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Abstract
Background  The vulnerability of polymeric composite sandwich structures in marine applications to air explosions 
highlights a significant gap in our understanding of the dynamic behavior of the curved sandwich structures, which is 
essential for design improvements.
Objective  This study aims to explore the dynamic response and failure mechanisms of curved sandwich composite panels 
subjected to air-blast loading, providing insights into their structural integrity under such conditions.
Methods  Experiments were performed using laboratory-simulated air shocks generated by a shock tube, employing high-speed 
photography and digital image correlation to measure deflections on the back surface of the panels. The panels, made with PVC 
closed-cell foam cores of two densities (H45 and H130), were tested across three curved geometries (radii of 112 mm, 305 mm, 
and infinity) under various boundary conditions.
Results  Findings indicate an increase in deformation with a decreased radius of curvature under simple support conditions, a 
trend that reverses under arrested displacement conditions. Moreover, a reduced radius significantly enhances panel strength 
and resistance to interfacial damage, with the primary failure mode transitioning from core shear cracking to interfacial 
debonding as core density increases.
Conclusions  The study reveals that the radius of curvature, boundary conditions, and core density significantly affect curved 
sandwich panels’ dynamic response and performance. Panels with smaller radii and higher core densities exhibit increased 
strength, though boundary conditions introduce variable effects on deformation behavior.

Keywords  Sandwich composites · Curved structures · Blast loading · Shock loading · Progressive damage

Introduction

Polymeric sandwich composites are prominent solutions for 
building marine structures. These structural systems are also 
comprised of curved sections, such as the bow of a ship, 
that are typically the first to be exposed to external load-
ings [1]. Utilizing a sandwich composite design allows these 
ships to achieve strength comparable to their metal coun-
terparts while significantly reducing weight and enhancing 

stealth properties. As a result, contemporary naval ships are 
increasingly adopting these materials for constructing light-
weight ship hulls and superstructures. Due to the potential 
vulnerability of these structures to blast-induced loads from 
explosions or other high-energy sources, it’s imperative to 
engineer them to withstand these extreme forces without 
catastrophic failure. The sandwich composite structure, 
consisting of two thin and stiff facesheets with a softer core 
material in between, serves this purpose. In blast mitigation, 
the loss of structural integrity is not a desirable outcome. 
The catastrophic damage in the context of these sandwich 
structures is the facesheet failure, causing the disintegration 
of the structure. The design of a sandwich composite struc-
ture is analogous to the cross-section of an I-beam wherein 
the facesheet bears flexural loads while the core manages 
transverse shear loads.

Various experimental studies have deepened our under-
standing of the response of composite structures under blast 
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loading conditions. Researchers have proposed passive tech-
niques to improve blast performance, such as higher imped-
ance mismatch at interfaces, graded core sandwiches, pro-
tective sacrificial cladding, laminate stacking with hybrid 
interlaminar material configurations, and techniques for redi-
recting or disrupting the blast wave [2–6]. Significant con-
tributions have also been made to characterize the dynamic 
response of polymeric sandwich composite structures to in-
air blast loading through experiments. For instance, Wang 
et al. [7, 8] performed laboratory-scale air shock loading 
experiments on sandwich beam specimens, revealing that 
specific configurations of better-dissipated energy and in-
plane compressive loads increase the damage to the face sheet 
exposed to blast. Gardner et al. [9, 10] and Tekalur et al. [11] 
experimented with various sandwich panel configurations 
to improve blast performance. Alanbay et al. [12] analyzed 
multilayered sandwich composite structures using a surro-
gate modeling-based optimization algorithm and developed 
optimal core layup configurations for minimum deflections 
and transmitted force.

Curved geometries are essential in naval structures due 
to design and manufacturing requirements, necessitating 
understanding the geometric effects of curved sandwich 
composite structures under shock loading. Previous stud-
ies, such as those by Kardomateas et al. [13], Rodcheuy 
et al. [14], Pradyumna et al. [15], and Hoo Fatt et al. [16], 
have developed various theories and models to predict the 
dynamic behavior of curved sandwich structures. However, 
limited experimental investigations exist on curved com-
posite panels exposed to blast loading. When loaded with 
a shock tube, Kumar et al. [17] found that curved carbon 
fiber-reinforced plastic laminates increased energy dissipa-
tion. Other researchers, like Langdon et al., Jing et al., and 
Shen et al. [18–20], reported similar findings on the dynamic 
behavior of curved sandwich panels under blast loading. Yet, 
most of the literature on curved sandwich panels has focused 
on postmortem observations.

This investigation captured the real-time blast response of 
curved sandwich composite panels with different curvatures 
under blast-induced impulsive loading. The panels, consist-
ing of a carbon fiber facesheet and a closed-cell PVC foam 
core, were tested using a shock tube apparatus. The study 
focuses on the following aspects –

1.	 Quantification of impulse transferred due to planar shock 
loading on single curve panels.

2.	 Influence of curvature and boundary conditions together 
on the dynamic response.

3.	 Role of core density on the failure of curved sandwich panels.
4.	 Damage progression and postmortem observations in 

sandwich panels.

