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Significant reductions in the fluid structure interaction regulated transfer of impulse occur when sandwich panels with thin (light) front faces are impulsively loaded in water. A combined experimental and
computational simulation approach has been used to investigate this phenomenon during the compression
of honeycomb core sandwich panels. Square cell honeycomb panels with a core relative density of 5%
have been fabricated from 304 stainless steel. Back supported panels have been dynamically loaded in
through thickness compression using an explosive sheet to create a plane wave impulse in water. As
the impulse was increased, the ratio of transmitted to incident momentum decreased from the Taylor
limit of 2, for impulses that only elastically deformed the core, to a value of 1.5, when the peak incident
pressure caused inelastic core crushing. This reduction in transmitted impulse was slightly less than
that previously observed in similar experiments with a lower strength pyramidal lattice core and, in both
cases, was well above the ratio of 0.35 predicted for an unsupported front face. Core collapse was found
to occur by plastic buckling under both quasistatic and dynamic conditions. The buckling occurred first
at the stationary side of the core, and, in the dynamic case, was initiated by reflection of a plastic wave
at the (rigid) back face sheet-web interface. The transmitted stress through the back face sheet during
impulse loading depended upon the velocity of the front face, which was determined by the face sheet
thickness, the magnitude of the impulse, and the core strength. When the impulse was sufficient to cause
web buckling, the dynamic core strength increased with front face velocity. It rose from about 2 times
the quasistatic value at a front face initial velocity of 35 m/s to almost 3 times the quasistatic value for
an initial front face velocity of 104 m/s. The simulations indicate that this core hardening arises from
inertial stabilization of the webs, which delays the onset of their buckling. The simulations also indicate
that the peak pressure transmitted to a support structure from the water can be controlled by varying the
core relative density. Pressure mitigation factors of more than an order of magnitude appear feasible
using low relative density cores. The study reveals that for light front face sandwich panels the core
strength has a large effect upon impulse transfer and the loading history applied to support structures.

1. Introduction
Metallic sandwich panels with cellular cores have attracted significant attention for dynamic energy
absorption and impact mitigation [Baker et al. 1998; Fleck and Deshpande 2004; 2005; Hutchinson and
Xue 2005; Deshpande et al. 2006; Rathbun et al. 2006; Dharmasena et al. 2007b; Liang et al. 2007].
During impact with rigid objects, they reduce damage to the structures they protect by core crushing
and face sheet stretching at pressures significantly less than those created when an equivalent solid is
Keywords: sandwich panels, honeycomb cores, impulse loading, cellular structures.
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impacted. When sandwich panel structures are impulsively loaded in water, additional mitigation is possible because of beneficial fluid structure interactions (FSI) with thin face sheets [Fleck and Deshpande
2004; Hutchinson and Xue 2005].
The origin of the FSI enhancement arises from a reduction in the reflection coefficient of a normally
incident shock front with a solid structure. The pressure pulse from a detonation in water exhibits a sharp
rise to a peak pressure and is followed by a slower decay [Cole 1948]. The pressure, p(t), can be written
p(t) = p0 e−t/t0 ,
where p0 is the peak pressure, t is time measured from the peak in pressure and t0 is a characteristic time
constant. The impulse per unit area, I0 , transported by the pressure pulse through the fluid is given by
Z∞
I0 =

p(t)dt = p0 t0 .

