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Abstract A comprehensive investigation on the implosion of
composite cylinders subjected to a nearby explosion is per-
formed. Experiments are conducted in a large pressure vessel,
designed to provide constant hydrostatic pressure throughout
the event. Carbon fiber/epoxy filament-wound tubes are stud-
ied with constant hydrostatic pressure and varying charge
standoff distances to determine the effect of the explosive
loading on the mechanisms of collapse. 3-D Digital Image
Correlation (DIC) is used to capture the full-field displace-
ments and velocities during the implosion event, and to char-
acterize the initial dynamic response of the tube. Dynamic
pressure transducers measure the shock waves generated by
the explosive and also the pressure pulse generated by the
collapse. Results show that different magnitudes of explosive
loading produce drastic differences in the way implosions are
initiated, and in the extent of damage to the structure.
Experiments with strong explosive loading show immediate
collapse of the tube upon the arrival of shock wave. Relatively
smaller explosive loading result in collapses due to the addi-
tional bubble pulse loading, or after accumulating damage for
extended periods of time.

Keywords Composite tubes . Implosion . Digital image
correlation . High-speed photography . Underwater
explosive loading (UNDEX)

Introduction

In recent decades, there has been increased interest in using
composites for naval and marine applications. As compared to
metals, composite materials have reducedweight, improved cor-
rosion resistance, and greater operating depths for submerged
environments. However, widespread adaptation of composite
materials is hindered by a lack of complete understanding and
simple design rules, especially for extreme loading conditions
[1]. One such condition in undersea applications is that of im-
plosion. Implosion is the rapid collapse of a sealed, thin-walled
structure subjected to external pressure. When the applied exter-
nal pressure reaches a critical value, the structure becomes un-
stable and its walls buckle inward, causing the tube to collapse
completely. An implosion caused by quasi-static pressurization
to this critical pressure is known as a natural implosion.
However, implosions can also be initiated at sub-critical pres-
sures with an underwater explosive (UNDEX) loading. If a
structure experiences a high magnitude shock –wave loading
such as that generated by a near-field UNDEX, it may collapse
at a relatively low hydrostatic pressure [2]. This work focuses on
addressing this extreme condition for composite materials.

Some experimental work has been performed on the im-
plosion of composite tubes, however these studies are limited
to hydrostatic implosion and typically concerned only with
evaluating collapse pressure [3–6]. Most recently, the hydro-
static implosion of carbon fiber and glass fiber reinforced
tubes was studied experimentally by the authors using
Digital Image Correlation to relate collapse mechanics to the
changes in local pressure fields [7, 8]. Some numerical studies
have been performed on implosions initiated by explosive
loading in recent years. Pegg studied the mechanics of explo-
sive initiated implosions of homogenous materials and how
the qualities of the impulse affect the instability [9]. Tanov et.
al examined the effect of static preloading on the impulse
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driven implosion of composite tubes using finite elements
[10]. Krueger also used finite element models to study explo-
sive initiated implosion of metallic tubes with varying impulse
strengths [11]. Fatt et. al developed stability diagrams for com-
posite cylinders under shock loading using Mathieu equations
[12]. A few experimental studies also exist on the response of
closed cylinders to underwater explosions. Both Brett and
Yiannakopolous [13] and Hung et. al [14] independently eval-
uated the dynamic response of metallic cylinders subjected to
a nearby explosive. In addition, Ikeda performed experiments
on the explosive initiated implosion of metallic tubes with
varying loading, to define the conditions for a collapse to
occur [15]. Finally, Arora et. al performed experiments on
the effects of air and underwater blast loading on composite
panels and tube structures [16]. However, no experimental
work exists on explosive initiated implosions of composite
materials, and what numerical work does exist does not ac-
count for material damage.

This study looks to address this gap in understanding by
using high-speed photography coupled with Digital Image
Correlation to explore the implosion of composite tubes sub-
jected to shock waves of different strengths. Experiments also
focus on the interaction of the bubble pulse with the structure,
and its effect on the implosion process. Depending on the
stand-off distance of the charge, the tube may implode due
to different features of the explosive pressure history. This will
also change the degree of damage incurred in the structure, as
well as the effect of the collapse on the local pressure field.