The results reveal that for a given impulsive loading on the 
curved sandwich panels with simple edge support at boundary, 
deformation increases with the decrease in radius of curvature. 
However, with arrested displacement at boundary, there is 
reversal in the deformation trend. The sandwich panel with the 
least radius of curvature showed increase in the failure threshold 
and capability to resist interfacial damage. The increase in the 
density of core material resulted in transition of primary failure 
mode from shear cracking in the core to interfacial debond.

Materials and Experimental Methods

Specimen Design and Manufacturing

Specimen geometry selection

The sandwich composite panels chosen for this study meas-
ured 200 mm wide, with a 2 mm thick facesheet and a 9.5 
mm thick core. The curvature radius of these panels was 
selected based on the principal area moment of inertia for 
a curved cross-sectional sandwich. Equations (1) and (2) 
were employed to evaluate this curved cross-section’s area 
moment of inertia. Notably, the core’s contribution to the 
area moment of inertia was disregarded since its modulus 
was considerably smaller than that of the facesheet material.

where R1 , R2 , R3 , and R4 are the inner and outer radius of 
the bottom and top facesheet ( R1 < R2 < R3 < R4 ), y is 
the centroid distance of the curved cross-section sandwich 
composite from the center of curvature, and 2� is the angle 
subtended by the extreme edges at the center of the curved 
section. Figure 1(a) shows a schematic with the geometric 
details of a curved section.

The area moment of inertia (Iyy and Izz) was evaluated 
for the 178 mm wide curved cross-section sandwich with a 
2 mm thick facesheet and 9.5 mm thick core. The variation 
of the area moment of inertia with the inner radius of the 
curved section is shown in Fig. 1(b).

It was observed that when the inner radius is 600 mm or 
greater, the area moment of inertia closely resembles that of 
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a rectangular cross-section, which is indicated by a dashed 
line in Fig. 1(b). However, the area moment of inertia exhib-
its an exponential increase when the curved cross-section 
has an inner radius of less than 300 mm. For the scope of 
this study, we chose two curved sandwich panels with inner 
radii of 112 mm and 305 mm, in addition to a flat sand-
wich panel. This selection encompasses a wide range of area 
moment of inertia values, as depicted in Fig. 1(b).

In subsequent sections, the sandwich panels with inner 
radii of 112 mm, 305 mm, and infinity (representing the 
flat panel) are denoted as Panel A, Panel B, and Panel 
C, respectively. Figure 2 provides a schematic represen-
tation of the three chosen curved sandwich specimens, 
showcasing their specific dimensions. This figure also 
illustrates the distances (L) between the straight edges 
for the two boundary conditions (BC1 and BC2) used in 

this research, labeled as ‘L1’ and ‘L2’, respectively. An 
in-depth explanation of these boundary conditions can be 
found in "Experimental Setup" section.

Specimen manufacturing

The sandwich specimens were manufactured in-house using 
the closed-cell PVC (Divinycell® vinyl) foam provided by 
DIAB International (Laholm, Sweden) as the core. Woven 
carbon fiber (balanced, twill) prepregs produced by GURIT 
(Albacete, Spain) were utilized to fabricate the face sheets. 
The study used foam sheets with a thickness of 9.5 mm and 
two distinct density grades: H45 and H130. An epoxy-based 
resin film adhesive from GURIT was chosen to bond the 
face-sheet to the core. These material details can be found in 
Table 1. The PVC foam core was thermoformed to achieve 
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Fig. 1   (a) Sketch of curved cross-section (b) Area moment of inertia variation with inner radius for curved cross-section
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the desired curves. This process involved heating the foam 
sheets to a temperature of 5 °C below their maximum per-
missible processing temperatures [21] and pressing them 
into a thermoforming mold for 30 min.

The sandwich specimens were fabricated through the 
vacuum bag molding process. This entailed co-curing the 
woven prepreg with the thermoformed core, incorporating 
adhesive film at the interfaces. The curing was performed 
at 85 °C for 9 hours, with a sustained vacuum pressure of 1 
bar. Details of the manufacturing method, accompanied by 
process parameters and images of representative sandwich 
specimens, are presented in Fig. 3.

Experimental Setup

The sandwich panels were subjected to air shock loading, 
and their dynamic response was captured on the back face 

Table 1   Raw material specification and properties

Specification Density

Facesheet Twill woven prepreg 
(balanced)

416 gsm [22]

Core H45 52.1 ± 0.3 kg/m3

H130 143.9 ± 0.5 kg/m3

Film adhesive ST94 130 gsm

Vacuum bag

Breather fabric

Peel ply
Woven prepreg layers

[90/-45/45/0]

Epoxy adhesive layer

PVC foam (Thermoformed)

Woven prepreg layers

[0/45/-45/90]

Peel ply

Mold (Steel plate)

Core

PVC closed-cell foam

H45 and H130 grade

Mold: Thick curved plate

Thermoforming cycle
Soaking at

85°C (H45) and 105°C (H130)