0

Taylor [1963] showed that in the linear (acoustic) fluid propagation limit, the pressure pulse is totally
reflected at the surface of a rigid structure, or one with very heavy face sheets. The impulse I transmitted
to the structure is then twice that of the incident pulse. An extension of Taylor’s theory for FSI in air
blasts, which accounts for nonlinear compressibility and finite shock behavior, was recently proposed
[Kambouchev et al. 2006] and employed to assess the performance of all-metal sandwich plates under
high intensity air shocks [Vaziri and Hutchinson 2007]. In this the reflection coefficient depends upon
the peak pressure, and can reach a value of 8 for ideal gases, and higher values when dissociation occurs.
When an unsupported thin (light) panel or a sandwich panel with thin faces and a very weak core is
impulsively loaded in water, the front face sheet can move away from the impulse, and the transmitted
pressure and impulse are then less than the Taylor prediction [Taylor 1963; Fleck and Deshpande 2004;
Hutchinson and Xue 2005]. The effect is strongest for water borne impulses. In the acoustic limit, the
transmitted impulse I when a core has no strength depends only upon the thickness of the front face
sheet, the density of the material it is made of, and the decay time (t0 ) of the pulse, as
I = 2I0 q q/(1−q) ,
where
q=

(1)

ρw cw
t0 ,
ρh f

in which ρw is the density of and cw the speed of sound in the acoustic medium, and ρ is the density
and h f the thickness of the face sheet. The mass per unit area of the face sheet, m f , is the ρh f product.
The ratio ρw cw /m f is an important dimensionless quantity which controls the impulse transferred to a
plate structure. For very heavy plates, Equation (1) gives Taylor’s result, but for thinner plates, large
reductions in impulse can occur. For example, a 5 mm thick, 304 stainless steel plate loaded in water
has m f = 40 kg/m2 , ρw = 1000 kg/m3 , and cw = 1400 m/s. If t0 = 0.1 ms, q = 3.5, and the impulse
transmitted from water to such a face sheet is only 0.35 times that of the incident pulse.
In sandwich panels with strong cores, front face sheet motion is resisted by the core [Xue and Hutchinson 2006; Liang et al. 2007]. Recent measurements of the impulse transmitted into fully back supported
sandwich panels with pyramidal lattice cores and 4.8 mm thick stainless steel face sheets indicate the
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transmitted to incident impulse ratio is increased (from 0.35 for a free 5 mm thick plate) to ∼ 1.4 during
underwater impulsive loading [Wadley et al. 2007a]. This is significantly less than the Taylor result for
the rigid plate of the same mass per unit area as the sandwich panel. This result indicates that even
when the face sheet thickness is held constant, considerable changes in the impulse transferred to a back
supported structure can result from variations to the core crush resistance.
Recent analytical and numerical studies of edge supported panels subjected to dynamic loading have
confirmed that core crushing during distributed impulsive loading does affect impulse transfer [Baker
et al. 1998; Fleck and Deshpande 2004; 2005; Hutchinson and Xue 2005; 2006; Rathbun et al. 2006;
Tilbrook et al. 2006; Dharmasena et al. 2007b; Liang et al. 2007; McShane et al. 2007]. This crushing
behavior depends upon the cell topology, the material used to construct the cells, and the volume fraction
of cell material (the core relative density, ρ̄) [Tilbrook et al. 2006; McShane et al. 2007]. Numerous
sandwich panel core topologies have been investigated, including simple I cores [Liang et al. 2007], various honeycombs [Xue and Hutchinson 2004; 2006; Dharmasena et al. 2007b], (prismatic) corrugations
[Xue and Hutchinson 2004; Dharmasena et al. 2007a; McShane et al. 2007], and lattice truss structures
[Wadley et al. 2007a; Wei et al. 2007a]. Examples of these are schematically illustrated in Figure 1.
These theoretical assessments are being complimented with a variety of experiments designed to probe
the dynamic crush response of cellular structures. This required development of experimental methods
for the fabrication of sandwich panels from high ductility alloys [Tilbrook et al. 2006; McShane et al.
2007]. Honeycombs with cell dimensions in the 10 mm range can be made using a slotted sheet method
followed by transient liquid phase bonding [Wadley et al. 2003; Wadley 2006]. The corrugations and
lattices shown in Figure 1 can be made using sheet folding methods (in the latter case using a perforated
metal sheet) [Wadley et al. 2003; Wadley 2006].

