determine a relationship between the L position and
the peak strain response on a submerged platform.

Figure 3-26 The effect of L position on the peak strain responses from shock wave and bubble loading
for all events

The effects of the L position on the platform response from bubble loading are further examined
by comparing the IB from Table 3-7 and the peak strain measurements due to bubble loading
in Figure 3-27. Here it is shown that while IB was similar for events with the same W and R
(event sets E4, E6 and E8 (W = 43 g, R = 0.8 m), and E3, E5 and E7 (W = 250 g, R = 1.3 m)),
the strain levels during the UNDEX induced whipping response varied significantly at each L
position.
The cause of these differences was purely due to the L position as all other variables remained
the same for each similar event set. Due to this, the differences were attributed to the proximity
of the bubble to the nodes and anti-nodes of the primary distortional mode shape of the
submerged platform, which for this case was BM1. Events closest to the anti-node of the BM1
mode shape at L = 0.0 m, E3 (W = 250 g) and E4 (W = 43 g), induced the most severe whipping
responses for their charge sizes, while those at the node of the mode shape at L = -4.3 m, E7
(W = 250 g) and E8 (W = 43 g), were 71 % and 58 % lower compared to their respective
L = 0.0 m events.
It is shown that the peak strain results follow a linear trend at each L position, as per the fitted
lines in Figure 3-27, with an assumed intercept at point (0 MPa.ms, 0 µε). The trend is well
characterised for the amidships (L = 0.0 m) events E1 – E3 (W = 250 g) while lacking for E4
(W = 43 g). There is insufficient data to validate this trend for other charge sizes and L
positions. However, it is clear from the limited results that the L position had a significant effect
on the submerged platform’s whipping response severity, where the gradient of the peak strain
and IB relationship decreased by approximately 100 µε between each successive L position.
This relationship suggests that the effects of the L position increase as IB increases, for the
investigated bubble proximity ranges of 1.45 ≤ γ ≤ 2.00 and relative sizes of 2.5 ≤ λ ≤ 4.5.
Considering a comparison of each event’s SF, previously noted in Table 3-4, this parameter is
unable to differentiate between the three trends noted in Figure 3-27, most apparent by the large
difference in the peak response from events E3, E5, and E7, which all have the same SF = 0.38.
Furthermore, the shock factor would not be able to account for changes in the response due to
depth of the event, while the pressure impulse is comparable at any depth, given it is a function
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of it. For these reasons it is strongly suggested that the SF should not be used to predict
whipping events on submerged platforms.

Figure 3-27 Peak strain responses from bubble loading compared to the bubble pressure impulse IB

3.4 Conclusion
A set of eight underwater explosion experiments were conducted to investigate the whipping
response of a submerged 12 m long, 0.4 m diameter cylindrical platform. Two Pentolite charge
sizes (250 g and 43 g) at stand-off distances from 1.8 m to 0.8 m, and at different longitudinal
positions along the hull length were used in this experiment. All UNDEX events were
conducted with the charge and the platform at a depth of 5 m.
Measured incident pressures showed good correlation with theory for the first bubble cycle.
Similitude equations for the bubble period compared well with experimental measurements for
a relative proximity of γ > 1.67. Beyond this limit the similitude results under or over predicted
the period depending on the charge size. New K coefficients for bubble period calculations
were identified and presented from this experimental dataset. Due to the limited data sets
available, further experimental analysis of different bubble proximities would be required to
determine the cause of these differences at bubble proximities of γ < 1.67.
Through integration of the incident pressure-time data, it was found for both Pentolite charge
sizes that 35.1% and 64.9% of the total pressure impulse was associated with the shock wave
and bubble respectively. Given the consistency across all conducted events, this relative
contribution is likely a property of the explosive material.
The severity of whipping induced bending responses was shown to depend on the relative
contribution of the first three distortional bending modes for the submerged platform. The
contribution of a mode increased with the proximity of the bubble frequency to the submerged
platform’s modal frequencies, and with the physical proximity of the UNDEX to the anti-node
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of the primary distortional mode shape, which was the first bending mode for this platform.
Charges of any size detonated in proximity to the anti-node of the first bending mode shape
induced the most severe whipping responses. Charges detonated near the node of the first
bending mode shape induced whipping response strains that were 71 % and 58 % lower than
the respective 250 g and 43 g charge sizes detonated at the anti-node of the mode shape. It was
observed that interaction of the multiple dominant mode shapes caused the peak bending
response to occur at locations away from the charge stand-off point for some events. This
generally occurred when the charge stand-off location was between the node and anti-node of
the first bending mode shape.
It is suggested that if the stand-off location along the platform length can be influenced to occur
at the node of the primary bending mode shape, the platform will be inherently hardened against
a severe whipping response. Additionally, should a scenario occur where multiple bending
modes are excited, the responses at locations away from the stand-off point may need to be
assessed, as these can potentially undergo a more severe response than that at the stand-off
point.
Comparison of the bubble pressure impulse to the peak strains measured during the whipping
response suggest that as the impulse increases, the stand-off location in relation to the primary
bending mode shape has a more pronounced effect on the whipping severity. This relationship
appears valid for the 250 g charge size detonated at amidships for the investigated bubble
proximity ranges of 1.45 ≤ γ ≤ 2.00 and relative size of λ = 4.5. Further work is required to
determine if this is also valid for other charge sizes and stand-off locations. This will be
investigated in the following chapters using a validated numerical model.
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4.1. Introduction
Experimental analysis is a time consuming and expensive assessment method, particularly in
the case of a full-scale naval platform UNDEX assessment. Failed assessments can result in
significant cost to procurement programs, in terms of dollars and delays. In Chapter 2,
numerical modelling was discussed as a potential alternative for an intermediate assessment
method, to provide knowledge of a platform’s performance prior to full scale assessment trials.
To achieve this, a numerical model requires some form of experimental validation to provide
confidence in its results, but this validation can be performed on scaled experimental scenarios
which are cheaper to produce and easier to examine for specific details. As long as a numerical
model is appropriately validated, it can be used to assess additional scenarios that may identify
a platform’s design limits or unexpected responses that can be addressed prior to full scale
assessment and commissioning into service.
Using the incident pressure and strain measurements obtained from the experimental
investigation discussed in Chapter 3, a numerical model for a submerged platform whipping
analysis was developed and validated. The model and validation methodology are discussed in
this chapter.

4.2. Numerical model methodology
Numerical modelling capability has always been dependent on the available computing power.
Therefore, there is constant improvement in modelling capability as computing power
increases and becomes accessible to more end users. From the previously discussed methods
in Chapter 2, it was established that the implicit Underwater Shock Analysis (USA) R7.5.3
[96] Boundary Element Method (BEM) code coupled with the explicit LS-Dyna R10.1 [122]
Finite Element (FE) code had the best potential to conduct further analysis for this investigation
and to validate as a potential assessment tool in industrial environments. As a BEM, the USA
code does not directly model the bubble response, so Bjerknes force effects are not accounted
for. This validation will determine if this limitation has any significant effects on the accuracy
of the USA code for modelling scenarios where the bubble proximity range is 1.45 ≤ γ ≤ 2.00.

4.2.1. Finite element model
The FE model shown in Figure 4-1 was constructed in the explicit LS-Dyna environment,
which limited the element selection to first-order functions. The model was defined using a
cartesian coordinate system, where the origin (point 0, 0, 0) was at the centroid of the
cylindrical hull. The X-axis was aligned with the longitudinal axis of the platform, where the
forward end of the platform was defined as positive. The Y-axis was aligned with the transverse
axis of the platform, where port was defined as positive. The Z-axis aligned with the vertical
axis of the platform, where up was defined as positive.
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Figure 4-1 Finite element model of the test platform

A mesh refinement study was conducted to determine a mesh density that would efficiently
represent the whipping response in the hull part. The study evaluated the FE mesh by the
accuracy of the structural and added fluid mass, the time required to form the BEM equations,
the accuracy of the modal frequency responses in a submerged environment, and the peak
response from a simple shock wave impact. The findings of this study are summarised here,
and further details are provided in Appendix 3. It was found that an arrangement of 24 elements
about the circumference and 240 elements along the length provided the best trade-off between
accuracy and analysis run-time. With this element arrangement, the hull part mesh consisted
of 5760 fully integrated (Type 16) shell elements. The remaining FE model parts were built
around the hull part arrangement.
The end mass and flange parts were modelled using 1272 solid elements. The solid element
meshes were relatively coarse as only the mass and geometric properties of these components
were required for this analysis. Beam and lumped mass models were also explored for these
parts, but it was found this produced issues when attempting to apply damping models. A
different USA formulation must also be used for these types of models, so for simplicity the
solid elements were used. Most solid element parts used the default reduced integration
formulation (Type 1). A single row of solid elements on the flange closest to the cylindrical
hull and webs used a fully integrated formulation with rotational degrees of freedom at nodes
(Type 3), as noted in Figure 4-1, which can receive rotational displacements and allowed for
direct connection with shell elements. The stiffening webs that connect the flange and hull
assemblies were modelled using 120 reduced integration (Type 1) shell elements. All parts
were attached to each other by sharing common nodes at their borders.
For the hull and web parts, the shell mesh was defined at the mid-surface of the shell thickness.
The thickness of the hull and web shells was 6.35 mm and 3 mm respectively. The mid-surface
shell model for the circular hull section provided the best mass accuracy due to the faceted
representation of the circular profile from the first-order elements4. However, this also induced
a minor error in the USA boundary elements, which are also defined at this mid-surface mesh.
4

Refer to Figure A2-1 in Appendix 3
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This difference in stand-off distance of half the shell thickness (3.175 mm) results in an error
of 0.4 % for the closest experimental event at 0.8 m, and was deemed to have a negligible effect
on the fluid structure interaction of the model.
The web elements were the smallest in the model and significantly reduced the explicit stable
timestep criteria from Equation 2.6, where the smallest web shell elements only permitted a
timestep of 2.5E-6 s. As the response of the webs was not of interest, it was desirable to increase
the timestep to an appropriate stable value based on other parts in the model. From the
deformable flange part elements, a stable timestep of 5E-6 s was determined by Equation 2.6.
A safety factor of 90% is automatically applied internally by LS-Dyna to improve analysis
stability if the wave propagation should slightly exceed to material acoustic velocity [122],
which resulted in a stable timestep of 4.5E-6 s. To increase the timestep of the small web
elements, mass scaling was applied to all elements in the web parts. The total scaled mass to
achieve a desired timestep of 4.5E-6 s was 1.7 kg, a negligible increase of the total mass. The
application of mass scaling improved the estimated runtime by 80% and in addition, the use of
a consistent timestep for the entire explicit analysis is useful for maintaining stability with the
USA coupling.
Only the general external features of the platform (hull, flanges, endcaps, and disk weights)
were explicitly modelled. The response of additional external features such pressure transducer
outriggers, cable glands, and lifting lugs were assumed to not contribute substantially to the
global whipping response and where not modelled. Internal features were predominantly made
up of transducers and cables, with mounting plates and porthole inserts being the only
significant structural members. However, the strain measurements used in this validation were
assumed to not be affected by these features and therefore these were also not modelled. The
final model mass was 1438 kg, compared to the measured 1548±1 kg of the experimental test
platform. This missing mass was attributed to the previously noted un-modelled structure. This
difference of 110 kg was accounted for by applying mass elements to the entire cylindrical hull
part.
Only elastic and rigid material properties were used in the model, as the strain results from the
experimental investigation in Chapter 3 indicated no plastic deformation had occurred. The
material properties of the steel hull were provided by the manufacturer’s nominal material
specifications [123] and are listed in Table 4-1. Deformable elastic properties were assigned to
all parts of the model except for the solid end mass parts, noted in Figure 4-1. Rigid material
properties were assigned to the end mass parts to reduce computation times, as these were
assumed to act as a rigid mass in the platform design and there were no experimental
measurements at these locations. A wet modal frequency analysis initially found that the model
was overly stiff, which was attributed to the un-modelled components and calculation of the
added mass (discussed in the following section). To compensate for this, the Youngs modulus
of the hull material was reduced from 200 GPa to 190 GPa, a difference of 5%. Further details
of the FE model are provided by the keyword input file in Appendix 4.
Table 4-1

Nominal steel material properties
Youngs Modulus
Yield Stress
Poisson’s Ratio
Density
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200 (190) GPa
350 MPa
0.25
7850 kg/m3
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4.2.2. Boundary element method
The USA BEM was used to represent the surrounding fluid and initiate the UNDEX loading.
The BEM uses the Doubly Asymptotic Approximation (DAA) from Geers [93] to calculate the
transient loading and the coupled responses of the structure and fluid. All external element
faces of the model, except for web parts, were assigned a DAA boundary element, as shown in
Figure 4-2. Inclusion of the web parts prevented the implicit USA code from converging and
forming its solutions. The absence of their added mass contribution was deemed negligible for
this whipping analysis.

Figure 4-2 DAA elements

The USA BEM requires the free-surface location to be defined with respect to the FE model
coordinate system, and also requires the material properties of the surrounding fluid. The freesurface was defined as 5 m above the FE model origin. As the test environment was small and
reflections were noted on the incident pressure records during the experimental investigation
in Chapter 3, the sea-floor location was also defined for these analyses at -11 m below the FE
model origin, an approximate value of the quarry depth where the experiments were conducted.
The respective locations of the free-surface and the sea floor to the FE model are shown in
Figure 4-3. The water acoustic velocity and density were defined as 1500 m/s and 1000 kg/m3
respectively.

Figure 4-3 Free-surface and sea floor locations on port side view

The USA code utilises an infinite frequency added fluid mass for the DAA elements, calculated
using the method described by Deruntz and Geers [21]. Rigid body added mass for sway, heave,
and surge modes is output by the USA code, which was compared against analytical solutions
from Blevins [18]. The USA code calculated the added fluid mass for heave and sway modes
as 1548 kg, which compared well to the analytical solution of 1557 kg from Blevins’s solution.
Surge responses were not considered important for a whipping analysis, as the overall platform
response was dominated by bending modes. The added mass values for specific distortional
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frequency responses are not directly outputted by the USA code so no direct comparison of
these can be made. However, the wet modal responses are compared to experimental results in
Section 4.2.5.
A relative timestep of 1:1 LS-Dyna and USA solver timesteps offers the best stability and
accuracy [96]. However due to the high computing cost of the implicit USA solution, a
reasonable trade-off between analysis efficiency and accuracy may be obtained by increasing
the USA timestep. The USA code manual [96] advised that ratios between 1:1 and 1:5
timesteps are generally appropriate. In the present investigation, a USA timestep of 4.5E-6 s
(1:1 timestep ratio) was required to maintain analysis stability during the initial shock wave
loading and early structural response between 0 – 30 ms of analysed time. The USA timestep
was increased to 9.0E-6 s (1:2 timestep ratio) for the remaining analysis (31 – 1000 ms), with
linear ramping of the timestep between 30 – 31 ms, to improve the overall analysis efficiency.
Larger USA timesteps were attempted but resulted in analysis instability.