Preheating – 20 mins

2 stage heating with clamps – 30 mins

Sandwich composite

Carbon fiber woven prepreg

+

Thermoformed PVC foam

+

Epoxy film adhesive

Curing cycle:
Temperature: 85 °C

Vacuum: 1 bar

Duration: 9 hours

(a) (b) (c)

Panel A Panel B Panel C

(d)

Fig. 3   Manufacturing process for sandwich composite panels (a) Thermoforming process (b) Curing cycle for sandwich panel (c) Schematic of 
vacuum bag molding process (d) Manufactured specimens (typical)
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sheet (opposite the loading face) using a high-speed stereo 
DIC (Digital Image Correlation) method. Figure 4 illus-
trates a schematic of the experimental setup, highlighting 
its essential components, such as the shock loading appa-
ratus, specimen boundary conditions, high-speed imaging 
mechanisms, and the application of DIC.

Shock loading apparatus

The study used a shock tube apparatus to produce controlled 
planar shock waves for loading the specimens. This shock 
tube is primarily divided into a brief driver section and an 
extended driven section, possessing a circular cross-section. 
The tube stretches over a length of 7 m. The inner diameters 
of the driver and driven sections measure 0.15 m, while the 
muzzle section near the loading end has a diameter of 0.076 
m. A stiff diaphragm membrane of mylar sheets separates 
the driver and driven sections. Pressuring the driver section 
until the membrane ruptures, the gas within quickly surges 
into the driven section. This abrupt motion generates a pres-
sure pulse, culminating in a planar shock wave front. This 
shock wave then travels through the shock tube’s muzzle, 
making contact and applying pressure to the specimen. A 
more detailed explanation of the operations of this apparatus 
can be found in previous work [23].

Boundary conditions and loading

The sandwich specimens, with their convex surfaces fac-
ing the shock tube muzzle, were held in place using a 
fixture, as illustrated in Fig. 4. This study employed two 
distinct fixtures to assess the impact of boundary condi-
tions. Figure 4(c) provides schematics of both fixtures, 
simulating two different boundary conditions: “Simple 
edge support” and “Arrested displacements” at the straight 
edges. For the simple edge support boundary condition, 
only the horizontal movement of the sandwich specimens 
was restrained. However, in the arrested displacements 
boundary condition, horizontal and vertical movements 
at the straight edges of the plates were inhibited, effec-
tively eliminating any motion in these directions. In the 
subsequent sections, the boundary conditions of simple 
edge support and arrested displacements are referred to 
as ‘BC1’ and ‘BC2’, respectively.

To assess the effect of boundary conditions on the panel’s 
response without causing damage under air shock loading, 
specimens with the ‘BC1’ as well as ‘BC2’ boundary con-
ditions underwent a low-intensity shock named ‘LS’, which 
had an approximate incident shock peak pressure magnitude 
of 0.5 MPa. Further, only the ‘BC1’ boundary condition was  
employed to investigate the effect of core density on the 

Fig. 4   (a) Experiment setup—
shock tube, the specimen with 
fixture assembly and high-speed 
cameras, (b) 2D schematic 
of experiment setup, and (c) 
Boundary conditions (BC1 & 
BC2)
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shock response of the curved sandwich panels as well as the 
damage progression in sandwich panels. The effect of core 
density on shock response was analyzed under ‘LS’ shock 
intensity. And, more intense shock, labeled ‘HS’, which had 
an approximate incident shock peak pressure magnitude of 
0.8 MPa, was only used to induce damage in the sandwich 
panels with high-density core. Compressed nitrogen gas was 
used in the driver section of the shock tube for the ‘LS’ 
intensity loading. In contrast, a 70:30 pressure ratio blend 
of Helium-Nitrogen gas facilitated the ‘HS’ shock loading.

Experimental Methodology

The sandwich composite specimens, with their convex sur-
faces facing the shock tube muzzle, were secured using fix-
tures designed to simulate the boundary condition BC1 or 
BC2. To generate the shock waves of the ‘LS’ intensity, the 
driver section of the shock tube was pressurized with Nitro-
gen gas. A Helium and Nitrogen gas mixture was utilized 
for the' HS' intensity shock.

Stereo Digital Image Correlation (DIC) was employed 
to quantify the deformations on the back facesheet of the 
sandwich panels, the side furthest from the loading end. 
Photron Fastcam Nova S12 cameras equipped with a 60 
mm AF micro Nikkor lens (from Nikon, Japan) were used 
to acquire high-speed images. These cameras captured 
images at 25,000 frames per second with a pixel resolution 
of 768 × 640. A Photron Fastcam SA1.1 camera featuring 
a 105 mm AF-DC Nikkor lens (also from Nikon, Japan) 
was also positioned perpendicular to the shock tube’s axis. 
Its purpose was to record any deformation and damage 
within the core. This camera operated at 20,000 frames 
per second and provided a pixel resolution of 192 × 832. 
The DIC analysis of the panel deformation was performed 
using a commercial software package: VIC 3D ver.9, 
developed by Correlated Solutions, located in Columbia, 
South Carolina.