I-core panel

Square honeycomb core panel

Double corrugation core panel

Pyramidal lattice truss core panel

Figure 1. Cellular core topologies.
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Several experimental techniques can be utilized to investigate the dynamic mechanical response of
sandwich panel structures [Radford et al. 2005; Lee et al. 2006a; 2006b; Rathbun et al. 2006; Dharmasena
et al. 2007b; Mori et al. 2007; Wadley et al. 2007a]. These include Kolsky bar methods [Lee et al. 2006a;
2006b] and gas gun experiments using metal foam projectiles [Radford et al. 2005; Rathbun et al. 2006]
and other impactors [Lee et al. 2006a; 2006b; Mori et al. 2007]. These have been coupled with high
speed photography to observe core crush mechanisms over a wide range of strain rates and incident
pressures [Radford et al. 2005; Lee et al. 2006a; 2006b; Rathbun et al. 2006; Mori et al. 2007]. Recent
water shock tube experiments have also been conducted on small scale metallic test structures with either
stochastic foam [Radford et al. 2005; Deshpande et al. 2006], pyramidal lattice [Lee et al. 2006a; Mori
et al. 2007], or square honeycomb [Rathbun et al. 2006; Mori et al. 2007] core topologies. These have
enabled the dynamic response of sandwich panel structures to be examined as a function of the front face
velocity (core crushing rate). All of these experiments indicate significant elevations of the quasistatic
core strength once the front face velocity is increased above about 20 m/s [Deshpande et al. 2006].
Experimental assessments of the core dynamic compressive strength of sandwich panels can also be
made using a novel explosive test technique, in which an explosive sheet is detonated inside a water
column positioned on top of a well supported sandwich panel [Wadley et al. 2007a]. The response of
the sandwich panel to the water borne impulse is then controlled by the charge mass, the charge to
sample (standoff) distance, and the FSI which defines the momentum transferred to the structure [Fleck
and Deshpande 2004; Hutchinson and Xue 2005; Liang et al. 2007]. The momentum transferred to the
front face of the sandwich panels in these tests depends in part upon the face sheet mass per unit area
[Hutchinson and Xue 2005; Liang et al. 2007]. As the momentum is acquired, the face sheet is quickly
accelerated to a peak velocity. The characteristic time for this is governed by the decay constant of the
exponentially decreasing pressure pulse [Cole 1948]. Movement of the front face compresses the core;
the front face is decelerated by the dynamic resistance force of the core and eventually brought to rest.
This resisting pressure can be measured at the back face, providing a good estimate of the core’s dynamic
compressive strength.
Finite element models (FEM) have been used to investigate the mechanisms of core crushing during
dynamic loading [Qiu et al. 2003; Rabczuk et al. 2004; Xue and Hutchinson 2004; Xue et al. 2005;
Tilbrook et al. 2006; Liang et al. 2007; McShane et al. 2007; Vaziri and Xue 2007]. The inelastic
deformation of the axially loaded webs in a honeycomb panel begins by propagation of a plastic wave
down the plate. If the back of the structure can support stress, reflection of the wave at the bottom face
sheet can cause a buckle to form near the bottom face sheet [Vaughn and Hutchinson 2006]. Dynamic
core hardening then results from three mechanisms: inertial resistance (to acceleration) of the core mass,
inertial stabilization against web buckling, and material strain rate hardening of the webs [Xue and
Hutchinson 2006]. The FEM analyses indicate that the three effects combine to dissipate the kinetic
energy acquired by an impulsively loaded sandwich panel structure.
The energy absorbed during the crushing of a square honeycomb lattice increases with the critical
buckling strain and is therefore sensitive to the mode of web collapse [Xue and Hutchinson 2006]. This
depends upon the web thickness, width and height (which also establish the cell size and relative density),
and the tangent modulus of the web material. Moreover, combining with an eigenvalue analysis, Xue
and Hutchinson [2006] have also conducted a set of computations to systematically explore the effects
of initial imperfection on the dynamic response of square honeycomb cores. They concluded that the
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velocity imparted to the front face also plays a significant role in governing the buckling mode of web
collapse such that the higher the velocity the shorter the buckling wavelength.
These studies reveal that the effective crush strength of a honeycomb core structure is a strong function
of the velocity of the front face during dynamic loading. For small crush strains, motion of the front
face is resisted by the reaction forces created when a plastic wave is propagated along the straight webs.
If strain hardening effects are weak, and therefore ignored, the dynamic strength of the core in the
nonbuckling regime is governed by the core’s dynamic yield stress, σYc D . In the plastic yield region of
core crushing, this can be estimated by
σc ∼
= σY D ρ̄,
YD