4.2.3. UNDEX model
The USA code generates incident pressure loads for the shock wave and bubble based on
empirical datasets and user defined inputs of the explosive charge mass and location. The
author has performed whipping analysis benchmarking studies of the USA code for surface
[99] and submerged [124] platform’s, and has previously determined that the Price-Hicks
Shock Bubble model (PHS-BUB) in the USA code provided the most accurate UNDEX
incident pressure. The PHS-BUB model consists of the shock wave similitude pressure data
from Price [98], combined with the bubble model from Hicks [24], and is fitted with a bubble
decay function developed by Geers and Hunter [41, 42]. The PHS-BUB model is considered
accurate for up to three bubble pulse cycles, but it is recommended to cut the model off at a
point of zero particle velocity to prevent instabilities occurring after the cut-off point [96]. The
experimental measurements indicated that each charge only produced two significant bubble
pulses so the models were cut during the third bubble cycle at 300 ms and 164 ms for the 250
g and 43 g charges respectively.
Previous analysis [99, 124] with the R7.5 release of the USA code [113] required the user to
manually input a TNT equivalent mass of the explosive. The current R7.5.3 release of the USA
code [96] introduced a Pentolite explosive charge material, which is controlled by a user
definable TNT equivalence factor. The default TNT equivalence factor for Pentolite is 1.10,
but there is a known variation in this equivalence based on the charge size. Swisdak [6] offers
alternative TNT equivalents ranging from 1.06 – 1.19, which consider different charge sizes
and variables of the UNDEX environment. These equivalence factors were investigated, and
the resulting incident pressures compared to measurements from the experiment in this
numerical validation.
An additional update of the R7.5.3 release of the USA code, allows for bubble loading models
to account for the sea floor influence on the bubble response. Typically, this should increase
the bubble period, depending on the bubble size and relative proximity to the sea-floor [34].
The inclusion of these effects is also investigated.

4.2.4. Model outputs
To validate the numerical model, high-resolution strain outputs were taken from elements at
locations corresponding with strain gauge locations, shown in Figure 4-4. These results allow
for direct comparison with the experimental measurements. Only the amidships, forward, and
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aft locations were considered as the bow and stern did not demonstrate significant responses
due to whipping in the experimental investigation. Lower resolution outputs were obtained for
all elements in the hull part to monitor the peak strain locations. All outputs were taken for a
duration of 1000 ms. The notation for discussion of these gauge locations is simplified to their
general location along the hull length, as noted in Figure 4-4.

Figure 4-4 Top view of platform locations for high resolution strain outputs and the corresponding
experimental strain gauges

All strain outputs were taken with reference to the element coordinate system, where the
element X-axis is defined by the vector of nodes 1 to 2, the Y-axis is the vector of nodes 1 to
4, and the Z-axis is normal to this plane (through the shell thickness) [89], as shown in Figure
4-5. At the initial state, all hull part elements had their Y-axis aligned with the global X-axis
and their Z-axis pointing away from cylindrical cross-section centroid. The element X-axis
follows a tangent of the circumference defined by the vector of nodes 1 to 2 and is clockwise
looking in the forward direction.

Figure 4-5 Hull part shell element coordinate system

The incident pressure is calculated at the node closest to the charge source and directly output
by the USA code. These outputs were retrieved for comparison against the measured incident
pressure from the experiment.

4.2.5. Modal responses
To determine the accuracy of the structural FE model and the implementation of the USA
BEM, a modal analysis was performed. The experimental investigation in Chapter 3 identified
that the dominant responses of the submerged platform were the first three bending modes
(BM1 – BM3). These are reiterated in Table 4-2. The resulting bending modes and
circumferential modes of the platform from the USA results are listed in Table 4-3 and Table
4-4 respectively, using the notation from Blevins [18]. Deformable responses up to
approximately 100 Hz were considered relevant for this global structure response problem, as
the experimental measurements identified minimal effects of any frequency response beyond
this.
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The model demonstrated an excellent comparison of the first three BM responses, with all
results within 1 Hz of the experimental observations. This provided good confidence for the
additional frequency response results obtained by this model. From this analysis, it was
concluded that the structural FE model and application of the USA BEM provided an
appropriate representation of the submerged whipping hull’s modal responses and was suitable
for further numerical analysis.
Table 4-2

Bending mode responses measured from the experimental investigation
Mode
BM1
BM2
BM3

Table 4-3

Frequency
6.7 Hz
20.0 Hz
41.0 Hz

Bending mode responses from the numerical model
Mode Shape

f
BM1
j=1
6.7 Hz
BM2
j=2
19.9 Hz
BM3
j=3
40.5 Hz
BM4
j=4
68.2 Hz
BM5
j=5
102.5 Hz
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Table 4-4
f

Circumferential mode responses from the numerical model (ends hidden)
Mode Shape

f

CM1

CM2

i=2

i=2

j=1

j=2

63.3 Hz

64.1 Hz

CM3

CM4

i=2

i=2

j=3

j=4

66.2 Hz

70.7 Hz

CM5

CM6

i=2

i=2

j=5

j=6

78.4 Hz

89.7 Hz

Mode Shape

CM7
i=2
j=7
104.8 Hz

4.2.6. Damping models
Damping is normally required in any transient analysis to simulate the effects of energy
dissipation sources present in any mechanical system such as friction, heat, and sound. For
shock analysis, damping is often negligible due to the short duration of these events. A
whipping response has a much greater duration and therefore damping is an important
consideration. Stettler [125] comprehensively covered damping mechanisms that are important
for the whipping response of a submerged submarine, summarising three main contributors to
the overall damped response as hull, internal, and external damping.
Hull damping results from energy loss due to friction and heating within the structural material
(hysteresis damping) and friction between connecting joints (dry friction damping). Internal
damping occurs due to the transmission of vibrational energy from the global hull response
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into resiliently mounted equipment and the sloshing of fluids in tanks, such as ballast and fuel.
These additional responses can be described by their own equations of motion and solved in a
set of multiple Degree of Freedom (DOF) systems that interact with the global model. Finally,
external damping arises from the loss of vibrational energy into the surrounding medium,
which in this case is water as a near-incompressible fluid. Two primary energy losses from this
are wave radiation (particularly if the platform is near the free-surface) and viscous drag
friction.
The challenge of performing an accurate whipping analysis can be largely due to the
consideration of all these damping mechanisms. Two primary numerical damping models are
considered for application in a whipping analysis: Rayleigh and Frequency Range damping.
Undamped (UD)
An UD analysis was conducted to act as a baseline for the other damped numerical analyses. It
was found in the experimental investigation that the peak whipping response always occurred
after the first bubble pulse, which was relatively early in the analysis and where damping effects
are minimal. Therefore, it was anticipated that the UD numerical model may provide a
reasonably accurate result for the peak whipping response.
Rayleigh damping (RD)
The RD method considers a combination of mass weighted and stiffness weighted damping
terms to construct a resultant damping factor across multiple frequencies [122], as shown in
Figure 4-7. This is expressed numerically though the resultant damping matrix C from the mass
M and stiffness K matrices in Equation 4.1. The mass α and stiffness β proportionality constants
for a desired damping factor ζn can be determined for a single frequency response ωn using the
relationship in Equation 4.2. As these constants are independent, they can be fitted between
two frequency responses (ωa and ωb) to achieve the desired damping factors (ζa and ζb) using
Equation 4.3.
[𝐶] = 𝛼[𝑀] + 𝛽[𝐾]
𝛼
𝛽𝜔𝑛
+
2𝜔𝑛
2
𝜔𝑏
−𝜔𝑎 𝜁
𝜔𝑎 𝜔𝑏
𝛼
[𝛽 ] = 2 2
[−1/𝜔 1/𝜔 ] [ 𝑎 ]
2
𝑏
𝑎 𝜁𝑏
𝜔𝑏 − 𝜔𝑎
𝜁𝑛 =

4.1
4.2
4.3

The experimental investigation indicated that all whipping responses were within the elastic
limit of the material and therefore RD can be applied to represent the internal damping of the
platform [125]. With two damping terms, the mass α and stiffness β constants of
proportionality, two independent frequencies can be damped by this method. The experimental
investigation identified the first three bending modes as the primary contributors in the
platform’s whipping response. The experimental strain measurements were filtered using a
band pass FFT filter for each of these bending modes to identify their individual contribution
and damping. An example of this process is shown in Figure 4-6, which analysed the BM2 and
BM3 responses of Event 6. From these records, the logarithmic decrement δ for each isolated
mode was obtained from the free-vibration portion of the response, and the critical damping
factor ζ was calculated using Equation 4.2. The δ and ζ for each BM are presented in Table 4-5.
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Figure 4-6 Breakdown of frequency components of event E6 to calculate δ
Table 4-5

Critical damping factors from experimental data
Mode
BM1
BM2
BM3

fn
(Hz)
6.7
20.0
41.0

ωn
(Rad/s)
42
126
258

δ

ζ

0.185
0.069
0.075

0.029
0.011
0.012

From this analysis it was established that the critical damping ratio for BM2 and BM3 was
similar and therefore it was desirable to aim for a constant damping ratio between these
frequencies. BM1 was in most cases found to be the dominant response, so it was just as
important to ensure this mode was sufficiently damped. Therefore, BM1 and BM3 were
selected as the damped frequencies for Equation 4.3 to calculate the proportionality constants,
where:
42(258)
𝛼
258
2.33375
[𝛽 ] = [
[
−5 ] = 2
2
2
−1/258
5.7963 × 10
258 − 42

−42 0.029
][
]
1/42 0.012

The critical damping factors for this range of frequencies are plotted in Figure 4-7, where it is
shown that the fitted critical damping factors achieved the desired damping ratio, while the
ratio between ω2 and ω3 remained approximately constant.
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Figure 4-7 Critical damping factors for RD model

Frequency Range damping (FR)
The frequency range damping method was developed by Arup Group Ltd. and is implemented
in LS-Dyna. Its exact details remain proprietary information but a limited overview is provided
by LSTC [126, 127]. It is designed to be used in situations where controlled damping of more
than two critical frequencies is required.
FR damping applies an approximate constant damping over a defined range of frequencies. An
initial analysis of this submerged test platform by De Candia, et al. [124] used LS-Dyna R9
[128] to perform a whipping analysis on the submerged test platform, and identified that the
FR damping method became increasingly inaccurate when the platform response consisted of
multiple dominant bending modes, particularly when BM3 had a significant presence. Since
that analysis, there has been a significant accuracy advancement in LS-Dyna R10 release of the
FR damping model [127, 129] that allows the critical damping to be applied across a much
larger frequency range. The greater frequency range may overcome the noted shortfalls of only
being able to damp small frequency ranges when using this method.
The FR model requires some estimation to refine the frequency window and critical damping
factor [122, 126, 127]. It was found through initial trial and error analyses that different
damping factors and frequency windows were required based on the charge L position and
mass W, detailed in Table 4-6. Furthermore, these parameters can modify the natural frequency
of the model through an effective decrease in stiffness. To compensate for this, the model
stiffness was increased from 190 GPa to 195 GPa for 250 g events, and to 200 GPa for 43 g
events.
Table 4-6

FR damping model variables
L
W
43 g
250 g

0m

-2.8 m

ζ

F1

F2

0.02
0.04

5 Hz
5 Hz

25 Hz
8 Hz
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-4.3 m
ζ
0.01
0.02

F1

F2

15 Hz
15 Hz

25 Hz
45 Hz
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The resultant critical damping factors for these FR model parameters are plotted in Figure 4-8,
noting that the frequency scale is logarithmic. These plotted values are approximate, based on
technical advice provided by the LSTC support note [127].

Figure 4-8 Approximate critical damping factors for FR models

Combined Rayleigh and Frequency Range damping (RDFR)
The FR model itself is limited as only one critical factor can be applied to a part in the numerical
model. However, the RD and FR models can be used in conjunction to partially control the
critical damping at additional frequencies. This combined method of the RD and FR damping
models (RDFR) was implemented by using the mass proportional term of the RD model to
damp the lowest frequencies (BM1 to BM3) and using the FR model to damp frequencies above
this. The same RDFR damping model was applied to all analyses, where the RD mass
proportionality term α = 2.52, and the FR critical damping factor ζ = 0.01 across a frequency
range of 40 – 120 Hz. Damping up to 120 Hz was introduced to remove higher frequencies that
occur from the large bandwidth of the explicit analysis environment. The resultant critical
damping factors through the combined RDFR damping are plotted in Figure 4-9. The plotted
FR and resultant RDFR values are approximate, based on technical advice provided in the
LSTC support note [127].

Figure 4-9 Approximate critical damping factors from combined RDFR damping model
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4.2.7. UNDEX Scenarios
The experimental investigation consisted of eight UNDEX events, discussed in Chapter 3. The
general layout of these events is reiterated in Figure 4-10 and the variables of each event are
detailed in Table 4-7. Experimental results used for comparison are denoted as E, while the
numerical results of these scenarios are denoted as EN. The bubble proximity factor γ for each
event is listed in Table 4-7.
Table 4-7

UNDEX experiment variables
Event
1
2
3
4
5
6
7
8

W
(g)
250
250
250
43
250
43
250
43

R
(m)
1.8
1.5
1.3
0.8
1.3
0.8
1.3
0.8

L
(m)
0.0
0.0
0.0
0.0
-2.8
-2.8
-4.3
-4.3

γ
2.00
1.67
1.45
1.60
1.45
1.60
1.45
1.60

SF
(kg1/2/m)
0.28
0.33
0.38
0.26
0.38
0.26
0.38
0.26

Figure 4-10 UNDEX scenario setup (Top side view)

4.3. Model validation
The accuracy of the numerical model was validated according to two criteria: pressure loading
(the input) and structural response (the output). The pressure loading validation was performed
by comparing the incident pressure inputs calculated by USA against the experimental pressure
measurements. The structural response was validated by comparison of the transient FE and
experimental records, and the frequency response. Differences between the time and location
of the peak whipping response in the FE results are qualitatively validated through comparison
of the strain contours at the relative times and locations for each event.