Dynamic pressure sensors (Models 113B22 & 102B04) 
from PCB Piezotronics were employed to measure the shock 
pressure. Pressure data acquisition was recorded using a 
Tektronix digital oscilloscope (Model: DPO 3034), operat-
ing at a 25 MS/s sampling rate. The trigger output from the 

oscilloscope was channeled to the cameras, which prompted 
the commencement of high-speed image recording.

Table 2 provides a comprehensive overview of the experi-
ments presented in this study. The data encompasses both 
the associated loads and the boundary conditions. Each spec-
imen is designated in the table using the format X-HYYY-
ZZ: ‘X’ signifies whether the panel is A, B, or C (as illus-
trated in Fig. 3); ‘YYY’ represents the nominal core density 
in kg/m3; and ‘ZZ’ indicates the panel’s serial number. The 
sandwich panels with low-density core were also subjected 
to ‘LS’ shock load under boundary condition ‘BC2’. How-
ever, the obtained results were similar to the experimental 
results presented here and, therefore, not included in this 
manuscript to maintain brevity.

Results and Discussion

The results obtained from these experiments were compared 
to understand:

1.	 The interplay between a planar shock front and a curved 
structure.

2.	 The influence of curvature on structural response under 
varied boundary conditions.

3.	 The impact of core density on the structural response.
4.	 Damage progression and postmortem observations in 

sandwich panels.

Interaction of Shock Wave with Curved Geometries

In the shock tube, both the incident and reflected shock pres-
sures acting on the sandwich specimen were measured using 
the pressure sensor ‘S1’ positioned on the shock tube muz-
zle [23]. Under normal incidence, the reflected shock pres-
sure,P0 , is influenced solely by the incident shock strength 
(represented asy = Pi∕Patm )) and the ratio of the specific 
heat constants (given as� = Cp∕Cv ), as shown in equations 
(3) and (4).

(3)
P0

Pi

=
(2� + 1)y − �

�y + 1

Table 2   List of experiments Exp. No. Specimen Load BC Exp. No. Specimen Load BC

1 A-H130-01 LS BC1 7 A-H045-01 LS BC1
2 B-H130-01 LS BC1 8 B-H045-01 LS BC1
3 C-H130-01 LS BC1 9 C-H045-01 LS BC1
4 A-H130-02 LS BC2 10 A-H130-03 HS BC1
5 B-H130-02 LS BC2 11 B-H130-03 HS BC1
6 C-H130-02 LS BC2 12 C-H130-03 HS BC1
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Uniformity in the shock loading applied to the sandwich 
panels was validated by assessing the recorded incident 
shock pressure. Figure 5 delineates typical pressure profiles 
for Panels A, B, and C when subjected to low (LS) and high-
intensity (HS) shock loadings. The incident shock pressures 
for all panels A, B, and C were found to have the same mag-
nitude for the specified shock load intensities. Nevertheless, 
the reflected peak pressure, recorded via the muzzle sensor 
‘S1’, manifested variations. Panel A exhibited the lowest 
reflected pressure, while Panel C registered the highest.

The observed differences in the reflected pressure peaks 
can be attributed to two primary reasons:

1.	 The reflection of the planar shock front on the curved 
sandwich panels resulted in a non-uniform reflected 
pressure distribution due to oblique interactions.

2.	 There was a release of high-pressure gas through the gap 
between the muzzle and the curved panels. This release 
was notably small for Panel C, leading to a minimal 
decay of the reflected pressure from the panel surface 
to sensor 'S1’ [23].

As a result, the reflected pressure recorded by Sensor 
‘S1’ at the muzzle end diminished for Panels A and B. 
Furthermore, the pressure oscillations witnessed during 
low-intensity shock loading are believed to be a conse-
quence of fluid–structure interaction. Herein, structural 
oscillations manifest as pressure peaks the pressure sensor 

(4)� =
� − 1

� + 1

captures [24]. However, these pressure oscillations were 
absent when the panel incurred damage during loading. 
This observation is noticeable in the case of high-intensity 
shock loading, as illustrated in Fig. 5(b). As emphasized 
earlier, the reflected pressure from a planar shock front 
interacting with a cylindrical structure varies across the 
cylindrical surface. The reduction in reflected pressure 
due to the interaction of a planar shock with a cylindri-
cally curved structure given by Glasstone et al. [25] was 
digitized and reproduced in Fig. 6(a). This figure depicts 
the variation in the pressure ratio P�∕Po , where P� is the 
reflected shock pressure along the cylindrically curved 
surface, and Po is the reflected shock pressure under nor-
mal incidence, with the angle (�) subtended at the center 
of curvature, as shown in Fig. 6(b). Interestingly, the pres-
sure variation can be approximated as P�∕Po = cos(�) for 
angles up to 70°, as shown in Fig. 6(a).