Experimental Details

The impodable volumes in this study are carbon/epoxy fila-
ment wound composite tubes, consisting of seven layers of

unidirectional carbon fabric reinforcement arranged in a [±15/
0/±45/±15] layup with a 60.3mm inner diameter and 381mm
unsupported length. These cylinders are manufactured by
Rock West Composites (West Jordan, UT) with a nominal
wall thickness of 1.63mm. The dimensions are selected as to
provide specimens with a relatively low expected collapse
pressure, and a high radius-to-thickness ratio so that thin-
wall assumptions may be utilized.

The explosives used are RP-85 exploding-bridgewire
(EBW) detonators manufactured by Teledyne RISI, Inc.
(Tracy, CA). The output explosive material in these detonators
is 1031mg of RDX (cyclotrimethylenetrinitramine), initiated
by 80mg of PETN (pentaerythritol tetranitrate), the combina-
tion of which is equivalent to 1778mg of TNT.

All experiments are conducted in a 2.1m diameter spherical
pressure vessel, able to provide constant hydrostatic pressure
throughout the collapse event (see Fig. 1). Several acrylic
windows mounted about the midspan of the pressure vessel
allow the specimens to be viewed by cameras and adequately
lit by two high intensity light sources.

The specimen is sealed using two aluminum end caps then
suspended horizontally in the center of the pressure vessel
using steel cables secured to the inner walls of the vessel. To
measure the incident shock wave loading and the changes in
local pressure during the collapse event, high pressure blast
transducers (PCB 138A05, PCB Piezotronics, Inc., Depew,
NY) are mounted at different locations about the specimen.
Two sensors are located at the midspan of the specimen, and
four sensors are located at axial offsets of 127mm from the
midspan. All sensors are mounted such that the distance be-
tween the sensing element and the outer surface of the tube is
nominally 55mm. The amplified outputs of these sensors are
recorded at a sampling rate of 2 MHz. The explosive charge is
secured directly behind the specimen at a given standoff

Fig. 1 Diagram of experimental setup (left) and image of charge and sensor positioning (right), with the standoff distances of the detonator (Re) and the
sensor (Rs) clearly defined
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distance so as not to interfere with photography, and is aligned
with the center of the implodable volume (see Fig. 1).

The vessel is then flooded with filtered water, leaving a
small air pocket. Once the vessel is filled, nitrogen gas is
introduced into the air pocket to pressurize the enclosed water
to the desired hydrostatic pressure. The pressure is increased
slowly at a rate of 0.083MPa/min to the chosen value. For this
study, all experiments used a hydrostatic pre-pressure of 80%
of the critical collapse pressure of the specimen. Following
pressurization, the explosive is detonated using a high voltage
firing unit which simultaneously triggers all data acquisition
systems to record the event.

Prior to experiments, a random, high-contrast speckle pat-
tern is applied by hand to a region spanning the entire length
of the specimen and approximately half of the circumference
using flat black and white paint. Features of the pattern were
made sufficiently large as to occupy at least 3x3 pixels in the
recorded images for optimal DIC measurements. Two high-
speed cameras (Photron SA1, Photron USA, Inc.) positioned
at a stereo angle of 17°, are used to capture images of the
patterned region of the specimen at a frame rate of 75,000
frames/second. The stereo images are analyzed using a com-
mercially available DIC software, VIC3D 2012 (Correlated
Solutions, Inc., Columbia, SC) to measure full-field displace-
ments across the viewable surface of the specimen. 3-D
Digital image correlation (DIC) is a well known non-contact
optical technique to determine real-time, full-field displace-
ments across the viewable surface of a specimen [17]. This
technique is calibrated for underwater experiments based on
previous work [18] for confidence in the accuracy of mea-
sured displacements and velocities. Using the referenced cal-
ibration method, in-plane and out-of-plane displacements may
be determined within 1.2% and 2.5% error, respectively. A
third high speed camera is used to observe the charge itself
to track the growth and collapse of the gas bubble, and is set to
record at 40,000 fps.

Results

Natural Implosion Experiments

Prior to explosive initiated series, several natural implosion
experiments are performed on the tubes to be studied to deter-
mine the critical collapse pressure and to characterize the col-
lapse and local pressure field in the case of a natural implosion.
These experiments are performed in the same manner as re-
cently published work by this group [7, 8]. The critical collapse
pressure of these tubes was found to be 0.90MPa. The pressure
profile is plotted in Fig. 2, along with the displacement and
velocity of the center point of the tube. High-speed photo-
graphs of the tube at different times during the collapse are
included in Fig. 3. In these plots, t=0ms represents the instant
that opposing walls of the tube make contact with each other.