4.3.1. Pressure loading
The incident pressure loading produced by the PHS-BUB model of the USA code was
compared against the experimental measurements with consideration of the shock wave and
bubble pulses. Pressure impulse comparisons are made to validate the effective loading
contribution of the shock wave and bubble, with the late-time transient impulse response
comparing well with experimental measurements.
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The shock wave
The shock wave incident pressures from the PHS-BUB model using TNT equivalents of 1.10
– 1.19 are compared to their respective experimental pressure time histories in Figures 4-11 to
4-14 and the peak pressures are compared in Table 4-8. Models that contain the boundary
effects of the sea floor are denoted with “bottom” in these figures. Those without assume a
free-field bubble response. From the comparison in these figures it is clear that the TNT
equivalence factors and bottom effects did not have a significant effect on the shock wave, as
each numerical result is virtually indistinguishable from each other. All numerical results
overpredicted the peak pressure by 9 – 17 %. Cole [8] and Hunter and Geers [41] note similar
over-predictions due to the use of Pentolite TNT equivalents in calculations. It is shown in the
first (a) figure of each scenario that the TNT equivalence factor had minimal effect on the
pressure decay rate and all models had good accuracy for the shock wave decay profile. Early
reflective sources from the test platform, previously noted in Chapter 3, are not calculated by
the BEM and do not appear in the resulting incident pressure time histories. The surface cutoff and ground reflections in Figure (b) of each event were accurate for all 250 g charge events,
confirming the defined depth from the surface of 5 m and the depth of sea floor from the
platform of 11 m were appropriate for these scenarios. The surface cut-off response also
compared well for the 43 g charge events in Figure 4-14b, but there was a significant difference
between the time of arrival of the ground reflection between the PHS-BUB model and the
experimental measurements. For the 43 g events, the experimental measurements suggest a
depth of approximately 7 m, despite the testing depth arrangements being identical for all
events, regardless of charge size. Sonar surveys of the quarry floor were assessed but no
variation in the quarry floor depth could account for this discrepancy. At present the cause of
this inconsistency remains unknown. However, it was previously identified in the experimental
investigation that the ground reflections did not have a major contribution to the overall
UNDEX loading, and the sea floor definition of 11 m was maintained for further analysis for
consistency with the test environment.
It is clear in Figures 4-11b to 4-14b that the ground reflection profiles are different between the
experimental and numerical measurements. This difference is caused by the image reflection
assumption used by USA, where the reflected wave is assumed to be a perfect shock wave
initiated at an image source, described in Chapter 1. In reality, the direct wave radiates and
makes contact with the bottom on multiple occasions, which produces a number of reflections
that combine to form the final reflection profile.
Table 4-8

Comparison of experimental and numerical peak pressure
Event
1
2
3
4
5
6

E
(MPa)
13.83
18.15
21.78
18.28
21.75
18.00
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EN
(MPa)
15.98
19.86
23.71
21.00
23.71
21.00

Δ
(%)
16
9
9
15
9
17
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Figure 4-11 Comparison of experimental and numerical (a) shock wave and (b) reflection incident
pressures of different TNT equivalent factors for Pentolite (W = 250 g, R = 1.8 m)

Figure 4-12 Comparison of experimental and numerical (a) shock wave and (b) reflection incident
pressures of different TNT equivalent factors for Pentolite (W = 250 g, R = 1.5 m)

Figure 4-13 Comparison of experimental and numerical (a) shock wave and (b) reflection incident
pressures of different TNT equivalent factors for Pentolite (W = 250 g, R = 1.3 m)
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Figure 4-14 Comparison of experimental and numerical (a) shock wave and (b) reflection incident
pressures of different TNT equivalent factors for Pentolite (W = 43 g, R = 0.8 m)

Bubble pulses
The bubble pulse incident pressures for the first (a) and second (b) pulses are compared for all
events in Figures 4-15 to 4-18. It is clear in these comparisons that the TNT equivalence and
bottom presence factors had a more significant effect on bubble pulse periods. It should be
noted that the PHS-BUB model does not account for the propagation time in its bubble model,
while all experimental measurements contain this by default. Events with the smallest standoff distance offer the best comparison for the bubble period, while in other events the pulse
magnitude is compared.
Initial results from earlier work [124] utilised a Pentolite TNT equivalence of 1.19, which was
obtained from Swisdak [6] and manually entered as the equivalent charge mass for the USA
analysis. It is shown for all events that the inclusion of bottom effects increased the bubble
period for all charge sizes when using this equivalence factor. Comparing the closest 250 g
events E3 and E5 (R = 1.3 m) in Figure 4-17, the increased period from the bottom effect
reduced the accuracy of the USA results when using the 1.19 TNT equivalence. The default
1.10 TNT equivalence with bottom effects was found to have better representation for the first
bubble pulse, but slightly under-predicted the first bubble period. A study of additional
equivalence factors between these limits was conducted and found that a TNT equivalence of
1.11 gave the best representation for the first bubble period. The second bubble period of the
250 g charge events was less accurate with a 1.11 TNT equivalence. However, since the
findings of the experimental investigation in Chapter 3 suggest that the first bubble cycle is the
primary cause of the whipping response, and that the first pulse is the largest load after the
initial shock wave, it was chosen to prioritise greater accuracy of the first bubble cycle over
general accuracy of the entire UNDEX loading event. In the E1 (Figure 4-15) and E2 (Figure
4-16) 250 g events it would appear that larger TNT equivalence factors are required; however
when accounting for the additional period in these further events due to the propagation time
of the bubble pulse, the 1.11 equivalent factor provided the best representation of the bubble
period, measuring 138.2 ms compared to the average experimental measurement of 138.5 ms.
The numerical model did not recreate the sharp peaks recorded during the 250 g bubble pulses.
These peaks are due to shock waves emitted by a supersonic collapse phase in these bubbles.
The PHS-BUB model assumes the fluid is incompressible for the bubble phase, and therefore
is unable to replicate compressible effects, such as these shock wave emissions. Later
comparisons of the transient pressure impulse in Figures 4-19 to 4-21 show that these small
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shock waves had minimal contribution in the bubble loading, and their absence in the numerical
model was considered to have negligible effect on the whipping response analysis.

Figure 4-15 Comparison of the first (a) and second (b) experimental and numerical bubble pulse
incident pressures of different TNT equivalent factors for Pentolite (W = 250 g, R = 1.8 m)

Figure 4-16 Comparison of the first (a) and second (b) experimental and numerical bubble pulse
incident pressures of different TNT equivalent factors for Pentolite (W = 250 g, R = 1.5 m)

Figure 4-17 Comparison of the first (a) and second (b) experimental and numerical bubble pulse
incident pressures of different TNT equivalent factors for Pentolite (W = 250 g, R = 1.3 m)

For the 43 g charge events, it was found that the increased period from the bottom effects
improved the accuracy of both the first and second bubble period when using a TNT
equivalence factor of 1.19. where the model matched the first experimental bubble period of
79 ms. Using the default TNT equivalence of 1.10 with bottom effects under-predicted both
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bubble periods. Swisdak [6] notes that charges in this size range can have different equivalence
factors. Unlike the 250 g comparisons in Figures 4-15 to 4-17, the peak pulse values from the
PHS-BUB models compare well with the experimental measurements. As the USA code does
not model supersonic collapse, the closer approximation of the peak shape by the code may be
taken as additional evidence that the 43 g charge bubbles did not have a supersonic bubble
collapse.

Figure 4-18 Comparison of the first (a) and second (b) experimental and numerical bubble pulse
incident pressures of different TNT equivalent factors for Pentolite (W = 43 g, R = 0.8 m)

Pressure impulse
It has been discussed previously that the pressure impulse provides a better comparison of
explosive loading contributions than peak pressure comparisons [14, 15]. The pressure impulse
for each event was computed from the integral of the numerical incident pressure time history
using Equation 1.5. The computed numerical impulses for the shock wave (IS), bubble
expansion (IB), and total (IT), along with differences (Δ) from the experimental measurements in
Table 3-7 are presented in Table 4-9. This comparison shows that the numerical model
overpredicted the pressure impulse by 13 – 29 %. Cole [8] remarked upon similar errors when
comparing the impulse quantity of pentolite to the equivalent weight of TNT, noting that
similitude equations over-predicted the peak pressure by 4 %, while the integral of shock wave
pressure was over-predicted by 29 %. Cole noted these large differences result from the
different decay rates of the shock wave and bubble pulsations for different explosive materials.
Hunter and Geers [41] also remarked upon this over-prediction for Pentolite explosives. If it is
assumed that the TNT equivalent energy is used, the over-predicted pressure should correspond
with a lower particle velocity in the PHS-BUB model. A thorough validation of this
phenomenon would require particle velocity measurements for bubble responses, which were
not obtained during the experimental investigation, and which Hunter and Geers also noted as
a difficult measurement to achieve [41]. Hunter and Geers made comparisons with other
numerical models and found similar discrepancies for impulse and particle velocity and
concluded that this over-prediction was an acceptable error.
Table 4-9

Comparison of pressure impulse from USA/LS-Dyna and experimental measurements
Events
E1
E2
E3, E5
E4, E6

W
(g)
250
250
250
43

R
(m)
1.8
1.5
1.3
0.8

IS
(MPa.ms)
2.97
3.59
4.17
2.36

Δ
(%)
21.2
24.7
23.4
29.3
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IB
(MPa.ms)
5.29
6.51
7.01
4.17

Δ
(%)
26.3
24.4
13.1
15.9

IT
(MPa.ms)
8.26
10.10
11.18
6.53

Δ
(%)
24.5
24.5
16.7
20.4
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From the transient pressure impulse records in Figures 4-19 to 4-21, it can be observed that
while the PHS-BUB model over predicted the total pressure impulse, it provided good
approximations of both bubble pulses. As previously stated, greater accuracy of the first bubble
loading cycle was preferred to an overall accuracy of the UNDEX loading, as the whipping
response severity was dependent on this loading. The cut-off time for the PHS-BUB model
also resulted in a shorter duration of the loading impulse than what was observed in the
experiment. While PHS-BUB model produced a greater initial impulse, the experimental
loading lasted and “drove” the response for longer. Due to the previously described cut-off
criteria for bubble loading models [96], it was not possible to extend this loading duration
without inducing additional errors.

Figure 4-19 Comparison of experimental and numerical pressure impulse (W = 250 g, R = 1.8 m)

Figure 4-20 Comparison of experimental and numerical pressure impulse (W = 250 g, R = 1.5 m)
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Figure 4-21 Comparison of experimental and numerical pressure impulse (W = 250 g, R = 1.3 m)

While most PHS-BUB results had the same trend of initially over-predicting the shock wave
impulse but comparing well with the later bubble responses, it is shown in Figure 4-22 that E4
was quite different. This is despite the similar event E6 demonstrating the same trends as all
other events. The sharp and larger rise during the shock wave pressure impulse suggest that
this pressure gauge may have experienced some damage from the shock wave loading. This
offset affects the transient comparison but when considering the summation of positive and
negative bubble impulse components the bubble pressure impulses are similar. Based on this
and the better comparison from the similar event E6, the PHS-BUB loading was still considered
as appropriate for conducting a whipping analysis.

Figure 4-22 Comparison of experimental and numerical pressure impulse (W = 43 g, R = 0.8 m)

From these comparisons, it was concluded that the PHS-BUB model provided an appropriate
representation of the UNDEX loading for these experimental events and was suitable for
conducting further numerical studies. While different TNT factors did not have a significant
effect on the shock wave, they had a noticeable effect on the bubble responses. An equivalence
factor of 1.11 was used for W = 250 g scenarios and 1.19 was used for W = 43 g scenarios.

4.3.2. Structural response
The structural response of the model was validated by the comparison of the numerical and
experimental strain responses. Experimental and numerical results are designated as E and EN
respectively. The damping methods discussed in Section 4.2.6 were assessed to determine the
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best method for achieving an accurate transient response over an analysis duration of 1000 ms.
The peak result contour plots are presented to qualitatively determine the modal responses and
peak response locations during whipping.
Damping models
Events E1 – E3 (W = 250 g, L -= 0.0 m) all demonstrated similar modal responses, shown in
Figure 4-23, dominated by BM1 at 7 Hz, with the highest strain levels occurring at amidships.
The difference in the response frequency from these results is due to rounding, as the analysis
was only analysed for a 1 s duration, compared to 4 s in the experimental measurements,
resulting in a larger frequency step size. The EN damping model results for amidships, forward,
and aft locations on portside are compared against the experimental responses from Section
3.3.2 of Chapter 3 in Figures 4-24 to 4-26. Here it is shown that no EN model captured the
initial peak shock wave response. This is also the case for all other results. It was expected that
the shock wave would not be captured accurately as the mesh size is quite large and not capable
of effectively tracking the shock wave response. To capture this response, smaller and solid
elements would be better choice as the wave would need to be tracked both longitudinally and
through the thickness of the platform’s hull. It would have been possible to create an
appropriate mesh, even for a localised area, however this would have significantly reduced the
stable timestep and increased the analysis runtime. As the focus of this investigation is on
whipping, it was decided that the mesh should be appropriate for that response and not refined
for the shock wave.
Beyond the initial shock wave response, the whipping response was reproduced well by all
damping models for the first 200 ms, during which the experimental peak response occurred at
168 ms, as noted in Figures 4-24b to 4-26b. After the initial 200 ms, differences in the damping
effects of each model became noticeable. Without damping, the UD model results became more
inaccurate over subsequent whipping cycles as these steadily decreased, therefore this model
was not appropriate for transient analysis of the later whipping responses. The RD model was
able to provide some damping but always under-damped the response, compared to the
experimental measurements. As the RD model is only based on internal damping responses, it
is likely the insufficient damping was due to external damping effects in the experiment which
are not considered by the RD model. The FR model results correlated better with the
experimental results over the entire duration of the analysis. However, the error this model
introduced to the natural frequency become apparent at all locations for the last few whipping
cycles of EN1 FR results in Figure 4-24, where the response became delayed to the E1
measurements. The EN2 (Figure 4-25) and EN3 (Figure 4-26) FR results did not have a
significant delay compared to their respective experimental measurements E2 and E3. All FR
results in Figures 4-24 to 4-26 contained a superimposed response of BM5 at approximately
102 Hz. While this was a minor contribution for these events, this response was not observed
in any of the equivalent experimental results. The response frequency is likely real, but the
experimental measurements show that this was heavily damped out by the later whipping
cycles, which suggests that there was insufficient damping at this frequency in the UD, RD,
and FR models. The combined RDFR model provided the best transient results for these events,
with similar accuracy over all whipping cycle peaks to the FR model but did not contain any
error in the natural frequency response. The frequency response from this model for these three
events in Figure 4-23 also demonstrates that the BM5 response was greatly reduced which
shows that the RDFR model was also able to damp out most of the BM5 response.
The RDFR model generally overpredicted the peak response of each whipping cycle but
marginally under-predicted the overall peak response at 168 ms. A comparison of the
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experimental peak responses against those predicted by the RDFR models is presented in Table
4-10. The RDFR models under predicted the peak experimental responses by 4 – 7 % for events
E1 – E3. From the EN3 results in Figure 4-26 it is seen the RDFR model over-predicted the
response at all locations more than any other events. It was noted in experimental results from
Chapter 3 that this scenario could have been susceptible to stronger interaction from the bubble,
which is not accounted for in the DAA solutions.
The overall peak response from all damping models occurred at 252 ms, during the subsequent
whipping peak of the overall peak response seen in the experimental measurements. For the
RDFR results, this peak was only marginally higher than the experimental peak at 168 ms. The
difference in response levels was considered negligible and the qualitative accuracy of the
different peak response times is considered further in the following sections.
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Figure 4-23 Frequency response of RDFR model for (a) EN1, (b) EN2, and (c) EN3
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Figure 4-24 Comparison of EN1 damping models at (a) forward, (b) amidships, and (c) aft for E1
(W = 250 g, R = 1.8 m, L = 0.0 m)
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Figure 4-25 Comparison of EN2 damping models at (a) forward, (b) amidships, and (c) aft for E2
(W = 250 g, R = 1.5 m, L = 0.0 m)
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Figure 4-26 Comparison of EN3 damping models at (a) forward, (b) amidships, and (c) aft for E3
(W = 250 g, R = 1.3 m, L = 0.0 m)

For event E4 (W = 43 g, R = 0.8 m, L = 0.0 m), the UD and RD models performed well for the
initial 100 ms. The experimental peak response occurred within this time at 81 ms, noted in
Figure 4-28. Both the UD and RD models slightly over-predicted the peak. After this time, a
significant contribution of higher frequency response from BM3 at 41 Hz and BM5 at 102 Hz
caused both these damping models to be largely inaccurate for both the strain levels and modal
responses.
The FR and RDFR models presented in Figure 4-29 compared better, exhibiting good accuracy
over the first 100 ms, while also damping out the higher frequency components in the late time
whipping response. The EN4 FR model contained a similar natural frequency error that was
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observed in EN1, which caused the FR model response to become delayed compared to the E4
measurements. The EN4 RDFR model did not have this issue and maintained good accuracy
over the entire duration. The RDFR model under-predicted the experimental peak by 4 %,
compared in Table 4-10, and subsequent whipping peaks after 400 ms were also slightly underpredicted by this model. The frequency response from the RDFR model in Figure 4-27 shows
that while BM1 at 7 Hz and BM3 were dominant, there was still a large component of BM5 at
102 Hz.