Impulse plays a significant role in the dynamic response 
of structures subjected to explosive or shock loadings. The 
magnitude of impulse on the curved panels was analyti-
cally quantified. The incident and reflected shock pressure 
were applied on the curved surface exposed to shock load-
ing from the muzzle of the shock tube. However, due to 
the proximity of the specimen to the muzzle end, the shock 
diffraction was ignored. The schematic of a curved panel 
exposed to planar shock through a circular cross-section is 
shown in Fig. 6(c). The area of the curved panel, S, which 
is exposed to air shock emanating from the shock tube muz-
zle, can be estimated using equation (5), where the angle 
�, r, andR are sin−1(r∕R) , muzzle radius, and radius of cur-
vature of the convex cylindrical surface.
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For curved panels A and B, the panel surface area 
exposed to shock was calculated by considering ‘ r ’ as 38.1 
mm, and ‘ R ’ as 125.5 mm, and 318.5 mm for Panels A and 
B, respectively. The net pressure distribution at a given 
instant ‘t’ on the cylindrical surface can be mathematically 
written as P(t) = P�(t) + Pi(t) . Due to the symmetry of the 
curved sandwich panel, the net force acting on the struc-
ture is only due to the cosine component of the normal 
force, i.e., the force component along the direction of the 
traveling shock, and the net force on a panel at any given 
instant ‘t’ can be mathematically represented by equation 
(6). Further substituting the results in the expression for 
instantaneous force, F(t) as shown in equation (7).

(5)As = 4R2∫
�

0

√

r2

R2
− sin

2 � d�

Equation (8) gives the impulse I  , transferred to the 
cylindrical structure during shock loading, which is the 
time integral of the instantaneous force F(t) . The impulse 
is expressed in terms of the specific impulse (N-s/m2), 
due to the incident pressure, Iinc

0
= ∫ T+

0
Pi(t)dt and reflected 

pressure, Iref
0

= ∫ T+

0
Po(t)dt under the normal incidence of 

shock, for the duration of over-pressure.

(6)F(t) = ∫ A

((P0(t)cos � + Pi(t)) cos �)dA

(7)F(t) = �r2Pi(t) + 4Po(t)R
2∫

�
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√
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0
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Fig. 6   Reflected shock pressure variation along the cylindrical surface (a) Pressure ratio variation with angle � (b) Planar shock interaction with 
cylindrical structure (Schematic) [25] (c) Curved panel exposed to a planar shock through a circular cross-section muzzle (Schematic)
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The results of the net impulse transferred to the two 
curved sandwich panels normalized by the impulse trans-
ferred to the flat sandwich panel are given in Table 3. 
The difference in the normalized impulse on the sandwich 
panels considered in this study is marginal. It suggests 
that even though the curved panels A and B had a non-
uniform pressure distribution due to the oblique reflec-
tion of the planar shock wave, the net effect in terms of 
impulse was not significantly different from that of Panel 
C, as outlined in Table 3.

Despite the individual pressure variations due to curva-
ture, the net force applied by the shockwave on the panels 
over the shock duration remained same. Panel C, which had 
the least curvature and thus experienced more of a head-on 

shockwave, had a marginal increase of less than 1% in 
impulse compared to Panel A.

Effect of Curvature On Structural Response Under 
Simply Supported and Restricted Boundary 
Conditions

To comprehend the influence of curvature on the structural 
behavior of sandwich composites, experiments involving 
air shock loading were performed on sandwich composite 
panels (A, B, and C) with a high-density (H130) core and 
subjected to the ‘BC1’ and ‘BC2’ boundary condition. This 
study incorporated’LS’ intensity load, representing low-
intensity shock. The primary objective of the ‘LS’ loading 
was to capture the blast response of the sandwich panels 
without causing damage. The incident shock pressure for 
this experiment series was measured as 0.51 ± 0.03 MPa.

All sandwich panels with boundary conditions ‘BC1’ 
and ‘BC2’ subjected to the ‘LS’ load displayed oscillatory 
response following the initial peak displacement, remaining 
visibly undamaged. Each specimen’s out-of-plane back face 
deformation (furthest from the shock) was captured using 

Table 3   Impulse due to planar shock from the shock tube

Sandwich Panel Impulse (N-s) Normalized 
impulse

Panel A 4560.4Iinc
0

+ 4507.2I
ref

0
0.993

Panel B 4560.4Iinc
0

+ 4552.2I
ref

0
0.999

Panel C 4560.4(Iinc
0

+ I
ref

0
) 1

Fig. 7   DIC results for low-
intensity shock loading on 
curved sandwich panels with 
high-density PVC closed-cell 
foam core (a) Out-of-plane 
displacement contours for low-
intensity shock (Typical) (b) 
Center point out-of-plane dis-
placements for BC1 boundary 
condition under low-intensity 
shock loads (c) Center point 
out-of-plane displacements for 
BC2 boundary condition under 
low-intensity shock loads
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the stereo DIC camera setup, as detailed in "Experimental 
Setup" section. Figure 7(a) presents typical deformation pro-
files of sandwich panels with varying curvatures.

