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Abstract

Experimental studies were conducted to understand the effect of plate curvature on the blast
response of 32 layered carbon fiber panels. A shock tube apparatus was utilized to impart
controlled shock loading on carbon fiber panels having three different radii of curvatures;
infinity (panel A), 304.8 mm (panel B), and 111.76 mm (panel C). Panels with dimensions of
203.2 mm x 203.2 mm x 2 mm were held with clamped boundary conditions during the shock
loading. A 3D Digital Image Correlation (DIC) technique coupled with high speed photography
was used to obtain out-of-plane deflection and velocity, as well as in-plane strain on the back
face of the panels. Panel A and panel B had mid-point deflections of 14 mm and 18 mm,
respectively, before failure initiated. The mid-point deflection was 10 mm in panel C prior to
catastrophic failure. Macroscopic postmortem analysis was also performed on all the panels to
comprehend and compare the different mechanisms of failure observed in the three panels.
Basically, there are two types of failure mechanisms observed in all the three panels: fiber
breakage and inter-layer delamination. The fiber breakage was induced from the face exposed to
shock loading and continued inside. The delamination was visible on the side of the specimen as
well as on the face exposed to the shock loading. Macroscopic postmortem analysis and DIC
results showed that panel C can mitigate higher intensity (pressure) shock waves without
initiation of catastrophic damage in the panel. Panel B could sustain the least shock wave
intensity and had catastrophic failure (panel disintegrating into small pieces). Panel A could
mitigate the blast pressure having intensity in between the intensities impinging on the other two
panels.
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1 Introduction

A controlled experimental study has been conducted to understand the effect of plate curvature
on the blast response of carbon composite panels. Accidental explosions or bomb blasts cause
extreme loading on structures, which have both flat and curved geometries (as in the USS Cole
[1] and Oklahoma State [2] bombing). Therefore it is important to understand the effect of
curvature on the blast response. Also, a better understanding of the effect of curvature will help in
manufacturing new structures with better blast resistant property. Carbon composite panels
having three different radii of curvature were subjected to shock loading using a shock tube in
order to study their dynamic response. The choice of these panels was motivated by the study on
the ballistic response of these panels by Stargel [3]. Real-time and post-mortem analysis was
conducted on the panels to evaluate the effects of plate curvature on blast mitigation. In
particular, the midpoint transient deflection, velocity, and macroscopic post-mortem analysis of
the panels has been used to characterize the response of curved panels when subjected to a
controlled blast loading.

There is a large volume of literature dealing with the blast loading of structures [4-13]. For
brevity of space, only a few studies are mentioned here. Franz et al. [14] studied the response of
glassfiber chopped-strand mat laminates to air pressure blast. They found matrix cracking,
delamination/debonding, and penetration as final damage in monolithic and layered laminates
with varying areal density. Ochola et al. [15] concentrated on strain rate sensitivity of both
carbon fiber reinforced polymer and glass fiber reinforced polymer by testing a single laminate
configuration with strain rate varying from 10 and 450 s™. Results showed that the dynamic
material strength for GFRP increases with increasing strain rate and the strain to failure for both
CFRP and GFRP decreased with increasing strain rate. LeBlanc and Shukla [16] studied the
underwater shock loading response of E-glass/Vinyl ester curved composite panels. They used
the 3D-DIC system for measuring the transient response during the experiments. They also
compared the experimental results to simulation results obtained from the commercially available
Ls-Dyna finite element code, which showed a high level of correlation using the Russell error
measure. Shen et al. [17] experimentally investigated the response of sandwich panels with
aluminum face sheets and aluminum foam core. Panels with varying curvatures (two different
curvatures), and different core/face sheet configurations were tested at three different blast
intensities. They found that the initial curvature of the sandwich panel changes the deformation
mode and improved the performance of the structure when compared to equivalent flat plate.

The present study was performed using carbon fiber composite panels having three different
curvatures. The results from this study show that the plate curvature affects the blast mitigation
property. As the radius of curvature decreases (becomes more sharply curved), the response of
panels to sustain shock loading changes.