Figure 4-27 Frequency response of EN4 RDFR model

The overall peak response for EN4 RDFR occurred at amidships at 94 ms, compared to the
overall peak response from E4 peak at the aft location at 81 ms, noted in Figure 4-29. Both
peaks occurred after the arrival of the bubble pulse at each location, so this variation may be
due to a difference in the bubble pulse energy from the PHS-BUB loading model. As noted in
Chapter 3, event E4 had a noticeable presence of the BM3 response and saw similar peak
whipping strain levels at the amidships, forward, and aft locations. This may also account for
the difference in the peak response location if the combined contribution of BM1 and BM3 is
slightly larger in the numerical model. However, as with the differences between experimental
and numerical peak whipping values from the W = 250 g, L = 0.0 m events, there was only a
minor difference in the peak values.
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Figure 4-28 Comparison of EN4 UD and RD damping models at (a) forward, (b) amidships, and (c)
aft for E4 (W = 43 g, R = 0.8 m, L = 0.0 m)
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Figure 4-29 Comparison of EN4 FR and RDFR damping models at (a) forward, (b) amidships, and (c)
aft for E4 (W = 43 g, R = 0.8 m, L = 0.0 m)

In Figure 4-30 it is shown that all EN5 damping models compared well to E5 (W = 250 g,
R = 1.3 m, L = -2.8 m) for the first 300 ms. The overall peak response from E5 occurred during
this time at 181 ms. As with previous results, the UD and RD models became more inaccurate
for later whipping response peaks, after 300 ms. The FR and RDFR models maintained a good
representation of the whipping response for the entire analysis duration. Overall, the RDFR
model performed marginally better by damping out the higher frequency responses in the late
time whipping response, which matched better with the whipping behaviour observed in E5
measurements. The RDFR model peak response occurred at the subsequent whipping peak at
254 ms, noted in Figure 4-30a, but as with other events, this peak was only marginally higher
than the E5 overall peak response at 181 ms. The experimental peak response was perfectly
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predicted by the EN5 RDFR model, noted in the comparisons made in Table 4-10, while
subsequent whipping peaks were slightly over-predicted. The frequency response from the
RDFR model in Figure 4-31 shows that while BM5 was present at 102 Hz, it was minor
compared to the dominant BM1 at 7 Hz and BM2 at 20 Hz.

Figure 4-30 Comparison of EN5 damping models at (a) forward, (b) amidships, and (c) aft for E5
(W = 250 g, R = 1.3 m, L = -2.8 m)
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Figure 4-31 Frequency response of EN5 RDFR model

The UD and RD models for EN6 (W = 43 g, R = 0.8 m, L = -2.8 m) only performed well for
the very early shock induced whipping response, and greatly over-predicted the peak
experimental response at 81 ms, shown in Figure 4-32. Reponses after this were also largely
over-predicted due to a significant presence of the higher frequency BM3 and BM5 responses,
similar to what was observed from these models in the similar event E4 in Figure 4-28.
Consequently, the UD and RD models were not considered suitable for whipping analysis of
this scenario.
The EN6 FR and RDFR model results, shown in Figure 4-33, compared much better. Both
these models over-predicted the whipping response for the initial 400 ms, but by a far smaller
degree than the UD and RD models. This over-prediction appeared to be due to contributions
of BM5 that were still not sufficiently damped out by this time. The frequency response of the
RDFR model in Figure 4-34 show that BM5 at 102 Hz still had a relatively large contribution,
particularly when compared to BM3 at 41 Hz. However, it is shown that both models did
ultimately damp these out in the late time whipping response and the subsequent peaks were
slightly under-predicted by both models. The FR model contained the natural frequency error,
causing the response to be delayed from the E6 response during the late time whipping,
particularly in the amidships response in Figure 4-33b. This was the only scenario where the
numerical and experimental peak occurred at the same time and location. However, the EN6
RDFR model over-predicted this peak response by 15 %, noted in Table 4-10. It was noted in
the experimental investigation that while the peak response in E6 occurred at amidships, the
whipping response after this was larger at the forward and aft locations. These locations in
Figure 4-33a and c compared much better to the E6 measurements.
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Figure 4-32 Comparison of EN6 UD and RD damping models at (a) forward, (b) amidships, and (c)
aft for E6 (W = 43 g, R = 0.8 m, L = -2.8 m)
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Figure 4-33 Comparison of EN6 FR and RDFR damping models at (a) forward, (b) amidships, and (c)
aft for E6 (W = 43 g, R = 0.8 m, L = -2.8 m)
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Figure 4-34 Frequency response of EN6 RDFR model

EN7 model comparisons to E7 (W = 250 g, R = 1.3 m, L = -4.3 m) in Figure 4-35 and Figure
4-36 show that all damping models compared well over the initial 200 ms. The experimental
peak response occurred during this time frame at 184 ms. The UD and RD models in Figure
4-35 became increasingly inaccurate for subsequent whipping peaks, while both the FR and
RDFR models in Figure 4-36 performed well for the entire analysis duration. Between these
two, the RDFR model compared marginally better, by damping out high frequency content in
the late time whipping response. The EN7 RDFR model response compared very well with the
overall peak response from E7, with a difference of only 1 %. Both the FR and RDFR models
had an error in the natural frequency response for the last few whipping cycles. The frequency
response from the RDFR model in Figure 4-37 shows that BM1 was essentially absent and the
response was dominated by BM2 at 20 Hz.
The aft responses compared very well, and this was the most severe location from this scenario.
Other locations were less accurate. The response from the EN7 RDFR model at the forward
location in Figure 4-35a over-predicted all whipping peaks for the first 600 ms, although the
model accuracy did improve after this time. At amidships, shown in Figure 4-35b, the RDFR
model over-predicted the E7 measurements for the initial 300 ms. There was also a significant
amount of high frequency response in the EN7 model between 200 and 400 ms that was not
observed in the E7 measurements. After 400 ms, the EN7 model results were overdamped, and
under-predicted the responses from E7 measurements. The response at amidships was the least
severe, compared to the other location in Figure 4-35. Despite these discrepancies, the model
was able to predict the peak response within an accuracy of 1 % and compared extremely well
with the most severe response at the aft location in Figure 4-35c. Therefore, the RDFR model
was considered the most suitable for obtaining this information in further numerical studies,
with consideration for the inaccuracies at other locations.
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Figure 4-35 Comparison of EN7 UD and RD damping models at (a) forward, (b) amidships, and (c)
aft for E7 (W = 250 g, R = 1.3 m, L = -4.3 m)

97

Chapter 4. Numerical model development and validation

Figure 4-36 Comparison of EN7 FR and RDFR damping models at (a) forward, (b) amidships, and (c)
aft for E7 (W = 250 g, R = 1.3 m, L = -4.3 m)
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Figure 4-37 Frequency response for EN7 RDFR model

The EN8 UD and RD models compared well with the initial 80 ms of the E8 (W = 43 g,
R = 0.8 m, L = -4.3 m) measurements but significantly over-predicted the response after this,
including the overall peak whipping response, noted in Figure 4-38. All whipping peaks after
the initial 80 ms contained large spikes which appear due to a substantial presence of the BM5
response, which was not observed in the E8 measurements. These models were not considered
suitable for whipping analysis in this scenario.
The FR and RDFR models, shown in Figure 4-39, compared better to E8 in the late time
whipping response but still over-predicted the early whipping responses between 80 and
350 ms. The maximum experimental response at 86 ms was over-predicted by the EN8 RDFR
model by 36 %, noted in Table 4-10, and subsequent whipping peaks from these models even
exceeded this value. This was the only scenario were there was a clear distinction between the
FR and RDFR results, particularly at the amidships location in Figure 4-39b.
These errors from the early whipping response made it difficult to obtain an accurate value for
the maximum whipping response from the EN models in this scenario. These spikes occur
during the bubble loading of the UNDEX analysis, where the bubble pulse arrives at 79 ms.
All comparisons show the EN8 RDFR model results compared well with the late time
experimental whipping response, from 500 ms onwards. Based on this long-term accuracy the
EN8 RDFR model was considered appropriate for further whipping studies, but caution was
taken when assessing the peak responses during bubble loading for similar scenarios.
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Figure 4-38 Comparison of EN8 UD and RD damping models at (a) forward, (b) amidships, and (c)
aft for E8 (W = 43 g, R = 0.8 m, L = -4.3 m)
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Figure 4-39 Comparison of EN8 FR and RDFR damping models at (a) forward, (b) amidships, and (c)
aft for E8 (W = 43 g, R = 0.8 m, L = -4.3 m)
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Figure 4-40 Frequency response for EN8 RDFR model

The peak strain from the whipping response is of interest for comparison to the bubble loading
and therefore, the numerical model needs to accurately represent this value. As noted in the
comparisons above, the peak whipping response from the numerical models often occurred at
a different time than the experimental results and the numerical peak was generally larger than
the experimental values. For a one-to-one comparison the peak responses from each
experimental event E is listed in Table 4-10 and the numerical results at the same moment in
time and location are also presented from each damping model with the percentage difference
to the E results Δ also listed. This comparison shows that the FR and RDFR models tended to
slightly under-predict the peak experimental value. From this quantitative comparison, it is
clear that the UD and RD models do not provide acceptable results, particularly with the E8
scenario (W = 43 g, R = 0.8 m, L = -4.3 m). The FR and RD models compared better, and both
had similar discrepancies from the experimental results in most scenarios. However, the FR
model was still largely inaccurate for the E8 scenario, as demonstrated in both the transient
comparison in Figure 4-39 and the 51 % difference to the experimental value in Table 4-10.
The RDFR model also had a large difference in peak response for E8, with a difference of
36 %; however, it was shown to perform far better in the transient comparison in Figure 4-39.
Therefore, the RDFR model was selected as the preferred numerical damping method to
conduct further whipping analysis, with consideration of the aforementioned discrepancies in
any similar scenarios.
Table 4-10 Comparison of EN responses at the largest E response time and location
E
(µε)
1239
1509
1806
852
1259
621
535
347
Average5

Event
1
2
3
4
5
6
7
8

5

UD
(µε)
1375
1734
2058
904
1490
798
677
573

Δ
(%)
11
15
14
6
18
29
27
65
23

RD
(µε)
1296
1638
1943
884
1407
780
655
568

Calculated using the absolute Δ value
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Δ
(%)
5
9
8
4
12
26
22
64
19

FR
(µε)
1160
1468
1764
842
1263
734
528
525

Δ
(%)
-6
-3
-2
-1
0
18
-1
51
10

RDFR
(µε)
1150
1454
1727
820
1183
715
542
473

Δ
(%)
-7
-4
-4
-4
-6
15
1
36
10

Chapter 4. Numerical model development and validation

Platform response
With the numerical model it was now possible to visually demonstrate the modal responses of
the platform and compare these with the modal responses that were interpreted from the strain
records in the experimental investigation. As noted previously, most numerical results had their
peak response occur at a different time, and in some cases a different location, than what was
observed in the experimental investigation. Contour plots of the longitudinal strain response at
the time of both the experimental and numerical peaks are presented, to validate if the
maximum responses from the numerical model were qualitatively similar to the experimental
responses for each scenario. All contour plots present Y-strain values, which refer to the
shell element coordinate system (defined in Figure 4-5) and NOT the global coordinate
system Y-axis. The units of the following plots are presented in meters-kilograms-seconds
(MKS) and the longitudinal strain contours are dimensionless strain values.
For events E1 – E3 (W = 250 g, L = 0.0 m), the experimental and numerical maximums
occurred at 168 ms and 252 ms respectively. The longitudinal strain contour plots for the EN3
peak responses from the experimental (Figure 4-41) and numerical (Figure 4-42) peak times
show that the dominant response was bending, with peak deflection occurring at amidships, a
characteristic property of BM1. The difference between experimental and numerical events
was simply the absolute minimum and maximum peaks of the same whipping cycle. Therefore,
the model responses are qualitatively the same as the experimental observations for these
scenarios.

Figure 4-41 Longitudinal strain at element integration points at the time of the experimental peak
response from EN3 RDFR (t = 168 ms). View from top of platform.

Figure 4-42 Longitudinal strain at element integration points at the time of the numerical peak
response from EN3 RDFR (t = 252 ms). View from top of platform.

For event E4 (W = 43 g, L = 0.0 m) there was a difference in the time and location of the peak
responses between the experimental (Figure 4-43) and numerical (Figure 4-44) results. At the
experimental peak, the maximum tensile and compressive strains occurred on the same sides
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at both the forward and aft ends, a characteristic feature of the symmetric BM3. The absence
of the amidships peak can be explained by the superposition of the BM1 response, cancelling
out the peak contribution at the amidships location. The EN4 peak occurred at amidships,
slightly after the E4 peak at the aft location, and demonstrated a bending strain distribution
only at the amidships location. However, the bending response was more localised in this
scenario compared to the BM1 response in Figure 4-42. Therefore, this is also likely due to the
BM3 response, with the superposition of BM1 cancelling out any significant contribution in
the forward and aft ends. Based on these observations, the different E4 and EN4 peak responses
are from the same whipping cycle and are qualitatively the same result for this scenario.