Figure 7(b) shows that for the first 0.5 ms, Panel A dis-
played the least center point displacement among all the 
sandwich panels with the ‘BC1’ boundary condition. The 
center point displacement was more pronounced for the 
panel with a larger curvature radius. However, even with 
the slowest center displacement rate, Panel A displayed the 
largest initial peak of center point displacement compared to 
the other panels. Figure 7(c) shows the center point deflec-
tion of the sandwich panels following the ‘BC2’ boundary 
condition. These sandwich panels registered a deflection 
magnitude notably lower than the peak deflections observed 
in panels governed by the ‘BC1’ boundary.

condition. Also, for the ‘BC2’ boundary condition, Panel A 
displayed the least peak deflection compared to the other two 
panels. This starkly contrasts the behavior noted for ‘BC1’ 
boundary conditions, where Panel A demonstrated the maxi-
mum peak deflection. Figure 7(c) shows a contrasting pattern 
in maximum deflection at the center of the specimens with 
boundary condition ‘BC2’. This opposite trend in peak deflec-
tions is the influence of the boundary conditions. This change 
in peak deflection behavior is due to the nonlinear distribu-
tion of bending moment along the curved surface, which is 
more pronounced for the panels with greater angular extent. 
The angular extent is the angle subtended by the boundary 
supports at the panel’s center of curvature. Xie et al. [26] 
observed similar behavior in their quasi-static three-point 
bend tests on curved sandwich beams.
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Further, the peak displacements with the ‘BC2’ bound-
ary condition, with the diminished deflection of Panel A, 
are because the net moment at any section under ‘BC2’ is 
smaller than that under the ‘BC1’ boundary condition. When 
employing the ‘BC2’ boundary condition, the vertical reac-
tion force counteracts the moment induced by the horizontal 
reaction force in curved panels. For panels of intermediate 
curvature, the net bending moment at any given section is 
also reduced under the ‘BC2’ boundary condition compared 
to the simple edge support ‘BC1’ boundary condition.

Effect of Core Density On Structural Response

The experiments aimed to discern the influence of core 
density on the deformation of curved composite sandwich 
panels. When the panels with a low-density core (H45 PVC 
closed-cell foam) with ‘BC1’ boundary condition were sub-
jected to ‘LS’ shock loading, they demonstrated a marked 
reduction in their strength compared to their high-density 
(H130) counterparts subjected to the same load. The dimin-
ished strength of the low-density core panels made them 
more susceptible to damage even at the given low-intensity 
‘LS’ shock load.

The recorded incident shock pressure for these experiments 
was 0.490 ± 0.024 MPa. All sandwich panels embedded with 
the H45 core, namely Panels A, B, and C, succumbed to cata-
strophic failure when subjected to the shock load. This shows 
the pronounced vulnerability of the panels when the core den-
sity is lowered. Further, to estimate the enhanced load capacity 
of sandwich panels with high-density (H130) core, the speci-
mens Panel A, B, and C with ‘BC1’ boundary conditions were 
subjected to high-intensity ‘HS’ shock loading. Under the ‘HS’ 
load condition, Panel A showed no visible damage, while pan-
els B and C showed catastrophic failure.

The deformation patterns exhibited by the low-density 
core panels resembled those observed in their high-density 
counterparts. The center point out-of-plane displacement 
contours for the sandwich panels with the high-density 
core are shown in Fig. 8(a). The center point displace-
ments extracted from the DIC results for low-density and  
high-density cores are shown in Fig. 8(b) and (c), respec-
tively. The results shown in Fig.  8(b) and (c) further 
supported a previously observed trend: Panel A consist-
ently registered the minimum center point displacement 
rate across all three sandwich panels. The rapid failure 
of sandwich panels with low-density cores highlights 
core density's pivotal role in the structural integrity of 
curved composite sandwich panels under shock loading. 
Figure 8(c) shows the center point displacements of all 
three sandwich panels with high-density cores under ‘HS’ 
intensity shock loading. The deformation trend of Panel A 
remains consistent, irrespective of core density and shock 

intensity. The results in Fig. 8 emphasize that while core 
density is critical in determining the threshold for failure, 
the intrinsic deformation trend of a panel is influenced by 
a combination of other factors, including its geometry and 
boundary conditions.

Hoo Fatt et al. [16] previously illustrated through numeri-
cal simulations that for curved sandwich panels with fixed 
boundary condition, the pressure threshold for failure 
decreases as the angular extent of the panels increases. Our 
experimental findings present a different trend from the 
numerical predictions; the curved panel with a larger angu-
lar extent exhibited a higher failure threshold. This devia-
tion may arise from Hoo Fatt et al.’s [16] assumption of a 
perfectly bonded interface in the numerical simulations.

Damage and Postmortem Observations

The high-speed imaging of the sandwich panels facilitated an 
understanding of the sequence and mechanisms of failure in 
these composite materials. The following sub-sections elabo-
rate on the postmortem observations of the sandwich panels 
with low-density (H45) and high-density (H130) cores.