where σY D is the dynamic yield strength of the alloy and ρ̄ is the relative density of the core defined as
the volume fraction of the core occupied by the material. The dynamic strength of 304 stainless steel at
the loading rates of interest is not more than 20% higher than that measured quasistatically [Stout and
Follansbee 1986].
At higher impulses, web buckling is the dominant deformation mode. The analysis of honeycomb
web buckling from [Xue and Hutchinson 2006] led to the approximate relation between the dynamic
yield strength and core density
"
#
 E 1/2  υ
f
t
c ∼
(2)
− 1 σY ρ̄,
σY D = 1 +
E
cel εY
where E t is the linear hardening tangent modulus (measured quasistatically), E is the Young’s modulus,
cel is the elastic wave speed, υ f is the front face (crush) velocity, and σY and εY are the yield strength
and strain of the alloy, respectively. Equation (2) indicates that for fixed E and ρ̄, it is beneficial to use
alloys with high E t . Austenitic stainless steels exhibit this characteristic.
Here we use a simple corrugation method to fabricate square honeycomb sandwich panel structures
from a high ductility, high tangent modulus 304 stainless steel [Stout and Follansbee 1986], explained in
Section 2. In Section 3, the quasistatic compression response of the core has been measured and found to
be approximately three times stronger than the recently tested pyramidal lattice structures made from the
same alloy [Wadley et al. 2007a]. It therefore provides an opportunity to experimentally assess the role
of core strength (via a change in topology) upon impulse transmission during explosive loading. Test
panels with identical thickness face sheets to those of the pyramidal lattice were subjected to a range
of impulsive loads by varying the stand off distance between the test structure and a planar explosive
source (see Section 3). The backside pressure-time waveforms of the fully back supported test structures
were then monitored as they dynamically collapsed. Similar experiments were conducted with solid
cylinders to determine the incident impulse. A complementary numerical modeling study investigated
various aspects of the mechanical response of square honeycomb cores under this high intensity loading.
A 3-dimensional finite element model of the experimental setup was constructed, and is described in
detail in Section 4.1. The material models used in the computational schemes to represent the behavior of the water column and sandwich panel material are discussed in Section 4.2. In Section 4.3, a
finite element hydrocode analysis was carried out to predict the pressure applied to the panel due to the
underwater explosion. Finally, in Section 4.4, a simplified finite element unit cell model was used to
investigate the effect of core relative density upon the dynamics of the square honeycomb core. These