Figure 4-43 Longitudinal strain at element integration points at the time of the experimental peak
response from EN4 RDFR (t = 82 ms). View from top of platform.

Figure 4-44 Longitudinal strain at element integration points at the time of the numerical peak
response from EN4 RDFR (t = 94 ms). View from top of platform.

The peak response for E5 (W = 250 g, L = -2.8 m) occurred at the forward end in both the
experimental (Figure 4-45) and numerical (Figure 4-46) results. The strain response is a
characteristic bending response, and its location for both experimental and numerical peaks
corresponds with the BM2 shape. The absence of a similar magnitude response in the aft end
of anti-symmetric BM2 is likely due to the superimposed BM1 in the response. The EN5 peak
response shows the same distribution with opposing tensile and compressive responses. Due to
this behaviour and the time at which these responses occurred, the E5 and EN5 peak responses
are from the same whipping cycle and therefore these results are qualitatively the same for this
scenario.
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Figure 4-45 Longitudinal strain at element integration points at the time of the experimental peak
response from EN5 RDFR (t = 180 ms). View from top of platform.

Figure 4-46 Longitudinal strain at element integration points at the time of the numerical peak
response from EN5 RDFR (t = 254 ms). View from top of platform.

Both the experimental and numerical peak results occurred at the same time and location for
E6 (W = 43 g, L = -2.8 m), shown in Figure 4-47. The peak response was slightly offset from
amidships and demonstrates a bending response. The distribution of the bending strain was
similar to that seen from E4 in Figure 4-44, and therefore is likely due to the BM3 response.
The absence of additional peaks is due to the superimposed BM1 response, cancelling out the
BM3 responses at these locations.

Figure 4-47 Longitudinal strain at element integration points at the time of the peak response from
EN6 RDFR (t = 82 ms). View from top of platform.

The peak responses from the E7 (W = 250 g, L = -4.3 m) in Figure 4-48 and EN7 in Figure
4-49 were completely different. The E7 peak demonstrated a bending response at the aft end,
with a lower magnitude and opposite bending response at the forward end. This is characteristic
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of the BM2 response. In contrast, the EN7 peak occurred much earlier at 18 ms. It also
demonstrated a bending response, however this occurred at the forward end and the smaller
strain distribution suggests this was due to BM3. It is indeed possible that this was the true
peak response of this event, as it demonstrates the similar whipping behaviour that was seen in
E5. It is however unlikely that strain levels were as high as the numerical model suggests, given
it was previously noted that the numerical model over-predicted the early whipping responses
for this scenario. Based on this response comparison, the peak responses were qualitatively
different. However, it was previously demonstrated that the long-term transient response was
accurate for this scenario. This model is considered suitable for further numerical studies, but
caution was taken for any early time peak responses in similar scenarios.

Figure 4-48 Longitudinal strain at element integration points at the time of the experimental peak
response from EN7 RDFR (t = 178 ms). View from top of platform.

Figure 4-49 Longitudinal strain at element integration points at the time of the numerical peak
response from EN7 RDFR (t = 18 ms). View from top of platform.

The platform response at the time of the peak experimental response for E8 (W = 43 g,
L = -4.3 m), shown in Figure 4-50, demonstrated the characteristic three alternating peaks that
are symmetric about amidships for the BM3 response. The peak responses occurred at the aft
end closest to the charge stand-off location. The numerical peak response, shown in Figure
4-51, occurred later at 96 ms and also demonstrated the BM3 response, but the peak occurred
at the forward end and the peaks were the inverse of the experimental response shape. From
this behaviour, these responses were determined to be from the same whipping cycle but there
was a substantial difference in the response magnitude. The response shape is likely real but
given the significant over-prediction that was noted in this scenario during the timeframe of 80
– 350 ms, and the behaviour from other 43 g charge events, it is unlikely the numerical response
peak is accurate. Based on this comparison, the whipping response results were qualitatively
the same for this scenario, but the magnitude was not. Caution will be taken when assessing
similar responses from numerical study scenarios.
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Figure 4-50 Longitudinal strain at element integration points at the time of the experimental peak
response from EN8 RDFR (t = 84 ms). View from top of platform.

Figure 4-51 Longitudinal strain at element integration points at the time of the experimental peak
response from EN8 RDFR (t = 96 ms). View from top of platform.

4.4. Conclusion
A finite element model of an experimental submerged platform was created and validated
against experimental scenarios. The finite element structure was built using LS-Dyna and the
underwater environment and UNDEX loading was implemented using the boundary element
method of the USA code. The empirical PHS-BUB model was used to simulate the UNDEX
loads and incident pressure time histories compared well with the experimental measurements.
A modal analysis was performed on the numerical model. The first three BM compared well
with those measured in the experimental investigation. This indicated that the FE model
structure and added mass calculation of the USA BEM provided a suitable representation of
the experimental test platform. Additional bending and circumferential modal responses of the
submerged platform were identified and presented from the numerical model.
UNDEX loads were calculated by the USA code using the PHS-BUB model. Updates to the
USA code since previous analysis of the submerged platform have improved its accuracy.
Comparisons of the incident pressure from different TNT equivalence factors found that the
250 g and 43 g charge sizes required different equivalence factors of 1.11 and 1.19 respectively.
Comparisons of the integrated incident pressure time histories found that the PHS-BUB model
overpredicted the total pressure impulse by 13 – 29 %, but accurately replicated the transient
pressure impulse of the first bubble cycle.
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Four damping methods were assessed for a transient whipping analysis: undamped, Rayleigh
damping, frequency range damping, and a combination of Rayleigh and frequency range
damping. All models compared well with the initial whipping response and in most scenarios
were able to capture the peak whipping response. For scenarios where the charge stand-off was
located at the node of the first bending mode shape (E7 and E8), these early responses were
over-predicted by all damping models.
For transient whipping responses the undamped model largely over-predicted the peaks of all
whipping cycles, demonstrating that some form of damping was required for a transient
whipping analysis. On its own, Rayleigh damping did not provide sufficient damping for any
scenario. This was likely due to the absence of any external damping mechanism in the
numerical model. Frequency range damping was applied as a surrogate for both the internal
and external damping and compared well with most experimental results. However, this
method occasionally introduced errors in the natural frequency response of the platform, which
made it inaccurate for some long duration transient whipping analyses, particularly for
frequency response assessment comparisons. This model was also unable to damp out higher
frequency responses that were exaggerated by the explicit modelling environment, which
caused some scenarios to be over-predicted.
A combined damping method was implemented using the mass damping term from the
Rayleigh model to damp the first bending mode frequency, combined with a lower critical
damping factor in the Frequency Range Damping model across a spectrum of 40 – 120 Hz.
This method provided similar accuracy to the FR model for early time responses but performed
better for late time responses and produced the best comparison for all scenarios. Due to the
accuracy of this combined damping model, it was selected for use in further numerical studies,
with caution taken for noted inaccuracies of specific scenarios.
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5.1 Introduction
The experimental investigation reported in Chapter 3 identified that the charge size W, standoff distance R and location along the platform length L all influenced the whipping response of
a submerged platform. In Chapter 4 a fluid-structure interaction numerical model capable of
simulating these whipping responses was developed and validated using the experimental data.
In the present chapter the validated numerical model is used to perform a numerical
investigation, to explore further iterations of these variables in a set of numerical studies.
These studies also explore the absolute contribution of the shock wave and bubble loading on
the whipping response. This is demonstrated by using an idealistic shock-only loading model.
The assumed shock-only loading demonstrates an inherent assumption of analysis methods that
focus on the shock response which may neglect the bubble loading contribution and under
predict the severity of the whipping response.

5.2 Numerical study methodology
The validated numerical model from Chapter 4 was used to conduct the three numerical studies,
detailed in the following sections. The combined Rayleigh and Frequency Range damping
(RDFR) model was applied to all analyses of these numerical studies.
The previously validated PHS-BUB model was used with updated parameters as required by
each study. From the numerical validation in Chapter 4, it was determined that different TNT
equivalent factors were required for each charge size. A TNT equivalence factor of 1.11 was
used for 250 g events and 1.19 was used for 43 g events.

5.2.1 Stand-off distance study
From the original eight experimental UNDEX scenarios that were reported in Chapter 3 and
numerically modelled in Chapter 4, 10 additional numerical scenarios (N1 – N10), listed in
Table 5-1, were selected to examine the effect on the whipping response from different R
distances at each of the L positions. In the original scenarios, only the 250 g charge at L = 0.0 m
explored the effects on the whipping response from different R distances. It was found that
different R distances did not affect the whipping response behaviour, only the severity.
Here, using the validated numerical model, both the 250 g and 43 g charge sizes were simulated
at three R distances at each of the previously studied L positions (amidships, -2.8 m aft
and -4.3 m aft). The additional stand-off distances were selected to provide a similar bubble
proximity factor γ for each event. Bubble proximity limits of 2.00 > γ > 1.40 were enforced to
maintain assumptions that the bubble would not collapse on the boundary, so the USA BEM
could still be used. SF values are also listed for comparison, calculated by Equation 2.3.
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Table 5-1

Experimental gap study variables
Event
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10

W
(g)
250
250
250
250
43
43
43
43
43
43

R
(m)
1.8
1.8
1.5
1.5
1.0
1.0
1.0
0.7
0.7
0.7

L
(m)
-2.8
-4.3
-2.8
-4.3
0.0
-2.8
-4.3
0.0
-2.8
-4.3

γ
2.00
2.00
1.67
1.67
2.00
2.00
2.00
1.40
1.40
1.40

SF
(kg1/2/m)
0.28
0.28
0.33
0.33
0.21
0.21
0.21
0.30
0.30
0.30

The 250 g numerical events N1 – N4 were conducted at the same experimental R distances as
the L = 0.0 m experimental events E1 – E3, but were relocated to L = – 2.8 m for N1 and N3,
and L = -4.3 m for N2 and N4. These scenarios were selected to determine if the linear trend
of the bubble pressure impulse and peak strain response from bubble loading identified in
Figure 3-27 was valid at other L positions. The 43 g events N5 – N10 introduced additional R
distances at the same L positions used in the experiment. Events N5 – N7 investigate a further
stand-off distance of R = 1.0 m, while events N8 – N10 investigate a closer stand-off distance
of R = 0.7 m. These events were selected to determine how the R distance affected the whipping
severity for the 43 g charge events, and to also determine if the linear trend of the bubble
pressure impulse and peak strain response from bubble loading from Figure 3-27 was also valid
for the 43 g charge size.

5.2.2 Intermediate charge study
The original eight experimental UNDEX scenarios used a relatively large 250 g and a smaller
43 g charge in relation to the test platform’s size. From these experimental results reported in
Chapter 3, there were some significant differences between the whipping responses for each
charge size. The larger 250 g charge generally excited lower BM and was usually dominated
by the BM1 contribution, while the smaller 43 g charge always contained a large contribution
from BM3. To further explore the effect that the charge size has on the whipping response,
nine additional numerical scenarios (N11 – N19) were conducted using an intermediate 150 g
charge size. The intermediate charge size introduces new bubble response parameters. The
maximum radius A, relative size to the platform λ, first bubble period T1 calculated from
Equation 1.4 and the resulting frequency f1 are listed in Table 5-2, with the previous charge
size bubble properties from Table 3-3 also listed for comparison.
Table 5-2

Bubble parameters
W
(g)
250
43
150

A
(m)
0.90
0.50
0.76

λ
4.5
2.5
3.8

T1
(ms)
140
78
117

f1
(Hz)
7.2
12.9
8.5

For consistency with the other charge sizes, the 150 g charge was analysed at three R distances
at the three previous L positions (amidships, -2.8 m aft and -4.3 m aft), detailed in Table 5-3
and arranged according to Figure 4-10. The stand-off distances were selected to provide similar
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γ to the original W = 250 g, L – 0.0 m events E1 – E3. The SF was also calculated using
Equation 2.3, for comparison.
Table 5-3

Intermediate charge study variables
Event
N11
N12
N13
N14
N15
N16
N17
N18
N19

W
(g)
150
150
150
150
150
150
150
150
150

R
(m)
1.5
1.5
1.5
1.3
1.3
1.3
1.1
1.1
1.1

L
(m)
0.0
-2.8
-4.3
0.0
-2.8
-4.3
0.0
-2.8
-4.3

γ
1.98
1.98
1.98
1.71
1.71
1.71
1.45
1.45
1.45

SF
(kg1/2/m)
0.26
0.26
0.26
0.30
0.30
0.30
0.35
0.35
0.35

As no experimental data was available to determine a TNT equivalence factor for the 150 g
event, the calculated period of the first bubble cycle from Equation 1.4 (listed Table 5-2) was
used to determine an appropriate TNT equivalence factor. Bottom effects were considered in
all 150 g pressure models as the numerical validation in Chapter 4 found this affected the period
for both of the original experiment charge sizes. A comparison of the incident pressures from
different TNT equivalent factors is presented in Figure 5-1 and shows that the first bubble
period of the 150 g charge was best represented by a 1.11 TNT equivalence.

Figure 5-1 Comparison of incident pressures for different TNT equivalent factors for Pentolite
(W = 150 g, R = 1.1 m)

5.2.3 Shock-only loading study
From the experimental investigation in Chapter 3 and the numerical validation in Chapter 4, it
was observed that when the UNDEX event was located near the node of the BM1 shape the
platform did not respond significantly to the bubble loading, and had a less severe whipping
response. To demonstrate if this was the cause of the reduced whipping severity in events at
the node of BM1 (L = -4.3 m), the three most severe events at each L position E3, E5, and E7
(W = 250 g, R = 1.3 m), were analysed using a shock-only loading model. It was assumed that
with the absence of bubble loading, any whipping response from this could be attributed
entirely to the shock wave loading. This shock-only loading scenario is also representative of
any analysis method that only considers the shock response in a platform’s assessment. Should
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results from this loading under-predict the whipping response, it will demonstrate that
assessment methods based on shock response methodologies are not suitable for conducting a
whipping analysis. The details of the three numerical shock-only analyses (NS1 – NS3) are
listed in Table 5-4 and arranged as shown in Figure 4-10.
Table 5-4

Shock induced whipping study variables
Event

W
(g)

NS1
NS2
NS3

250
250
250

R
(m)
1.3
1.3
1.3

L
(m)

SF

0.0
-2.8
-4.3

0.28
0.28
0.28

These three events were selected as E3 (L = 0.0 m) demonstrated the most severe whipping
response overall, E5 (L = -2.8 m) demonstrated the unique example of the peak whipping
response at the opposite end to L position on the platform, and E7 (L = -4.3 m) did not appear
to have any significant response due to the bubble loading. It was expected that NS1 and NS2
would not reach the same whipping severity as their respective bubble loaded counterparts E3
and E5, while NS3 would have a similar whipping response to E7.
For this study, the USA loading was applied using the previously validated PHS-BUB model
described in Chapter 4. The PHS-BUB model was cut-off after the initial shock wave and
reflection loads, as shown in Figure 5-2, to create the idealistic shock-only loading.