Fig. 9   Damage progression in sandwich panels with low-density 
closed-cell PVC foam core (a) Panel A (b) Panel B
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Sandwich panels with low‑density (H45) core

All three sandwich panels, A, B, and C, embedded with low-
density core, showed catastrophic failure at ‘LS’ intensity 
shock loading. Also, panels B and C demonstrated analo-
gous damage progressions with this low-density core. Thus, 
their response is collectively shown in Fig. 9. Only one of 
these panels (Panel B) is compared with panel A to highlight 
the similarities and differences in the failure modes for these 
curved composite sandwich panels.

Failure in Highest Curvature Sandwich Panel  The first 
visible damage in Panel A was observed as a shear crack 
within the core at 900 μs. This crack advanced toward the 
front and back facesheets and transformed into an interfa-
cial crack upon reaching the facesheet-core interface. As 
Fig. 9(a) shows, crack propagation eventually led to interfa-
cial de-bonding between the core and facesheet. The sepa-
rated front facesheet, having lost its stiffness, underwent 
significant bending, and failed under compressive stress 
at 3500 μs.

Fig. 10   Postmortem observations on sandwich panels with low-density closed-cell PVC foam core (a) Panel A, (b) Panel B, (c) Panel C (d) 
Schematic of damage propagation in low-density core sandwich panels
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Failure in Intermediate Curvature and Flat Sandwich Pan‑
els  The onset of damage in Panel B was marked by a crack 
at 600 μs as seen from the side view camera. This crack was 
positioned proximate to the back facesheet of the sandwich 
panel. As it expanded, it vertically split the panel into two 
sections. A similar pattern of core damage was observed in 
Panel C. Overall, Panels B and C exhibited damage earlier 
and more rapidly than Panel A.

Figure 10 presents the images of the damaged sandwich 
panels comprising a low-density core. A post-examination 

of sandwich Panel A highlighted shear cracking along the 
panel’s width. These shear cracks, inclined to the panel’s 
curved profile, were also recorded through high-speed pho-
tography, as presented in Fig. 9(a). Panel A did not exhibit 
core crushing, unlike Panels B and C, which demonstrated 
evident core crushing during post-test analysis. The core of 
sandwich Panel B displayed a unique elliptical failure pat-
tern, as depicted in Fig. 10(b). The back facesheet retained an 
elliptically shaped core segment, creating a matching cavity 
in the front facesheet exposed to shock loading. A minor 
foam fragment was also observed at the center of the front 

Fig. 11   Damage progression in 
sandwich composite panels 
with high-density closed-cell 
PVC foam core (a) Panel B (b) 
Panel C
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facesheet. The flat sandwich panel, Panel C, broke into two 
distinct sections. The core largely remained attached to the 
back facesheet, leaving traces in the central section and cor-
ners of the front facesheet, as illustrated in Fig. 10(c). An 
elliptical failure contour characterized Panel B’s core, while 
a circular shape was evident in Panel C’s core. Figure 10(d) 
offers a schematic elucidating this elliptical/circular core 
pattern through a step-by-step damage progression in the 
sandwich beam, delineating the damage evolution into four 
distinct phases:

•	 Stage 1: The shockwave emanating from the shock tube 
muzzle induces indentation in the low-density core, caus-
ing core crushing. Concurrently, specimen deformation 
occurs, leading to shear cracks within the core.

•	 Stage 2: These shear cracks extend towards the 
facesheets, culminating in interfacial cracks.

•	 Stage 3: These interfacial cracks prompt the interfacial 
de-bonding between the core and the facesheet over time.

•	 Stage 4: The aftermath of a failed sandwich beam manifests 
as a void in the front facesheet, complemented by a corre-
sponding section of the core attached to the back facesheet.

In these experiments, the transverse shock loading on 
the wide sandwich panels manifests as the failure surface 
adopting a round geometric shape. The failure contours for 
Panel B and Panel C shown in Fig. 10(b) and (c) are ellip-
tical and circular geometry. The ellipticity of this contour 
changes with the curvature-induced stiffness inherent to 
the sandwich panel.

Furthermore, based on the high-speed imaging and post-
mortem observations of sandwich panels (Panel B and Panel 
C) with a low-density core subjected to 'LS' shock loading 
under 'BC2' boundary conditions, no discernible effect of 
boundary conditions was observed on the progression of 
damage or failure contours.

Besides the direct shock effects, damage to the sandwich 
panels also stems from the propagation of stress waves through 

Crack plane normal to curved profile
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Front facesheet

Flexure cracks
in core

Delamination in
Back facesheet

Front facesheet

Back facesheet

Delaminated ply from
Back facesheet

Marks of adhesive
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(b)

Fig. 12   Postmortem observations on sandwich panels with high-density closed-cell PVC foam core (a) Panel B (b) Panel C
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the panel. Damage in the sandwich core was estimated by 
assuming the linear elastic stress wave propagation through 
the facesheet and core materials. Analytical results revealed 
that the stress wave amplitude in the core stands at 90 kPa in 
compression, a value substantially below the core’s crushing 
strength (600 kPa at a strain rate of 103/sec, as reported by 
Wanchoo et al. [27]). Thus, the damage contributed to the core 
is primarily due to the deformation in sandwich panels.