2030

WADLEY, DHARMASENA, QUEHEILLALT, CHEN, DUDT, KNIGHT, KIDDY, XUE

AND

VAZIRI

finite element calculations were carried out using the commercially available software ABAQUS/Explicit.
Experimental and numerical results are presented in Section 5 followed by a discussion of the results.
The study confirms significant, front face velocity dependent core strengthening in square honeycomb
structures. However, even though the dynamic honeycomb core strength is more than three times that
of pyramidal lattices, the impulse transferred to heavily loaded panels is only increased slightly. The
transmitted pressure appears controllable over wide ranges by varying the core density.
2. Sandwich panel fabrication
A sheet bending and brazing method was used to fabricate square honeycomb core sandwich panels from
304 stainless steel (see Figure 2). The core was fabricated by periodically bending 0.76 mm thick, 99 mm
wide steel sheet to create a corrugated structure with a 90◦ bend angle. The peak to peak corrugation
height was approximately 22 mm. Twelve of these corrugated panels were spot welded to create a square
honeycomb block. A brazing paste (Wall Colmonoy, Nicrobraz 51 alloy) was applied along the contact
edges. This assembly was placed between a pair of 4.8 mm thick, 304 stainless steel face plates which had
been spray coated with the same brazing alloy powder carried in a polymer binder. Four structures were
placed in a vacuum furnace and subjected to a high-temperature brazing treatment. The thermal cycle
consisted of heating at 10◦ C/min to 550◦ C, holding for 20 minutes (to volatilize and remove the polymer
binder), then further heating to 1050◦ C for 60 minutes at a base pressure of ∼ 10−4 torr before furnace
cooling to ambient temperature at ∼ 25◦ C/min. After brazing, 203 mm diameter cylindrical samples
were cut using a wire electro discharge machine to obtain the circular test samples for quasistatic and
dynamic testing. A photograph of one of the test structures is shown in Figure 3.

All dimensions in millimeters

Figure 2. Square honeycomb core and sandwich panel fabrication process.

DYNAMIC COMPRESSION OF SQUARE HONEYCOMB STRUCTURES

2031

Figure 3. 304SS square honeycomb “dynocrusher” test sample.
The relative density, ρ̄, of a square honeycomb structure can be calculated from the ratio of the metal
to unit cell volumes (see Figure 4),
t (2l − t) ∼ t
ρ̄ =
=2 .
l2
l
For the samples fabricated here, h = 89 mm, l = 31 mm, and t = 0.76 mm. This gives a core relative
density of ∼ 5%.
3. Quasistatic compression and impulse loading tests
3.1. Alloy mechanical properties. The fabrication process resulted in a core made of annealed 304 stainless steel. The yield strength and strain hardening characteristics of this alloy are sensitive to its thermal
history so the uniaxial stress strain response of similarly heat treated alloy specimens was measured
according to ASTM E8-01 specifications at a strain rate of 10−4 s−1 . The elastic modulus and 0.2% offset
yield strength were 203 GPa and 176 MPa, respectively. The strain hardening was well approximated by
a bilinear fit to the true stress strain data up to a strain of 20%. The tangent modulus in this strain region
was ∼ 2.1 GPa.
3.2. Quasistatic compression. One sandwich panel sample was loaded in uniaxial compression at a
strain rate of 5 × 10−4 s−1 ; its normalized stress strain response is shown in Figure 5a. The specimen

Figure 4. Square honeycomb core unit cell.
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exhibited a peak strength of 12 MPa coincident with the onset of web buckling (marked by the first arrow).
Two additional buckles were formed at strains of ∼ 25% and ∼ 50% before the core began to harden
rapidly at a strain of ∼ 70%. The first buckling event occurred near the bottom (stationary) end of the
sample. Figure 5b shows a cross section of the fully compressed sample. The onset of hardening at a
strain of 70% resulted from the impingement of the three buckles in each honeycomb web.
3.3. Dynamic loading tests. The dynamic response of the square honeycomb structures was determined
using the explosive test technique schematically illustrated in Figure 6. The test procedures were identical
to those previously reported [Wadley et al. 2007a]. Each test sample was placed on a specimen tray resting
on four high strength steel columns to which strain gauges were attached as shown. Prior calibrations in
a mechanical testing frame were used to convert the strain gauge signals to average pressure measured
at the back face of the specimen. Suitable band pass filtering techniques were used to increase the signal
to noise ratio. A steel cover plate was positioned over the specimen such that the top sample face was
flush with the top surface of the cover plate. A 0.9 m diameter cardboard cylinder (and plastic liner) was
then placed over the cover plate and filled with water. A 20.3 cm × 20.3 cm × 0.1 cm explosive sheet
was then positioned in the water at standoff distances H = 25.4 cm, 15.2 cm, or 10.2 cm above the top
sample surface. An analysis of the test and effects of the reverberations in the support columns upon the
results is presented elsewhere [Dharmasena et al. 2007a; Wei et al. 2007a].
3.4. Dynamic test calibration. The dynamic pulse loading system was calibrated using a solid 6061-T6
aluminum alloy cylinder whose outer dimensions were identical to the sandwich panel specimens. The