Figure 5-2 Shock-only loading study incident pressure (W = 250 g, R = 1.3 m)

5.3 Study results
5.3.1 Stand-off distance study
From the experimental investigation it was shown that the reduced R distance between events
E1 – E3 (W = 250 g, L = 0.0 m) only affected the whipping strain levels, and that the modal
responses were qualitatively the same. The following results discuss the effects of R distance
for each charge size and L position at the most severe locations on the platform.
The most severe response of events EN5, N1, and N3 (W = 250 g at L = -2.8 m) occurred at
the forward location, which is compared in Figure 5-3. From this comparison it is clear that the
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modal responses were qualitatively the same for all these events, demonstrating that like the
experimental L = 0.0 m events, the R distance had no effect on the modal response. The peak
response of all these events also occurred at the forward location despite the aft L position,
similar to what was previously identified in E5 during the experimental investigation in
Chapter 3. This indicates that this form of whipping is not dependent on the R distance for the
bubble proximity range of 1.45 < γ < 2.00 and relative size of λ = 4.5.
The furthest event N1 (R = 1.8 m) had the least severe whipping response. The intermediate
event N3 (R = 1.5 m) was 27 % larger than N1, while the closest and most severe event EN5
(R = 1.3 m) was 51 % larger than N1. There was little difference between N3 and EN5 peaks
during the later whipping responses, where N3 was only marginally lower, while the furthest
event N1 was always noticeably lower.

Figure 5-3 Forward whipping responses from events N1, N3, and EN5 (W = 250 g, L = -2.8 m)

The aft responses were the most severe for events EN7, N2, and N4 (W = 250 g, L = -4.3 m),
which are compared in Figure 5-4. From this comparison not only were the modal responses
qualitatively similar, but there was also only a small variation in the peak responses. This
comparison suggests that the bubble loading does not seem to significantly influence the
whipping in the proximity range of 1.45 < γ < 2.00 and for a relative size of λ = 4.5.
In relative comparison, the least severe event was N2 (R = 1.8 m) at the furthest R distance.
The peak response from the intermediate event N4 (R = 1.5 m) was 25 % larger than N2, while
the closest event EN7 (R = 1.3 m) was 53 % larger. Outside of these peak responses, there was
little variation between each R distance for W = 250 g at L = -4.3 m.

Figure 5-4 Aft whipping responses from events N2, N4, and EN7 (W = 250 g, L = -4.3 m)

The amidships responses were the most severe for events EN4, N5, and N8 (W = 43 g,
L = 0.0 m) which are presented in Figure 5-5. The modal responses of all events were found to
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be qualitatively the same, indicating that for a bubble proximity of 1.40 < γ < 2.00 and for a
relative size of λ = 2.5, the R distance had no effect on the modal response. This suggests that
the noticeable contribution of BM3 for W = 43 g, L = 0.0 m events, that is absent in W = 250 g
events, is likely due to the charge and relative bubble size.
As with previous comparisons, the furthest event N5 (R = 1.0 m) produced the least severe
whipping response. The intermediate event EN4 (R = 0.8 m) was 33 % larger than N5, while
the closet event N8 (R = 0.7 m) was 55 % larger.

Figure 5-5 Amidships whipping responses from events N5, N8, and EN4 (W = 43 g, L = 0.0 m)

The aft responses were the most severe from events EN6, N6, and N9 (W = 43 g, L = -2.8 m)
events and are compared in Figure 5-6. The furthest event N6 (R = 1.0 m) produced the least
severe whipping response. The intermediate event EN6 (R = 0.8 m) was 27 % larger than N6,
while the closet event N9 (R = 0.7 m) was 45 % larger.

Figure 5-6 Aft whipping responses from W = 43 g, L = -2.8 m events

For events EN8, N7, and N10 (W = 43 g, L = -4.3 m) the aft response was the most severe.
Comparing the response at this location from these events in Figure 5-7 it is shown that the late
time response from this scenario was very similar for all R distances. From the validation of
the model in Chapter 4, it was found that the early time response was over-predicted, and the
quantitative values should be taken with caution. However, the relative difference of these
numerical events still holds qualitative value. As with all previous events, the furthest event
N7 (R = 1.0 m) produced the least severe whipping response. On comparison, the intermediate
event EN8 (R = 0.8 m) was 32 % larger than N7, while the closet event N10 (R = 0.7 m) was
54 % larger.
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Figure 5-7 Aft whipping responses from W = 43 g, L = -4.3 m events

The comparisons made in Figures 5-3 to 5-7 demonstrate that the R distance did not affect the
modal responses during whipping for the studied bubble proximity range of 1.40 < γ < 2.00
and relative size of 2.5 ≤ λ ≤ 4.5. Considering the relative increase of the peak whipping strain
levels, for events with the same W and L, as the R distance was reduced, comparison can be
made in regard to the bubble’s relative proximity γ. Taking a reference point at γ = 2.00, a
common point for both experimental charge sizes and commonly considered as the cut-off
point between near-field and far-field bubble interaction, the peak whipping response was
normalised as the percentage of increased peak strain for a given reduction in γ. These results
are presented in Figure 5-8 for W = 250 g and 43 g. This dimensionless analysis suggests that
within the explored bubble proximity range of 1.40 < γ < 2.00 and relative size of 2.5 ≤ λ ≤ 4.5,
the relative increase in the peak strain of the whipping response from a closer bubble proximity
is similar at all L positions. In summary, for this platform, the peak response at γ = 1.40 was
approximately 55 % higher than the peak response at γ = 2.00 for all comparisons with the
same charge size and L position.

Figure 5-8 Increase in peak strain whipping response compared to the bubble proximity (γ), with
baseline at γ = 2.00 for events EN1 – EN8 and N1 – N10.

5.3.2 Intermediate charge study
The whipping behaviour from all 150 g events was found to be largely similar to their
comparative 250 g events at the same L locations. Comparisons are made between events at
each L location and the closest 250 g event (R = 1.3 m) at the same L location is also presented
for comparison of the transient whipping response behaviour. FFT response plots contain a
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component of BM5 at 102 Hz. It is likely the contribution of this BM is overestimated by the
numerical modelling environment, as previously discussed in Section 4.3.2 of Chapter 4. Based
on its absence in experimental observations, the contribution of BM5 was not considered as a
real response in this investigation.
Events N11, N14, and N17 (W = 150 g, L = 0.0 m) all produced similar whipping responses
on the submerged platform. The whipping response at the forward, aft, and amidships locations
from the closest event N17 (R = 1.1 m) is presented in Figure 5-9a. The whipping response
was greatest at amidships and the responses at the forward and aft locations were essentially
the same as each other, and marginally lower than the amidships response. An FFT response
plot of these results in Figure 5-9b demonstrates that BM1 at 7 Hz was the dominant response
at all locations. A minor contribution of BM3 at 41 Hz was also present at all locations.

Figure 5-9 (a) Whipping response at amidships, forward, and aft locations and (b) the frequency
response at these locations for numerical event N17 (W = 150 g, R = 1.1 m, L = 0.0 m)

The amidships response of all 150 g events at L = 0.0 m are compared in Figure 5-10. The
experimental amidships response from event E3 (W = 250 g, R = 1.3 m, L = 0.0 m) is also
shown for transient comparison. Comparing the 150 g events, it is shown that the decreased R
distance increased the whipping response strain levels, but the whipping response behaviour
was qualitatively the same for all events. Between the furthest event N11 (R = 1.5 m) and the
closest event N17 (R = 1.1 m) the peak whipping response strain level increased by 43 %.
Comparing 150 g events to the 250 g event E3, it is shown that the early time UNDEX induced
whipping response behaviour was essentially the same for both charge sizes, while the later
whipping response under the bubble loading and damped free vibration was larger for event
E3. Although the 150 g events were dominated by the same BM1 frequency as the 250 g event,
it is clear from the transient comparisons that the phase of this response was different. The peak
whipping response occurred 15 ms earlier in the 150 g events. This is most likely due to the
smaller bubble from the 150 g events, which also has a shorter bubble cycle period, and
therefore drives the whipping response for a shorter amount of time, compared to the larger
250 g bubble and its longer pulsation cycles. It is unlikely this delay would have a significant
effect on equipment responses, given the structural whipping frequency was the same for both
charge sizes. It is however notable that the smaller charge and bubble did amplify the whipping
response earlier than the larger one.
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Figure 5-10 Comparison of the whipping response at amidships from events N11, N14, and N17
(W = 150 g, L = 0.0 m) and E3 (W = 250 g, L = 0.0 m)

The whipping response from events N12, N15, N18 (W = 150 g, L = -2.8 m) were all similar
to each other, where the overall peak response occurred at the forward end, and the whipping
responses were always larger at the forward and aft ends than the amidships location, as shown
for the closest event N18 (R = 1.1 m) in Figure 5-11a. From the FFT response plot of these
results in Figure 5-11b, it is shown that the amidships location was dominated by the BM1
response, while the forward and aft locations dominated by the BM1 and BM2 at 20 Hz. Minor
contributions of BM3 at 41 Hz were also observed at all locations.
The whipping behaviour of these 150 g events was very similar to that of the 250 g events at
the same L location, where the responses at the forward and aft ends were larger than amidships
and consisted of a significant BM2 component. The peak response also occurred at the forward
end for all these events, despite the aft end stand-off at L = -2.8 m, which indicates that this
whipping behaviour was not unique to the 250 g charge size. This would also suggest that any
W and R combinations occurring at the aft end will likely cause a more severe response at the
forward end, and vice versa, so long as there is sufficient explosive energy to induce the global
whipping response. From this study, the exact energy threshold for this behaviour on the
investigated test platform could not be quantified. However, it has been demonstrated that
Pentolite charges of W = 250 g and 150 g, at the proximity ranges of 1.40 < γ < 2.00, and
relative bubble sizes of 3.8 ≤ λ ≤ 4.5, were sufficient to induce the response, while Pentolite
charges of W = 43 g, at the proximity ranges of 1.40 < γ < 2.00, and relative bubble size of
λ = 2.5 were not.
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Figure 5-11 (a) Whipping response at amidships, forward, and aft locations and (b) the frequency
response at these locations for numerical event N18 (W = 150 g, R = 1.1 m, L = -2.8 m)

The forward responses from these events, which were the most severe, are compared in Figure
5-12. The forward experimental result of event E5 (W = 250 g, R = 1.3 m, L = -2.8 m) is also
shown for comparison, as it exhibited a similar whipping behaviour. It is shown from the
comparison of the 150 g events that the whipping behaviour was qualitatively the same, and
the reduced stand-off distance only resulted in an increase of the whipping strain levels. The
closest event N18 (R = 1.1 m) induced a peak whipping response that was 52 % larger than the
furthest event N12 at R = 1.5 m.
The early UNDEX induced whipping response behaviour was similar for all these events, even
when compared with the 250 g event E5. Once again, there was a difference in response during
the bubble loading, where the peak whipping response from the 150 g events occurred 30 ms
earlier than E5, which may again be attributed to the shorter loading period of the smaller 150 g
bubble. From this comparison it can also be seen that during the late time whipping responses,
the 150 g events had a similar severity to the 250 g response, despite the reduced explosive
energy.

Figure 5-12 Comparison of the whipping response at the forward end from events N12, N15, and N18
(W = 150 g, L = -2.8 m) and E5 (W = 250 g, L = -2.8 m)

The 150 g events N13, N16, and N19 (L = -4.3 m) also demonstrated very similar whipping
behaviour to each other. From the example of the amidships, forward, and aft responses of
event N19 (R = 1.1 m) in Figure 5-13a, which was the most severe, it is shown the forward and
aft responses were always much larger than the amidships response. The overall peak response
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occurred at the aft end, after the arrival of the first bubble pulse. The behaviour of these 150 g
events was similar to that observed in the 250 g events conducted at the L = -4.3 m location,
rather than the 43 g events at L = -2.8 m, which always had similar peak responses at all
locations. The FFT response plot of these results, presented in Figure 5-13b, show that BM2 at
20 Hz was the dominant response at the forward and aft locations. Minor contributions of BM3
at 41 Hz were also present. An additional response at 68 Hz was also present which was
identified as BM4 based on the frequency responses identified in Table 4-3 and examination
of the response shape in the transient numerical results.

Figure 5-13 (a) Whipping response at amidships, forward, and aft locations and (b) the frequency
response at these locations for numerical event N19 (W = 150 g, R = 1.1 m, L = -4.3 m)

The aft responses of all 150 g events at L = -4.3 m are compared in Figure 5-14. The
experimental aft response of event E7 (W = 250 g, R = 1.3 m, L = -4.3 m) is also shown for
comparison due to the similar whipping behaviour. It is shown that the early UNDEX induced
whipping response was similar for all events. After the first bubble pulse of each respective
charge size, the responses differed, and like previous comparisons the shorter bubble period of
the 150 g charge resulted in the peak response occurring earlier than the 250 g event. The latetime whipping strain levels were similar between all events in Figure 5-14, despite the different
W and R variables. The whipping response appears to be larger for the numerical 150 g events;
however, it was noted during the validation in Chapter 4 that the numerical model tended to
over predict the whipping response strains for events at L = -4.3 m, so it is likely these would
be lower in reality. As with previous comparisons of events with the same W and L, the R
distance only affected the peak whipping response level, where the peak strain level for the
closest event N19 (R = 1.1 m) was 51 % larger than the furthest event N13 (R = 1.3 m). Despite
the noted over-prediction of these events, this relative comparison is similar to that observed
for the other L locations and was assumed as a valid result for further consideration.
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Figure 5-14 Comparison of the whipping response at the forward end from events N13, N16, and N19
(W = 150 g, L = -4.3 m) and E7 (W = 250 g, L = -4.3 m)

Applying the same approach from Section 5.3.1, the peak whipping response strain from each
event was normalised as a percentage increase compared to the responses at a bubble proximity
of γ = 2.00 of similar W and L. These results of W = 150 g were added to the plot from Figure
5-8 to produce Figure 5-15. The inclusion of the additional charge size responses was found to
fit with the existing trend, which further suggests that for this explored bubble proximity range
of 1.40 < γ < 2.00 and relative size of 2.5 ≤ λ ≤ 4.5, the increase in peak strain during a
whipping response is proportional to the relative bubble proximity, regardless of the charge L
position. The additional results in this comparison also suggest that the peak response from an
UNDEX induced whipping response at different R distances can be predicted from a known R
distance response for each charge size W and L position. In other words, it has been shown for
this platform that the peak response from UNDEX induced whipping from a given charge size
W and L position will be approximately 55 % larger at γ = 1.40 than at γ = 2.00.
Characterisation of this response for a particular platform could potentially improve an
operator’s ability to assess the UNDEX threat in the field.