Sandwich panels with high‑density (H130) core

Among the three sandwich panels, the Panel B and C 
incurred damage and catastrophic failure. However, Panel 
A didn’t exhibit any visible damage. Interestingly, panels 
B and C both displayed a consistent damage mechanism. 
Specifically, damage in these panels manifested near the free 
edge, close to the edge support.

Figure 11(a) shows the damage progression in Panel B. The 
inception of damage was marked by the first interfacial crack at 
2000 μs. This was located at the core-front face sheet interface, 
near the sandwich panel’s free edge. This crack continued to 
grow along the interface, extending toward the panel’s center, 
leading to an interfacial de-bond between the core and front 
face sheet. By 2250 μs, cracks within the core, normal to the 
interface, became noticeable at the core-front face sheet junc-
tion. This series of events ultimately resulted in the front face 
sheet buckling at 2900 μs.

Figure 11(b) depicts the damage evolution in sandwich 
Panel C. The onset of damage, observed at 2800 μs, simi-
larly began near the free edge and closely aligned with the 
support location. An interfacial de-bond was observed as 
this interfacial crack propagated towards the center. This 
subsequent reduction in stiffness led to the front face sheet of 
sandwich Panel C buckling by 3500 μs due to the compres-
sive stresses it underwent during bending.

Post-experiment analyses of damaged sandwich Panels 
B and C, both subjected to the ‘HS’ shock load, were per-
formed. Figures 12(a) and (b) show the resulting images of 
these damaged panels. It was noted that no core crushing 
manifested in Panels B and C, which is characteristic of.

high-density cores. The PVC close-cell H130 grade foam 
(from which the core was made) has a dynamic crushing 
strength exceeding 3.5 MPa [28]. The peak pressure the ‘HS’ 
shock load exerted was approximately 3 MPa, still below this 
dynamic crushing strength. As a result, the core’s deforma-
tion remained within the elastic limit. Both sandwich pan-
els predominantly showed de-bonding at the core-face sheet 
interface as their primary failure mode. Notably, Panel B’s 
core exhibited cracks that opened toward the front face sheet 
and spread normally to the sandwich panel’s curved pro-
file, ultimately extending toward the back face sheet. These 
cracks, largely attributed to flexural stresses in the core, 
emerged after the interfacial de-bond at the core-face sheet 

interface occurred, a phenomenon captured at 2250 μs, as 
shown in Fig. 11(a).

Sandwich Panel C, in its post-experiment state shown in 
Fig. 12(b), exhibited a single flexure crack located centrally. 
Interfacial de-bond was unmistakably evident, given the adhe-
sive remnants on both the core and the face sheet, further high-
lighted in Fig. 12(b). Another noteworthy observation was the 
delamination within the face sheets of both Panels B and C.

Conclusions

This experimental investigation delved into the dynamic behav-
ior of curved composite sandwich panels under shock loading. 
The study's primary objective was to understand the role of the 
radius of curvature, core density, and boundary conditions on 
the dynamic response of a sandwich structure. The out-of-plane 
displacements on the back face sheet of the sandwich panels 
were measured using high-speed imaging in tandem with stereo 
DIC. Concurrently, a high-speed camera on the unsupported 
side of the sandwich panels captured the damage progression. 
The research culminated in the following conclusions:

1.	 The net impulse transferred to the curved sandwich pan-
els was analytically evaluated and the results showed 
that all the curved sandwich panels (irrespective of the 
radius of curvature) experienced the same impulse for a 
given intensity of shock loading.

2.	 The interplay of panel curvature and boundary con-
ditions strongly influence the sandwich structure's 
dynamic response. Sandwich panels with simple edge 
support boundary conditions along the straight edges 
exhibit an increased deflection for panels with greater 
angular extent (or lesser radius of curvature). On the 
other hand, the sandwich panels show a contrasting 
response when the displacements are arrested at the 
boundary. The panels with greater angular extent show 
diminished out-of-plane displacements with arrested 
displacements at the boundary along straight edges.

3.	 The sandwich panels with greater angular extent deform 
at slower rate irrespective of the boundary conditions 
and the density of core.

4.	 The core crushing in sandwich composite panels reduces 
with the increase in the angular extent of the sandwich panel 
and the core with denser PVC closed-cell foam material.

5.	 The sandwich panels with higher density cores exhibit 
enhancement in threshold pressure for interfacial dam-
age and failure for the curved sandwich structures with 
greater angular extent. In addition, the panel deflections 
were diminished for higher-density core panels.

6.	 Damage progression and postmortem observations 
revealed that the failure mechanism in the sandwich 
panel changes with the density of PVC closed-cell 
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foam. However, the boundary conditions do not affect 
the damage progression and failure surface. The sand-
wich panels with low-density cores primarily fail from 
core cracking due to transverse shear stresses. However, 
this failure mode changes to interfacial de-bond at the 
core-facesheet interface towards the shock.
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