It can be seen that the implosion of these tubes is quite
similar to that of metallic tubes [19, 20] as well as other com-
posite tubes studied by this group [7, 8]. Starting at t=−4.7 ms,
the walls of the tube begin to accelerate inward as observed in
the displacement and velocity traces. As the walls accelerate,
the local pressure decays to a minimum just prior to t=0 ms.
At t=0 ms, opposing walls contact each other, resulting in the
rapid deceleration of the walls. This imposes a large change in
momentum onto the surrounding fluid, resulting in the high
magnitude (~1.30MPa) pressure pulse seen shortly thereafter.
Following wall contact, the buckle propagates axially through
the length of the tube until the entire tube is flattened. From the
high-speed images in Fig. 3, it is seen that the tube remains
free of visible damage until just before the time of wall con-
tact. At t=−0.013 ms, extreme bending at the two lobes of the
buckling shape cause through-thickness cracking parallel to
the length axis of the tube. Post-mortem analysis shows that
damage is mainly restricted to these two longitudinal cracks,
which propagate through nearly the entire length of the
specimen.

Fig. 2 For a natural implosion, pressure history about the midspan of the specimen (left) and radial displacement and velocity curves measured at the
center of the specimen (right)
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The experiments described above were used to design the
explosive initiated implosion series, which is summarized in
Table 1. For all experiments in this series, the hydrostatic pre-
pressure is kept constant at 80% of the critical collapse pres-
sure, or 0.71MPa. Three different explosive standoff distances
are used, 102mm, 203mm, and 305mm. These standoffs are
chosen to impart different magnitude shock waves to the spec-
imens while not allowing the gas bubble to interact with the
tube. At least 2 experiments are performed for each case, to
demonstrate repeatability of results. For each case, the tube
did implode, but the time at which the implosion initiated after
the explosion is different for each standoff distance. This

implies that for different standoff distances, different features
of the explosive pressure history trigger the collapse, and
therefore the mechanics at play in each case is unique.

Interaction of Shock Wave with Specimen

One important thing to understand when studying the problem
of an explosive initiated implosion is how the pressure wave
interacts with the specimen. It is well known that the initial
shock wave released from an UNDEX may be treated as an
acoustic pressure pulse that travels at roughly sound speed
once fully developed [21]. This allows the use of acoustic
theory in analyzing the behavior of the wave. As an example,
the pressure recorded at two different locations about the
midspan of the tube for the case of a 305mm explosive stand-
off is plotted in Fig. 4. Comparing pressure histories recorded
at a sensor between the charge and the specimen (Sensor 1 in
Fig. 4) and at a sensor above the specimen (Sensor 2 in Fig. 4),
an interesting phenomenon is observed. In all experiments, it
is seen that sensors located between the charge and the spec-
imen record the initial high magnitude shock followed by a
negative pressure spike of appreciable magnitude less than
0.1 ms later. In contrast, sensors located above the tube record
only the initial pulse, followed by a smaller pressure “tail” that
is typical of shock waves.

Because the delay between the initial spike and the nega-
tive pulse is slightly greater than the acoustic travel time for
twice the distance from the sensor to the specimen (2x70mm),
the interface between the fluid and the specimen was further
studied. When an acoustic wave encounters a boundary be-
tween two different materials, part of the wave will be trans-
mitted into the second material while part will be reflected
back into the first material. The reflected and transmitted

Fig. 3 High-speed images taken at various times during the natural
implosion experiments. Illustrations of the tube cross-section are to the
left of the respective image. The tube is seen to buckle without visible
damage until 0.013 ms prior to wall contact

Table 1 Summary of explosive-initiated implosion experiments

Case Hydrostatic
pressure
(MPa)

Explosive
standoff
(mm)

Maximum predicted
incident pressure
(MPa)

Time before
implosion
(ms)

1 0.71 102 45.9 0.93

2 0.71 203 20.2 6.83

3 0.71 305 12.4 15.22

Fig. 4 Initial shock wave measured at locations between the charge and
specimen and directly above the specimen for the case of a 305mm
explosive standoff. The star in the image represents the location of the
charge
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pressures, PrandPt respectively, caused by an incident wave
with pressure Pi are defined as:

Pr ¼ R*Pi Pt ¼ 1þ Rð Þ*Pi ð1Þ

Where R is known as the reflection coefficient. The reflec-
tion coefficient for a normal incidence of a wave at a boundary
is defined as [22]:

R ¼ ρ2c2−ρ1c1
ρ2c2 þ ρ1c1

ð2Þ

Where ρ is the material density, c is the sound speed of the
material, and subscripts 1 and 2 refer to the material before and
after the boundary, respectively. The density and sound speed
for the water in this experiment are 998 kg/m3 and 1488 m/s,
respectively. The through-thickness density and sound speed for
carbon/epoxy composites has been reported as 1611 kg/m3 and
3042 m/s, respectively. For an acoustic wave traveling from
water to the composite tubewith normal incidence, the reflection
coefficient was calculated as 0.535. Simple acoustic theory can
show [22], using Eq. 2, that upon encountering the surface of the
tube, an incident wave with magnitude Pi creates a reflected
wave with a magnitude 0.535Pi , and a transmitted wave with
a magnitude of 1.535Pi maintaining the same compressive sign.
The transmitted wave travels through the composite tube until it
reaches the enclosed air volume. The reflection coefficient at this
interface is approximately�1. This means that upon encounter-
ing this interface, all of the wave is reflected back into the com-
posite wall with the same magnitude, but with opposite sign.
This converts the pulse into a tensile wave which then travels
back through the tube wall and into the surrounding fluid where
it is observed by nearby sensors. Accounting for the reflection
constant again at the composite-water interface calculated using
Eq. 2, the magnitude of the tensile wave transmitted to the water

is 0:821pi. This, coupled with attenuation in the various media,
explains the reduced magnitude of the reflected tensile pulse
observed in the pressure trace for sensors directly between the
charge and the tube.

The important conclusion drawn from this analysis is that
when a sealed composite tube is subjected to explosive load-
ing, the pressure waves that travel through the walls of the
structure are not solely compressive. If this tube is filled with
a low impedance material such as air, tensile waves of signif-
icant magnitude will be caused in the tube wall by the imped-
ance mismatch at the interior interface. This tensile loading has
the potential to degrade the stability of the structure, as it may
cause damage in the matrix material or at the fiber-matrix in-
terface which are highly sensitive to out-of-plane tension [23].

Identifying Features of the Pressure History

By its nature, the pressure fields generated in an underwater
explosion in a closed tank are very noisy. Reflections from the
initial shock wave and the “bubble pulse” are important fea-
tures to identify, but superposition of these features can make
that a challenge. To address this, acoustic wave theory coupled
with an additional high-speed camera observing the explosive
itself are used to distinguish these events.

The initial shock wave produced by the RP-85 detonator is
characterized by recording peak pressures at several different
standoff locations. The model proposed by Shin [24] is then fit
to the data, to obtain a relationship by which the peak pressure
could be predicted as a function of standoff distance.
Experiments were conducted with just the explosive in the
pressure vessel to characterize the loading pulse. The fit model
is included in Fig. 5, and this was used to determine maximum
incident pressures listed in Table 1.

Fig. 5 Peak pressure of RP-85 as
a function of standoff distance.
The parameters for the fit curve
are given in the plot for a charge
of mass, W, in kilograms
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Reflections of the initial shock are determined by assuming
that pulse travels with acoustic wave speed, which in water is
approximately 1500m/s. At this velocity, the shock will travel
to the tank boundaries and back to the sensors after 1.04–
1.80 ms depending on the location of the charge. Using the
same travel speed, a second reflection of that wave will arrive
after 2.10–3.61 ms. Attenuation of the wave during travel will
cause the reflections to be significantly lower magnitude and
less sharp, and because the charge is not in the absolute center
of the tank, the reflected wavewill be recorded as a tight group
of small peaks. For these reasons, the first and second reflec-
tions of the initial shock are identified as clusters of smaller
spikes in the pressure located in the aforementioned time
windows.