Figure 5-15 Increase in strain compared to the bubble proximity (γ), with baseline at γ = 2.00 for events
EN1 – EN8 and N1 – N19
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5.3.3 Shock-only loading study
The whipping responses for each event of the shock-only loading study are presented at the
forward, aft and amidships locations, along with FFT response plots of these results. As with
the previous study, all presented FFT response plots contained a component of BM5 at 102 Hz.
It is likely this component is an error of the numerical modelling environment, previously
discussed in Chapter 4, and is not considered as a real response from this investigation. Each
shock-only loading event is compared to its equivalent experimental event to qualitatively
demonstrate the effects of bubble loading on the whipping response of this submerged
platform.
The results of NS1 (L = 0.0 m) are presented in Figure 5-16a. The whipping response was
greatest at the amidships locations and the responses at the forward and aft locations were
essentially the same. In a notable departure from previous amidships events, the overall peak
response occurred earlier, during the first whipping peak. In addition, the whipping response
does not amplify on any subsequent peaks beyond the first bending cycle. Both of these effects
were attributed to the complete absence of any bubble loading to continue driving the whipping
response. From the FFT response plot of these results in Figure 5-16b, it is shown that all
locations were dominated by almost equal contributions of BM1 at 7 Hz and BM3 at 41 Hz,
which was unlike any other 250 g event at L = 0.0 m, where the responses always consisted of
only BM1 as the dominant contribution.

Figure 5-16 (a) Whipping responses and (b) frequency contribution of these responses from shock-only
loading study NS1 (W = 250 g, R = 1.3 m, L = 0.0 m)

The amidships response from NS1 and the experimental equivalent E3 are compared in Figure
5-17. The early shock induced whipping response compared well, where the shock-only NS1
response was only slightly larger. However, the absence of bubble loading in the NS1 results
is apparent in the comparison, as no amplification of the whipping response occurred in
subsequent cycles. Direct comparison of the NS1 amidships response at the time of the
experimental E3 peak whipping response shows that the shock-only loading response was 39%
lower, with a peak response of 703 µε. This comparison demonstrates that using any
assessment method that prioritises shock response methodology for UNDEX survivability,
could substantially under-predict the platform’s whipping response due to a charge at
L = 0.0 m, which was the most severe scenario for any given W and R combination
investigated.
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Figure 5-17 Comparison of amidships responses from E3 and shock study NS1

The results of the NS2 are presented in Figure 5-18a. As with other 250 g events at L = -2.8 m,
the responses at the forward and aft locations were larger than the amidships response, and the
peak whipping response occurred at the forward end, despite the aft end L position. This is
notable as this occurred in the absence of any bubble loading, and this would suggest that this
type of whipping response can be initiated by the shock wave loading alone. The FFT response
plot of these results in Figure 5-18b shows that BM2 at 21 Hz was the dominant contribution
in the forward and aft locations, and all locations had responses from BM1 at 7 Hz and BM3
at 41 Hz.

Figure 5-18 (a) Whipping responses and (b) frequency contribution of these responses from shock-only
loading study NS2 (W = 250 g, R = 1.3 m, L = -2.8 m)

Comparing the response at the forward location from NS2 with the equivalent experimental
event E5 in Figure 5-19, it is shown that the initial whipping responses were larger under the
NS2 shock-only model and its overall peak response also occurs in this time. In contrast, the
E5 responses were initially lower but its overall peak was larger and occurred later, after the
first bubble pulse. The initial larger responses from NS2 are likely due to the absence of the
bubble expansion under-pressure loading, which pulls the platform back towards the source
location and effectively unloads some of the initial shock response. As with the NS1 shockonly loading scenario, there was no amplification in the NS2 whipping response and its peak
occurs during the first whipping cycle. Comparing this response at the time of the experimental
peak, NS2 was 54 % lower. This comparison has again demonstrated that using any assessment
method that prioritises shock response methodology for UNDEX survivability could
substantially under-predict the platform’s whipping response.
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Figure 5-19 Comparison of forward responses from experimental E5 and shock study NS2

The responses from NS3 (L = -4.3 m) are presented in Figure 5-20a, and it can be seen that
there were similar strain levels during the whipping response at all locations, with the forward
and aft locations being marginally higher than amidships. Like the other shock-only loading
scenarios, the peak response occurred during the early whipping response, with the overall peak
response at the aft location. The FFT response plot of these results in Figure 5-20b shows that
the whipping response was dominated by BM2 at 20 Hz on the forward and aft ends with a
minor contribution of BM3 at 41 Hz. Amidships was purely dominated by the BM3 response,
and unlike all other investigated events there was no significant excitement of BM1 at any
location.

Figure 5-20 (a) Whipping responses and (b) frequency contribution of these responses from shock-only
loading study NS3 (W = 250 g, R = 1.3 m, L = -4.3 m)

Comparing the aft responses of NS3 with its equivalent experimental event E7 in Figure 5-21,
it is shown that unlike previous comparisons in this study, the whipping responses were very
similar. Early time responses appear to be larger from the NS3 results; however, it was
previously described in Chapter 4 that the numerical model tended to over predict the responses
of scenarios at L = -4.3 m. As previously noted from the experimental investigation in
Chapter 3, the bubble appeared to have minimal effect on the whipping response when the
UNDEX events occurred at L = -4.3 m, corresponding with the node of the BM1 mode shape.
The close similarity from the shock-only NS3 results appear to confirm this to be the case and
demonstrate that the shock wave loading was the primary cause of the whipping response for
this scenario. This also means that an assessment method that prioritises shock response
methodology for UNDEX survivability could be used for such a scenario. However, it is
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important to reiterate that by only considering the shock response there is a significant risk that
the whipping response could be largely under predicted for other scenarios, such as those
demonstrated by NS1 and NS2.

Figure 5-21 Comparison of aft responses from experimental E7 and shock study NS3

5.4 Categorisation of whipping responses
It has been shown that the whipping responses of the investigated experimental scenarios in
Chapter 3 and the present studies demonstrated different whipping behaviours, depending on
the L position in reference to the primary distortional mode shape, which was BM1 for the
investigated test platform. For generalised comparison and further discussion of all results, the
L position of each event is normalised (Ln) to the platform length (LP) using Equation 1.1,
where Ln = 0.00 is located at the stern and Ln = 1.00 is located at the bow of the cylindrical
hull of the platform.
𝐿𝑛 =

𝐿 + (𝐿𝑃 ⁄2)
𝐿𝑃

5.1

As the platform was symmetrical about amidships, the normalised event responses can also be
assumed to be symmetrical about amidships. With this assumption, the investigated responses
can be considered for Ln locations shown in Figure 5-22, where the BM1 shape displacement
contour is shown for reference.

Figure 5-22 Normalised charge locations (Ln) compared to the BM1 shape displacement contour

Using the same comparison method from the experimental investigation in Figure 3-27, the
peak responses from all numerical results (excluding those from the shock-only loading study)
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at each Ln position are plotted against the bubble impulse IB (summarised for each event in
Table 5-5) in Figure 5-23.
Table 5-5

Bubble pressure impulse and shock factor from all numerical scenarios
Events
EN1,
EN2,
EN3,
N11,
N14,
N7,
N5,
EN4,
N8,

N1,
N3,
EN5,
N12,
N15,
N18,
N6,
EN6,
N9,

N2
N3
EN7
N13
N16
N19
N7
EN8
N10

W
(g)
250
250
250
150
150
150
43
43
43

R
(m)
1.8
1.5
1.3
1.5
1.3
1.1
1.0
0.8
0.7

IB
(MPa.ms)
5.29
6.51
7.01
4.59
5.38
6.46
3.26
4.17
4.79

SF
(kg1/2/m)
0.28
0.33
0.38
0.26
0.30
0.35
0.21
0.26
0.30

With additional data points from the numerical investigation, 2nd order polynomial trends were
fitted to each set of Ln positions to confirm if the previous linear trends from Figure 3-27 were
valid for other L positions and charge sizes. The fitted trends were forced to intercept point
(0 µε, 0 MPa.ms), assuming that an absence of any impulse would not induce any response in
the platform. From these fitted relations, the following trends were found for each Ln position:
UNDEX stand-off locations near the anti-node of the BM1 shape (Ln = 0.50) produced the
most severe whipping responses and the severity increased in a nonlinear trend as the bubble
impulse increased, which demonstrates that the linear trends previously identified from the
experimental comparisons in Figure 3-27 were only valid for the smaller dataset. To better
define different UNDEX induced whipping responses, this may be considered as a “critical
whipping response”, as this was always the most severe outcome from the UNDEX scenarios
investigated.
Stand-off locations near the node of the BM1 shape (Ln = 0.14 and 0.86) demonstrated that the
whipping response severity also followed a nonlinear trend but for these scenarios it tended to
plateau, despite larger bubble impulses. It was previously recognised that these events saw
minimal effect from the bubble loading and their whipping responses were primarily due to
shock loading. Notably it appears from the results at this location that the events with smaller
charges (EN8, N7, and N10) seemed to produce a larger whipping response, a counterintuitive
outcome to previous results. However, it should be reiterated that the numerical model overpredicted scenarios involving smaller charges at this location by 36 %, and the peak responses
from these results are likely much lower in reality. Results from the intermediate charge size
(N13, N16, and N19) also appear larger than the largest charge size events (EN7, N2, and N4).
This is again likely due to the known inaccuracy of the numerical model for events at this standoff location. The numerical model over-predicted the EN7 response by 7 % and it is likely the
responses from the intermediate charge events are also over-predicted by 7 to 36 %. Even with
these modelling accuracy considerations, the trend indicates that the peak whipping response
was remarkably lower from UNDEX stand-offs at this location. Based on this trend, this type
of whipping response may be defined as a “resilient whipping response” of a platform, due to
its resistance against the bubble loading that would have otherwise amplified the whipping. For
a platform’s overall survivability, this would be the most desirable outcome from a potential
UNDEX event.
It can be seen from the diverging nonlinear trends from UNDEX stand-offs at the node and
anti-node Ln positions of the BM1 shape, that a linear severity trend must exist between them.
Responses at Ln = 0.27 and 0.73 demonstrated an approximate linear trend of severity as the
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bubble pressure impulse increased. Hypothetically, this trend may exist for a broader range of
Ln positions, as this will affect the relative contribution of other distortional mode responses.
Therefore, this whipping behaviour may be defined as the “general whipping response” of a
platform. Given this could hypothetically occur at many Ln positions, it is suggested that this
is the most likely whipping response to occur from a potential UNDEX event.
It is reiterated that if shock-only loading is assumed in the analysis, it is unlikely a general or
critical whipping response would be accounted for, as only the resilient response compared
well with results from the shock-only loading study.

Figure 5-23 Characterisation of whipping responses

With limited extrapolation of these trends, as demonstrated in Figure 5-24, theoretical regimes
of submerged platform response have been suggested, that warrant further investigation to
validate and quantify.
At low bubble impulse levels, it is suggested that the trends are essentially linear for all Ln
positions. This suggests that as the bubble is further away, and/or a smaller charge is used, the
bubble does not have as significant an effect on the platform’s whipping response and the
bubble and structural responses may be assumed to be uncoupled. This theoretical regime may
be defined as the far-field elastic whipping regime, noted in Figure 5-24. The limits for this
regime were not explored in the present investigations, and further experimental work would
be required to quantify a definition of this regime.
The present investigations have demonstrated that the type of whipping response induced
(critical, resilient, or general) is dependent on the location of the UNDEX Ln position to the
primary distortional mode shape. When these diverging whipping responses are observed, they
may be collectively defined as the near-field, non-contact elastic whipping regime. Under this
regime the bubble and structural responses may be coupled, in the case of critical and general
whipping, or uncoupled in the case of resilient whipping.
Extrapolation of peak strain responses suggest eventually the material yield limit εy would be
exceeded and a plastic whipping response would occur. So long as the bubble does not make
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direct contact with the platform, this may be defined as the non-contact plastic whipping
regime. This is denoted by the εy limit projection in Figure 5-24. The most severe event from
the present investigations (EN3) reached the theoretical εy but did not exhibit any yielding
behaviour. Therefore, the effects that material plasticity have on the whipping response were
not observed, and these were not considered in the initial scope of this investigation. Further
investigation may be required to quantify the non-linear material effects for a plastic whipping
response.
Finally, based on bubble interaction with boundaries discussed in Section 2.2.2 of Chapter 2,
there must be a limit where the bubble will make direct contact with the platform, through
either its expansion or migration phases. This would introduce bubble jetting and damage
responses, which could be defined as the contact damage regime, noted in Figure 5-24. The
damage mechanics at this point would be vastly different from the whipping response and
beyond the scope of the present investigations. The definition of this regime is also complicated
by variables that affect the interaction of bubbles in proximity to structures, discussed in
Chapter 2. This regime would be the most difficult to quantify with further work, as the current
knowledge of bubble-structure interaction is limited for this scenario.
All regimes discussed and presented in Figure 5-24 are also dependent on the relative size of
the bubble to the platform. As discussed in Chapter 2, current knowledge of how the relative
bubble size affects any response in a platform is limited. Through these investigations it has
been shown that the discussed regimes and whipping response behaviours are valid for a
relative bubble size of 2.5 ≤ λ ≤ 4.5. For relative sizes outside this range, it remains uncertain
if these regimes and behaviours are applicable, as the absolute limits were not identified in the
present investigation. As a final note, the stated values should not be taken as absolute figures
or limits in regard to analysis on any other platform. However, this work has demonstrated an
underlying methodology to obtain these.