2. Experimental Procedure

2.1 Specimen Geometry and Material Details

Panels with three different radii of curvature were utilized in the experiments: infinite radius of
curvature (Panel A), 304.8 mm radius of curvature (Panel B) and 111.8 mm radius of curvature
(Panel C). The specimens are shown in fig. 1. The specimens were fabricated using ready-to-cure
sheets of unidirectional AS4/3501-6 material manufactured by the Hercules Corporation of
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Magna, Utah. These sheets were

manufactured by pulling a row of Panel B, me;sc mm
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the desired orientation, the panels Infinite
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were vacuum bagged and then
placed in autoclave for curing. The
curved panels were manufactured
in the same way as described Figure 1. Specimen Geometries

above with a difference that

cylindrically curved pre-forms were used for laminate lay-up and curing. The orientation of the
individual unidirectional plies that comprised the composite laminate was selected to simulate
quasi-isotropic properties ([0/90/+45/-45]4s). Each experiment was repeated three times to assure
consistent results. The specimens were 203 mm long x 203 mm wide x 2 mm thick, made out of
32 layers of carbon fibers. For the case of curved panels, the arc length of the curved edges
corresponds to the plate length.

curvature

2.2 Shock loading apparatus and loading conditions

The shock tube apparatus used in this study to obtain the controlled dynamic loading is shown in
fig. 2. A complete description of the shock tube and its calibration can be found in [19]. The
shock tube consists of a long rigid
cylinder, divided into a high-pressure
driver section and a low pressure driven
section, which are separated by a
diaphragm. By pressurizing the high-
pressure section a pressure difference
across the diaphragm is created. When
this pressure differential reaches a
critical value, the diaphragm ruptures.
The subsequent rapid release of gas
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creates a shock wave, which travels down the shock tube to impart shock loading on the
specimen at the muzzle end.
Space between top and base

plate where the specimen
sits

305 mm

Base fixture
(i) Panel A (i) Panel B (iii) Panel C

Figure 5. Loading Fixture

The shock tube utilized in the present study has an overall length of 8 m, consisting of driver,
driven, converging and muzzle sections. The diameter of the driver and driven section is 0.15 m.
The final muzzle diameter is 0.07 m. Two pressure transducers (fig. 3), mounted at the end of the
muzzle section measure the incident shock pressure and the reflected shock pressure during the
experiment. The incident shock wave pressure was kept constant for all of the experiments. A
typical pressure profile obtained at the transducer location closer to the specimen is shown in fig.
4. The specimens were shock loaded at three different pressures varying from 3 MPa to 8 MPa.
At each of the three pressures, experiments were repeated three times to validate the consistency.
The specimens were held with clamped boundary conditions on all the four edges. Appropriate
fixtures for holding each of the plate geometries are shown in fig. 5.

3. Experimental results and Discussion

3.1 DIC Analysis

The DIC technique is used to obtain the out-of-plane
deflections and velocities as well as the in-plane
strains on the back surface for all the three
geometries. The shock tube used in this study
provides a uniform pressure pulse over a circular area
of 4562 mm? (muzzle area). This is verified by the
DIC image of the out of plane displacement on flat
plate during shock impingement as shown in fig. 6.
The image taken at 50 ps shows that the flat panel
had a uniform deflection of 3 mm + 0.2 mm within a  Figure 6. Out of plane deflection at t = 50 ps
central region of diameter 72 mm. As the muzzle

diameter of the shock tube is 76 mm, the uniform deflection contour constitutes about 92% of the
total loaded area. This out of plane deflection decays to 0 mm from 3 mm in an area of thickness
3 mm beyond this central region.
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The full-field deflection
at the failure loading for
the panels is shown in
fig. 7. The total
deflection in  these
panels subjected to blast
loading comprises of raneis
two distinct regions,
namely, the indentation
region followed by the
flexural deflection (fig. raneic
8). During indentation,
localized deflection
superpose  onto  the Figure 7. Full field deflection of panels from 3D-DIC analysis