The additional high-speed camera is used to identify the
bubble pulse. When an underwater explosive is detonated,
the decomposed gases of the charge create an expanding su-
perheated gas bubble. After reaching its maximum critical
size, the surrounding hydrostatic pressure of water causes
the bubble to collapse, and upon completion of this collapse,
a relatively strong and fairly broad pressure pulse known as
the “bubble pulse” is emitted [21]. The magnitude of the bub-
ble pulse is typically much smaller than that of the initial
shock wave, however due to its long duration, the impulse is
of comparable strength. To identify the timing of this pulse, a
typical growth of the bubble to its maximum size and

subsequent collapse is shown in Fig. 6. In all cases, the bubble
grows to its maximum size at approximately 2.29 ms and
collapses between 5.00 and 5.60 ms, so a broad pressure pulse
found near this region in time is considered to be the bubble
pulse.

Near-Field Explosion (102mm Standoff)

The pressure history at the point on the specimen nearest to the
charge for the 102mm standoff is plotted in Fig. 7, where the
charge detonates at 0.00 ms (this time notation will be used
throughout later in this article). In this case, the tube implodes
shortly after experiencing the initial shock from the explosive.
The initiation of the instability occurs at approximately
0.90 ms, well before the arrival of reflections from the tank
wall, so it may be concluded that the initial shock wave alone
possesses sufficient energy to trigger the collapse at this sub-
critical static pressure. Wall contact occurs 5.00 ms after the
initiation of the implosion, roughly consistent with results
from natural implosion experiments. This implies that though
the initiation mechanism of the collapse is different, the sub-
sequent mechanics of the collapse are the same as for a natural
implosion. In this case, no implosion pulse is detectable in the
pressure history following wall contact. This is due to the
noisy nature of the pressure signal at this time caused by the

Fig. 6 High-speed images of the
growth and collapse of the gas
bubble, the boundary of which is
indicated by a dashed white line.
Here the bubble reached
maximum size at 2.29 ms after
detonation and collapsed at
5.60 ms
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superposition of reflections of the initial shock and bubble
pulses from the tank walls.

Though the time to collapse is consistent with the natural
implosion, a unique feature of this case is the initiation of
observable damage prior to wall contact. The high-speed im-
ages in Fig. 7 show that a large degree of circumferential
cracking occurs 2.21 ms prior to wall-contact, located at the
midspan of the tube. These cracks are seen in post-mortem
images (Fig. 8) to run parallel to reinforcing fibers, implying
that they occur in the resin-rich regions between fibers. The
center of the tube experiences the most severe loading, as it is
the closest to the charge. The cause for this early damage is the
particular wave interaction discussed in Section 3.2. The
resulting tensile loading within the tube wall is enough to
cause inter-fibrillar as well as matrix cracking, as seen in the
high-speed images. This cracking significantly degrades the
structural stability, and is a contributing factor in the damage
initiation eventually leading to the implosion.

Post-mortem images in Fig. 8 show very extensive damage
to the tubes, mainly in the form of through-thickness axial
cracks (B) and circumferential cracks (A) localized about the
midspan of the tube. The axial cracks in these tubes complete-
ly separate sections of the tube, and several frayed and pulled-
out fibers are seen on the faces of the cracks. This shows that
these cracks form in a very high energy event, enough to
fracture both matrix and fiber in all seven plies and cause
the pull-out of adjacent fibers. The axial cracking for this case
is more extensive than all other cases, including that of natural
implosion. Pegg [9] demonstrated that hydrostatic pressure
combined with strong impulse loads result in more severe
deformations, which is the reason for the extent of damage.
In comparison, the circumferential cracks at the midspan are
much less severe. These cracks do not penetrate completely

through the tube wall, do not travel very far from the tube
midspan, and cause no fiber pull-out.

Mid-Field Explosion (203mm Standoff)

The pressure history at the point on the specimen nearest to the
charge for the 203mm standoff is plotted in Fig. 9. Implosion
again occurs in this case, though it is much later in the time
than the 102mm standoff case, initiating 6.53 ms after the
detonation of the charge. This delayed collapse shows that

Fig. 7 Pressure history (left) and high-speed images (right) for explosive experiments with 102mm standoff