Figure 5-24 Categorisation of whipping response regimes6.
6

Note that far-field elastic and contact damage limits were not explored in this investigation and are shown only
as hypothetical regimes.
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5.5 Conclusion
The numerical model developed and validated in Chapter 4 was used to conduct three
numerical studies. These studies explored the effects on the whipping response from different
stand-off distances at positions along the platform length, an intermediate charge size, and the
contribution of the bubble loading by using a shock-only loading model.
From the stand-off distance study, it was found that the stand-off distance did not affect the
modal responses during whipping and that this was dependent only on the charge size and
stand-off location for the studied bubble proximity range of 1.40 ≤ γ ≤ 2.00 and relative size of
2.5 ≤ λ ≤ 4.5. The whipping strain levels increased as the stand-off distance decreased, where
events at γ = 1.40 had peak strain levels approximately 55 % larger than their γ = 2.00
counterparts at the same stand-off location. Comparison of the peak whipping responses from
the intermediate charge results to those from the stand-off study found there was a similar
increase in strain levels for a decrease in bubble proximity, fortifying the identified trend. These
figures may be a specific property of the platform, but this general characterisation of the
whipping response could be utilised as a rapid threat assessment for a platform’s survivability
of known UNDEX threats.
From the intermediate charge study, it was found that the 150 g charge size induced similar
whipping responses as the 250 g charge. This suggests that there is an energy threshold for
inducing the global whipping behaviour seen from the 250 g and 150 g events, compared to
the more localised behaviour from the smaller 43 g charge events. This explosive energy
threshold was not directly identified from this study. However, it was observed that Pentolite
charges of W = 250 g and 150 g, with a relative bubble size of 3.8 ≤ λ ≤ 4.5, were sufficient to
induce the response, while Pentolite charges of W = 43 g, with a relative bubble size of λ = 2.5
were not. It was also found that the severity of 150 g events was similar to the 250 g events at
their scaled stand-off distances, except for stand-off locations at amidships where the 250 g
events always induced a larger whipping response. The cause of this is likely due to the closer
proximity of the 250 g bubble pulsation frequency to the natural response frequency of the first
bending mode of the submerged platform.
Results from the shock-only loading study, largely under-predicted the whipping responses for
UNDEX stand-off locations at amidships and -2.8 m aft due to the absence of any bubble
loading. For UNDEX stand-offs located at -4.3 m aft, corresponding with the node of the first
bending mode shape for the submerged platform, the absence of bubble loading did not have a
significant effect on the peak whipping response and the numerical results compared well with
the experimental measurements. This firmly suggests that at this location, the pulsating bubble
had minimal influence on the whipping response severity, and that the whipping response was
purely due to the shock loading at this stand-off location. This study also demonstrated that
using analysis methods based only on shock response can severely under-predict the whipping
response and it is strongly recommended that these methods should not be used for an UNDEX
induced whipping analysis.
Through comparison of the peak whipping responses and their respective bubble impulses,
three unique whipping responses were identified: critical, resilient, and general whipping. Each
response demonstrated unique trends in the severity of whipping compared to the bubble
impulse and the resulting response was dependent on the UNDEX stand-off location in relation
to the platform’s first bending mode. With limited extrapolation of these response trends, four
whipping response regimes: far-field elastic; near-field, non-contact elastic; non-contact
plastic; and contact damage. The conducted investigations suggest that this theory is valid for
bubble proximities of 1.40 ≤ γ ≤ 2.00 and relative sizes of 2.5 ≤ λ ≤ 4.5; however, the absolute
limits of these regimes were not explored and are a promising area of further work.
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6.1. Research summary
This research has explored the UNDEX induced whipping response of a submerged platform,
with the intention to enhance assessment capability and better inform the platform designers
and operators of the UNDEX threat and requirements. Three research questions were
considered in this work:
1. What variables of the UNDEX event and platform design contribute to the whipping
response?
2. Are existing assessment methods appropriate for analysing the UNDEX induced whipping
response of a platform?
3. How can the UNDEX induced whipping response and bubble-structure coupling be better
defined?
These were investigated and addressed through experimental and numerical analysis methods.
These investigations are summarised as follows:
1. A review of the UNDEX loading effects from the shock wave and pulsating bubble was
conducted, primarily focused on the bubble-structure interaction in a near-field, noncontact regime and the variables that may affect the whipping response of a submerged
platform. It was established that the relative size of a bubble to a structure was not explicitly
considered in past investigations and the effects of the relative size on the bubble-structure
interaction were not previously quantified.
2. Analysis methods were reviewed for their applicability to assess the UNDEX induced
whipping response of a submerged platform. From this review it was determined that the
DAA BEM was best suited for analysis, but additional experimental validation was
required to ensure the method’s accuracy.
3. An experimental test platform was constructed from a 12 m long, 0.4 m diameter hollow
pipe. The design used large weighted ends to tune the platform’s vibratory responses to the
bubble pulsation frequency and control its net buoyancy. The platform was submerged at a
centreline depth of 5 m and the structural response was measured by strain gauges at five
locations along the platform’s length. Incident pressure measurements from each UNDEX
event were also recorded.
4. During the experimental investigation, the platform was subjected to eight UNDEX events
to explore how the variables of charge size, stand-off distance and location would affect
the UNDEX induced whipping response. This experiment expanded on past submerged
platform whipping experiments by conducting them at a larger “intermediate” scale and
considering a larger number of variables on the whipping response, including the stand-off
location along the platform length. A new relative bubble size parameter λ was defined to
characterise the bubble-structure interaction effects, along with the bubble proximity
parameter.
5. A numerical model of the platform was developed in the explicit LS-Dyna code, coupled
with the Underwater Shock Analysis (USA) code BEM to calculate the fluid-structure
interaction using the DAA solutions. The Price-Hicks Shock Bubble (PHS-BUB) model
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was used to calculate the UNDEX loads. The numerical model was validated through
comparisons of the incident pressure loads, modal responses, and transient strain responses
to the experimental results, and compared the performance of three damping methods.
6. The validated numerical model was used to conduct additional numerical studies that
further explored how additional charge sizes and stand-off distances affected the UNDEX
induced whipping response of the submerged platform.
7. A final numerical study was conducted using a shock wave only loading model, to quantify
the contribution that bubble loading had on the overall UNDEX induced whipping
response, and to demonstrate the implications that can arise from using analysis methods
that are primarily focused on shock response.

6.2. Overall conclusions
The findings from the experimental and numerical investigations have given new insight into
the UNDEX induced whipping response of a submerged platform. The following conclusions
were drawn based on the outcomes of the presented investigations and are summarised here in
relation to their respective research questions.

6.2.1. Effects of UNDEX variables on whipping
Both the experimental and numerical investigations considered what effects the variables of
the UNDEX charge size, stand-off distance and location have on a platform’s whipping
response. The conclusions of these are summarised below:
1. It was found that the UNDEX charge size, and the resulting pulsating bubble size, period,
and frequency, affected the bending modes excited during the whipping response. The most
severe whipping occurred when the bubble pulsation frequency was similar to the first
bending mode response of the platform. In addition, it was found that the larger charge
sizes tended to excite lower bending modes, while the smaller charge excited higher modes
and the response from the smaller charge was generally localised near the charge stand-off
location. This suggested that to induce a global whipping response, sufficient explosive
energy and/or a large enough bubble was required. The investigations identified that
relative bubble sizes of 3.8 ≤ λ ≤ 4.5 were sufficient to induce a global response, while a
relative bubble size of λ = 2.5 was not.
2. The UNDEX stand-off distance from the hull had no effect on the bending modes that were
excited during whipping for bubble proximities of 1.40 ≤ γ ≤ 2.00 and relative sizes of
2.5 ≤ λ ≤ 4.5. The stand-off distance only affected the severity, where a closer stand-off
distance increased the whipping response. It was found that the percent increase in the
whipping response was consistent for all similar charge size and stand-off location
scenarios, where the response from events of the same charge size and stand-off location
at γ = 1.40 was approximately 55 % higher than their counterparts at γ = 2.00. These values
are likely to be specific to the test platform, but it is suggested that characterisation of these
responses at different bubble proximities for a specific platform could be utilised as a rapid
assessment tool to predict a platform’s survivability against UNDEX threats. This has the
potential to enhance operational decision making.
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3. The stand-off location had the most significant effect on the UNDEX induced whipping
response and results from both investigations demonstrated that whipping is not a general
response, but can take different forms depending on where the UNDEX stand-off is located
in relation to the platform’s first bending mode shape. These are detailed further in
Section 6.2.3.

6.2.2. Assessment methods for UNDEX induced whipping
The DAA BEM was explored as an analysis tool for the UNDEX induced whipping response
of a submerged platform. The following conclusions were drawn from a review of existing
methods and numerical validation of the DAA method to experimental results:
1. The numerical DAA BEM was demonstrated as a capable assessment method for an
UNDEX induced whipping analysis for bubble proximities 1.40 ≤ γ ≤ 2.00 and relative
sizes of 2.5 ≤ λ ≤ 4.5. This method worked on the assumption of minimal bubble-structure
interaction and for cases where the bubble is significantly affected by the platform response
(or vice-versa) alternative analysis methods should be sought. Full fluid-structure
interaction modelling has great potential to overcome this constraint, but current
computation costs (in terms of both budget and time) make this difficult to access for most
industries.
2. It was shown that the results from both experimental and numerical investigations can be
used to characterise a platform’s whipping response. This information may be used to
develop rapid assessment tools for a platforms survivability that can be used directly by the
operators, potentially enhancing the decision making process in regards to UNDEX threats.
3. Comparisons of the numerical shock-only loading study to experimental results
demonstrated that using analysis methodologies based only on the shock response severely
under-predicted the critical and general whipping responses by 39 – 54 %, but compared
well for resilient whipping response scenarios. Based on these comparisons, it is strongly
recommended that shock response analysis methodologies should not be used for a
whipping response analysis.

6.2.3. Characterisation of whipping responses and regimes
In the past, whipping has been considered as a general platform response due to transient
loading. Through these investigations it has been shown for the first time that the UNDEX
induced whipping response can vary significantly, even when the UNDEX charge size and
stand-off distance is the same. Based on observations from comparisons of the bubble impulse
and the peak whipping response, three unique UNDEX induced whipping responses were
defined:
1. The most severe whipping responses occurred when the UNDEX stand-off location was
located near the anti-node of the first bending mode shape of the platform. This was
especially severe when the bubble pulsation frequency was close to the first bending mode
frequency, which caused the response to be dominated by the first bending mode. A
whipping response of this form may be defined to as the critical whipping response due to
the risk it poses to the overall survivability of a platform.
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2. The whipping response was found to be far less severe when the UNDEX stand-off location
was near the node of the first bending mode shape, with peak whipping response strains
that were 58 % to 71 % lower than similar events at the anti-node stand-off location. The
responses at this stand-off location had an absence of the first bending mode in the overall
response and the platform had an apparent resistance to the loading from the pulsating
bubble. Based on these observations, whipping responses similar to this may be defined to
as the resilient whipping response. This form of whipping could potentially be used to the
advantage of a platform’s survivability, if the stand-off location of an UNDEX threat can
be influenced to induce this response.
3. In between the nodes and anti-nodes of the first bending mode shape, varying degrees of
the first three bending modes contributed to the overall UNDEX induced whipping
response of the platform. This may be defined to as the general whipping response. Under
this condition, the interaction of multiple modal responses may cause the largest whipping
response to occur away from the stand-off location, making it difficult to detect without a
global response assessment method.
The knowledge of these different elastic whipping response behaviours due to near-field, noncontact UNDEX will allow for better design and analysis to be performed on current and future
maritime platforms, to ensure they can meet the challenges of their high-risk environment.
Through limited extrapolation of these different whipping responses, four whipping analysis
regimes were identified:
1. Far-field elastic
2. Near-field, non-contact elastic
3. Non-contact plastic
4. Contact damage
The conducted investigations suggest that these regimes are valid for bubble proximities of
1.40 ≤ γ ≤ 2.00 and relative sizes of 2.5 ≤ λ ≤ 4.5; however, the absolute limits of these regimes
were not identified and are a promising area of further work.

6.3. Recommendations
Based on lessons learned throughout this investigation, the following recommendations are
suggested:
1. Transducer connections should be reduced wherever possible, particularly if these are
located underwater. Compromised watertight integrity from connectors was attributed as
the primary cause of pressure gauge failure during the experimental part of this
investigation.
2. Pressure gauges that minimise electrical components on the transducer were found to have
a better chance of surviving multiple events, though this often comes at a cost of greater
difficulty in calibration.
3. Wherever possible, the cables themselves should be shielded from direct contact with the
shock wave, and/or incorporate some form of damping material to help shield them.
Significant distortion of the signals occurred on unprotected cables during the shock
loading from this investigation.
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4. If the experiment in Chapter 3 were to be repeated, the outriggers would be strengthened
to limit the flexibility of the structures and the amount of cavitation that occurred. This is
also recommended as general advice for similar experimental setups.

6.4. Further work
The following subjects are potential avenues for continuation of the research into UNDEX
loading and structural response of submerged platforms:
1. Although the effects of the relative size of bubble and structure on the whipping response
were explored in this investigation, the absolute limits of the relative size and its effects on
bubble-structure interaction remain largely unexplored. Further research should be directed
at determining limits of the relative bubble size, so bubble-structure interaction can be
characterised.
2. It was noted in this research that without visual evidence it was difficult to determine how
the bubble interacted with the platform during the second pulsation cycle. In absence of
this evidence the present investigations were unable to conclude the contributions of later
bubble cycles on the whipping response and demonstrate how the bubble interacted with
the platform. Confirmation of the bubble structure interaction through visual evidence
would be a valuable contribution to the field. It is acknowledged though that the hostility
of the UNDEX environment makes this difficult to achieve with anything larger than a
detonator sized explosive. Therefore, small-scale experiments offer the best initial
approach.
3. In addition to unknowns of the later bubble cycle interactions, the coefficients to analyse
the bubble period and radius using similitude equations have limited accuracy for
explosives other than TNT, particularly when considering bubble cycles beyond the first.
This work noted that those available may be based on small sample sizes, and therefore
have limited accuracy ranges. Further experimental analysis to identify these coefficients
for other explosive materials would be beneficial in forming a more robust database for
these similitude equations, as it was found that the use of a “universal” TNT equivalent was
not always reliable in this research.
4. The present research found that the charge size could affect the whipping response, where
large charges induced a global response, while smaller charges were localised to part of the
platform. This was attributed to an explosive energy threshold. This threshold was not
identified or characterised by the present investigations. Identification of the energy
threshold to induce a global whipping response, and the platform variables that affect this
would be a valuable contribution to the field.
5. Only elastic whipping responses were considered in the present investigations. Extending
both the experimental and numerical aspects of the present work to include inelastic effects
would broaden the applicability of the proposed numerical analysis methodology. Better
understanding of the inelastic whipping response may have a significant impact when
considering whipping responses on the borderline of the near-field, non-contact and noncontact plastic regimes.
6. The whipping response of a submerged pressure hull was only explored under minor
hydrostatic pressure in the present investigations. Under operational conditions, the
hydrostatic pressure load can be substantial for submerged platforms. The effect of this
additional loading on the whipping response and the potential failure modes that may be
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induced warrant further investigation, as the hydrostatic pressure would likely have a
significant effect on the whipping response regimes defined in the present work.
7. Past work and the present investigations have demonstrated the applicability of numerical
analysis codes to conduct and UNDEX induced whipping analysis for generalised and
small-scale platforms. Validation against a full-size platform remains elusive in the public
domain but such work would aid in confirming that the numerical analysis methods and the
bubble structure interaction effects presented in past work and this thesis are applicable to
full-size platforms.
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