Figure 5. (a) Quasistatic response of 5% relative (core) density square honeycomb sample. (b) Compressed sample after quasistatic test.
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Figure 6. “Dynocrusher” test configuration.
“dry” side pressure for each test was obtained from the average of the four pressures converted from the
strain gage signals. Each of the pressure-time traces for the four load column signals was very similar
in amplitude and time response. The transmitted impulses were calculated by time integration of the
pressure-time waveforms. The “dry” side pressure versus time response and the transmitted impulse per
unit area waveforms for the different standoff distances have been reported elsewhere [Dharmasena et al.
2007a; Wadley et al. 2007a]. The peak pressure and transmitted impulses for the three standoffs are
summarized in Table 1.
4. Finite element simulations
4.1. Finite element model of the experimental setup. A computational model of the experimental setup
was developed to mimic the experiments performed on the dynamically loaded square honeycomb panels,
and to study various aspects of the mechanical response of the sandwich panel core. A schematic illustration of the model is shown in Figure 7. In the model, the water, face sheets, specimen tray, and four
gage columns were fully meshed using eight-node linear brick elements with reduced integration. Each
Standoff distance (cm)

Peak pressure (MPa)

Transmitted impulse (kPa·s)

25.4
15.2
10.2

27
40
52

6
9.9
11.8

Table 1. Effect of standoff on the transmitted pressure and impulse for solid cylinders.
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face sheet was discretized with two elements through the thickness. The honeycomb core walls were
meshed using four-node shell elements with finite membrane strains. Five section integration points with
Simpson’s integration rule were used in each shell element. Fifty elements were uniformly distributed
through the core thickness. The core webs were perfectly welded to the face sheet at the corresponding
connections. The contact between the bottom surface of the sandwich panel and the top surface of the
specimen tray was taken to be frictionless. As suggested by [Wei et al. 2007a; 2007b], the support base
beneath the gage columns was modeled as a parallel spring and dashpot pair capable of capturing its
elasticity and energy dissipation in terms of its overall response. The top surface of each gage column
was perfectly bonded to the specimen tray, while the bottom surface of each gage column was tied to
a rigid surface connected to the spring-dashpot pair. The bottom ends of the spring and dashpot were
fixed. The base, the spring, and the dashpot were allowed to move only vertically, with no transverse
displacements and rotations allowed.
4.2. Material properties. The water was modeled as an acoustic medium, with a bulk modulus set to
2.05 GPa and a density of 998.23 kg/m3 [Abaqus 2005]. To model fluid cavitation during reflection of
a waterborne impulse with the structure a cavitation pressure was simply set as zero, such that the fluid
undergoes free volume expansion when the pressure reaches zero. The sandwich panel was made of a
stainless steel alloy having a density of 7900 kg/m3 and a Poisson ratio of 0.3. In the simulations, the
Mises criterion was adopted to model yielding of the material. The true stress (σ ) versus true strain (ε)

Figure 7. Finite element model representation of the “dynocrusher” test.
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relation for the steel was taken to be bilinear for each value of plastic strain-rate, ε̇ p , as