overall deflection. In case of flexure, the overall deflection starts to overpass the localized
deflection. The indentation deflection is localized around the loading area whereas a full field
deflection over the area of the specimen being loaded is predominant in flexural mode. Also, the
boundary conditions affect the deflection in case of flexural mode. Panels B and C had elliptical
deflection contour at 200 us. Since both these panels are curved, the shock wave impinges on the
projected area and creates localized elliptical deflection contour. Panel B had fluid-structure
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deflection contour in panel B Figure 8. Deformation mechanism observed in panels

starts changing to rectangular
shape because of the boundary conditions. Also, the deflection mode in panel B changes from
indentation to flexural mode at this time. The deflection in panel C continues to develop further
with  elliptical contour. The

deflection is primarily because of 2.00 i

indentation and boundary  z1.80 = = PanelA —
conditions do not affect the @
deflection contours. As such, it
retains  its  elliptical  shape
throughout the loading process.

3.2 Energy analysis
For a better understanding of the

energy mitigating behavior of the
panels, the incident energies need
to be same. Thus, the energy
distribution analysis for all the
three panels was also performed at Figure 9. Ratio of energy lost to remaining energy for the three panels
same loading pressure. The at failure loading.

incident energy was nearly same in all the three panels. The three panels had different amount of
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energy dissipation which depended on the individual blast mitigation property of the respective
curvature. Panel C had the maximum energy lost whereas panel B had the least energy lost. To
better understand the energy dissipation behavior of the panels, the ratio of energy lost to the
remaining energy was calculated and is shown in fig. 9. Panel C had the best energy mitigation as
the ratio of energy lost to the remaining energy is maximum. The curvature of panel C causes the
impinging energy on it to dissipate along its curved surface and improve the blast mitigation of
the panel.

3.3 Macroscopic post-mortem analysis

The post-mortem image of the shock loaded flat carbon composite panel A (at failure loading) is
shown in fig. 10. There is inter-layer delamination and fiber breakage evident in the post-mortem
analysis. The fiber breakage initiated from the clamping edges. To better understand the failure,
the panel was divided into three regions and a close postmortem analysis was done on each of the
regions. The close-up postmortem images of region 1 (fig. 10) shows that there is fiber breakage
in multiple layers. The fiber breakage continues up to 7 layers from the side which was subjected
to shock loading. Carbon composite panels are brittle. When they are subjected to shock loading,
there is deflection in the panel, but the clamping tries to restrain this deflection. This restrain
from the clamping causes the fiber breakage initiation. There is fiber breakage and delamination
which extends to the third layer, is visible in region 2. As seen in the macroscopic postmortem
image of region 2, there is transverse fiber breakage. The delamination and fiber breakage in
region 2 also started from the clamping boundary as in the region 1. There is fiber breakage and
delamination in region 3 around the clamping boundary. At the same time there is fiber breakage
and delamination on the edge of the panel as seen in the macroscopic post-mortem image of
region 3. Again, to brevity of space the post-mortem analysis for panel B and panel C will be
presented during the conference.

Delamination
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Breakage

Face Sheet

L Delamination
Delamination
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Figure 10. Post-mortem image of Panel A
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4. Conclusions

Three types of panels with varying curvature have been subjected to a controlled shock loading
using a shock tube. 3D DIC technique coupled with high speed photography is used to obtain the
out-of-plane deformation/velocity and in-plane strain on the back face of all the three panels.

1. The macroscopic post-mortem analysis and DIC deflection, velocity and in-plane strain
analysis shows that panel C (112 mm radius of curvature) is capable of sustaining the
highest threshold failure load.

2. The flexural deformation decreases and indentation deformation increases as the radius of
curvature decreases. There is a limit to which the radius of curvature can be decreased. As
the radius of curvature reduces to a limiting value, the shock wave will glide over the
surface.

3. The energy analysis showed that the Panel C (having least radius of curvature) had a higher
ratio of lost energy to the remaining energy. This shows that panel C had the best energy
dissipation property as compared to the other two curvatures.
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