Fig. 8 Post-mortem images showing the full-length (i), a side-view (ii),
and a zoomed image of the tube center for 102mm explosive standoff.
These images display circumferential cracking (a) and dramatic, through-
thickness axial cracking (b)
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neither the initial shock wave nor the reflections of that shock
from the tank walls are sufficient to cause the collapse at this
charge distance. The instability is triggered after the first bub-
ble pulse showing that for this standoff distance, the bubble
pulse is the cause of the implosion. The tube continues to
collapse until wall contact is made 2.43 ms after initiation,
which is significantly shorter than the collapse time of the
natural implosion (4.7 ms). The reason behind this reduction
in collapse time, as well as the reason for the timing of the
collapse, is related to the wave interaction discussed in
Section 3.2. Each feature of the pressure trace that encounters
the specimen - the initial shock, reflections, and the bubble
pulse - results in tensile loading within the tube wall. Unlike
the previous case, the loading is not severe enough to exceed
the tensile strength of the matrix. Examining high-speed im-
ages in Fig. 9, no visible cracking occurs from the impact of
the shock or the subsequent reflections and bubble pulse.
However, damage may still occur within the material. This
repeated loading can degrade the fiber/matrix interface, cause

and/or propagate delaminations, and grow any pre-existing
defects where stress concentrations may occur. The net result
is that at each loading event, damage will accumulate in the
material, which will reduce its stiffness and structural integri-
ty. In this case, damage accumulates enough in the first
5.00 ms of the pressure history that the energy supplied by
the bubble pulse is sufficient to initiate the instability. As is the
case with 102mm standoff distance, the implosion pulse is not
reliably distinguished for these experiments due to the noisy
nature of the pressure field at the time which it occurs.

Post-mortem images (Fig. 10) again show large amounts of
damage, including through-thickness axial cracks (A) and cir-
cumferential cracks (B) offset from the midspan. Though the
axial cracks do penetrate completely through the thickness of
the tube wall, they are significantly less severe than for the
previous case. Fiber pull-out is observed in the vicinity of
these cracks, however there is no separation of the tube walls,
and the structure maintains a large portion of its integrity. The
circumferential cracks appear similar to those seen in the

Fig. 9 Pressure history (left) and high-speed images (right) for explosive experiments with 203mm standoff

Fig. 10 Post-mortem images of
the front (i) and side faces (ii & iii)
for 203mm explosive standoff,
showing axial cracking (a) and
multiple instances of
circumferential cracking (b)
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previous case, however their location and cause are quite dif-
ferent. These cracks are seen to appear only after wall contact
has made and the flattening of the tube has propagated past the
point where the cracks emerge. This shows that these cracks
are not a result of the incident shock, but rather due to the large
deformations resulting from the buckle propagation.

Far-Field Explosion (305mm Standoff)

The pressure history at the point on the specimen nearest to the
charge for the 305mm standoff is plotted in Fig. 11. Similar to
the previous two cases, these tubes implode in a mode 2 shape,
however they collapse very late in the event, initiating
15.26 ms after the detonation of the charge. This is long after
both the initial shock and the first bubble pulse, showing that
neither of these events trigger the collapse on their own. Wall
contact occurs at 1.83 ms following the initiation of the im-
plosion, even shorter than for the 203mm standoff case. Like
the 203 mm standoff case, the cause for the delayed collapse
as well as the duration of the collapse is due to the accumula-
tion of damage caused by each successive loading event in the
pressure history. This damage continually degrades the struc-
tural stiffness, until the vibrations caused by the impulse
coupled with hydrostatic pressure can drive the implosion.
The development of visible damage as seen in the high-
speed images is less severe than for this case as no circumfer-
ential cracking appears at any time.

In this case, the pressure field has settled enough that an
implosion pulse is clearly distinguished. Wall contact occurs
at 17.09, and 0.21 ms later a sharp high magnitude pressure
spike is recorded with strength of 1.67MPa. The magnitude
and timing of this pulse is consistent with that seen in natural

implosion experiments, giving additional evidence that this is
in fact an implosion pulse.

Fig. 11 Pressure history (left) and high-speed images (right) for explosive experiments with 305mm standoff

Fig. 12 Post-mortem images of the front (i), side (ii), and back (iii) faces
for 305mm explosive standoff, showing axial cracking (a) and adjacent
outer ply cracks (b)
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Post-mortem images of these specimens (Fig. 12) show the
least damage of all cases, mainly in the form of through-
thickness axial cracks (A). Referring back to the high-speed
images in Fig. 11, these cracks appear shortly before wall
contact is made, implying that they are a result of extreme
bending strains at that time. Some fiber pull-out is seen near
these cracks as well as interfibrillar cracking in the outer ply,
parallel to the 15° fiber angle of that layer (B). The net damage
in the structure is still far less extensive than that found in the
previous two cases, due to the greatly reduced intensity of the
incident shock (see Table 1).

DIC Analysis of Initial Shock Response

From previous work, it is known that prior to a dynamic col-
lapse, hollow cylinders experience some degree of quasi-static
ovalling due to hydrostatic pressure [7, 8, 18]. For a natural
implosion, a maximum pre-buckling radial deformation of
−1.57mm is measured prior to the dynamic collapse. At
80% of the critical collapse pressure, the pre-buckling reaches
only −0.56mm, showing that a significant perturbation of
more than 1mm is required to reach a region of instability.

DIC is also used to compare the initial response of the tube
to the shock loading. Figure 13 shows contours of velocity
magnitude across half of the length of the tube over time. The
first observation that can be made is the uniformity of loading
across the length of the structure. At the close standoff, the
initial response of the structure is very localized near the cen-
ter of the tube. For higher standoffs, the response is more
uniform across the length of the specimen. As standoff dis-
tance is increased, the front of the pressure wave becomes
increasingly planar due to geometric spreading, and will load
a greater area upon initial impact. Themagnitudes of the initial
velocities are also quite different. For the 102mm, 203mm,
and 305mm standoffs, tubes show a maximum initial velocity
of 13m/s, 5.7m/s, and 4.5 m/s, respectively. This reduction is
expected, since the peak pressure of the initial shock wavewill
decay as 1

Re
, where Re is the distance from the explosive. The

difference in uniformity of the loading across the length of the
tube, coupled with the difference in peak velocity greatly af-
fects the dynamic response of the structure.

More important in this Figure is the visible difference in
modal response of the structure to each loading case. For the
farthest standoff distance, the tube appears to vibrate with a

Fig. 13 Velocity contours for half of the length of each specimen after impact of the initial shock. The top image indicated the location of DIC data
extractionwith a dashedwhite line. The zero point on the y-axis indicates the center of the tube, and color represents velocitymagnitude in meters/second
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single axial lobe. After the initial impact of the shock, a single
region of elevated velocity is seen to travel along the length,
implying a single lobe of deformation. For the closest stand-
off, the response following the arrival of the shock is quite
different. Here, multiple regions of high velocity are seen
propagating axially along the tube at the same instant. This
implies that at closest standoff, the initial localized shock
wave excites higher-order axial modes in the structure, which
is why the wave is able to initiate the instability. In the absence
of damage, impulse-initiated buckling occurs due to the vibra-
tions of the structure due to the applied shock [2]. The closest
standoff excites higher-order vibrations with relatively high
velocities, which provides a sufficient perturbation to trigger
the collapse. In addition, previous research has shown that
short pulse durations characteristic of explosive loads neces-
sitate very high peak pressures to initiate an implosion [2]. For
these reasons, neither of the larger standoffs are capable of
causing a collapse from the initial shock alone, but rely on
subsequent growth of damage.

Conclusions

The explosive-initiated implosion of carbon/epoxy composite
tubes is studied for varying incident shock wave strengths.
High-speed photography, DIC measurements, and dynamic
pressure sensors are used to characterize the mechanisms of
collapse for each case studied. The completion of this study
has resulted in the following conclusions:

& A composite tube may implode at pressures 20% below
the critical static pressure if it experiences impulsive load-
ing from a nearby explosive.

& Explosive initiated implosions of composite tubes may
occur due to: (i) the initial shock, (ii) the bubble pulse,
or (iii) long after both of these features due to the accumu-
lation of damage.

& The failure of composite tubes under these shock wave
loading is fundamentally different from homogenous ma-
terials. It is largely governed by the damage created within
the material due to high magnitude tensile waves reflected
from the inner solid/air boundary.

& The implosion pulse generated from the collapse of the
tubes is typically obscured in the pressure history, howev-
er in the case of a long delayed collapse, this pulse may be
distinguished and is consistent with that generated in a
natural implosion.

& The DIC technique can be used to extract the initial
vibration response of the structure following loading,
and shows that higher order modes are excited for
closer standoffs distances leading to the dynamic
collapse.
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