 m 
ε̇ p
σY


1+
,
ε≤

 Eε,
E
ε̇0
σ=

 m 


 m 

 m 

ε̇ p
ε̇ p
ε̇ p
σY
σY


σ Y 1 +
+ Et ε −
1+
, ε>
1+
.
ε̇0
E
ε̇0
E
ε̇0
Here, E = 203 GPa, σY = 176 MPa, and E t = 2100 MPa. Dynamic measurements on stainless steels
are well represented using the values ε̇0 = 4.916 s−1 and m = 0.154. The specimen tray and the gage
columns were made of HY100 steel. Since the specimen tray and all the gage columns undergo elastic
deformation only, their mechanical behavior was specified by linear elasticity with elastic modulus of
205 GPa, a Poisson ratio of 0.3, and a density of 8000 kg/m3 . All the materials were assumed to be
sufficiently ductile that no fracture needed to be taken into account.
In order to calibrate the coefficients of the spring and dashpot, additional finite element simulations
were performed for the reference tests, where solid 6061-T6 aluminum alloy cylinders were used as the
specimens, as described in Section 4.2. The solid cylinders were fully meshed using eight-node linear
brick elements with reduced integration. A density of 2713 kg/m3 and a Poisson ratio of 0.33 were used
for the aluminum alloy cylinder simulations. In addition, its rate dependent stress strain relation was
specified by


σYAl

Al

ε,
ε
≤
E
,


E Al
σ= 

 Al m 

ε̇ p
σYAl
E Al − E tAl Al

Al


σ
+
E
ε
1
+
,
ε
>
,

t
Y
E Al
E Al
ε̇0Al
where the elastic modulus E Al = 70 GPa, the initial yield strength σYAl = 241 MPa, the tangent modulus
E tAl = 188 MPa, ε̇0 = 163000 s−1 , and m = 1.75. Other components of the test system were modeled
in the same way as discussed before. The calibration procedure for identifying the system compliance
is similar to that detailed in [Wei et al. 2007b]. As described in Section 4.2, three calibration tests were
performed with the solid cylinders. For a given spring stiffness and dashpot viscosity, the finite element
prediction of the transmitted pressure history was compared with the corresponding experimental data.
By adjusting the spring stiffness and the dashpot viscosity, the amplitudes of the transmitted signal and
echoes and the time intervals of the echoes were reasonably matched. A spring stiffness of 10 GN/m and
dashpot viscosity of 1 MN·s/m were found to approximately represent the system compliance.
4.3. Hydrocode analysis of the pressure history in water. The pressure fields in the fluid and at the
specimen-water interface following detonation of an explosive sheet were calculated using a fully coupled
Euler–Lagrange finite element hydrocode [Wardlaw and Luton 2000; Wardlaw et al. 2003]. The code
allowed the analysis of shock propagation through a fluid medium using an Eulerian solver and then
coupled it to the structural response of the solid target using a Lagrange code. Since the explosive
sheet was relatively thin (1 mm), and high spatial and temporal gradients of pressure existed in the fluid
medium, a fine Eulerian mesh in the direction of the target was used. The Euler run was started with
0.2 mm cells in the explosive sheet thickness direction and 0.4 mm divisions in the other two directions
(in the plane parallel to the explosive sheet). The explosive sheet was specified by its geometry, the
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explosive’s material properties, and by the detonation velocity using the Jones–Wilkins–Lee equations
of state for shock calculations [Wardlaw and Luton 2000; Wardlaw et al. 2003]. The pressure loading on
a rigid wall, representing the front surface of the solid cylinder, was calculated at four locations along
the radial direction measured from the shortest distance of impact of the blast wave.
The time sequences of pressures at various radial distances for standoff distances 25 cm, 15 cm, and
10 cm are shown in Figure 8. They show the pressure at the rigid sample surface as the wave front underwent reflection. These pressure-time histories were then used to apply the necessary loading conditions
at the top surface of the water column for the FEM sandwich panel calculations described in Section 4.2.
4.4. Numerical investigation on the fundamental dynamics of the unit cell response. Due to the periodicity of the square honeycomb core configuration, a simplified finite element model using only one
unit cell of the structure can be analyzed, and captures many aspects of dynamic responses of the core
[Rabczuk et al. 2004; Xue et al. 2005; Vaziri et al. 2006]. Full three-dimensional models of the square
honeycomb unit cell subjected to high intensity loading transmitted through water were developed by
detailed meshing of the core. The geometry of the unit cell model was consistent with the samples used
in the experimental investigations, and is shown in Figure 9. In this set of calculations, the high intensity
loading was simulated as an exponential decay pressure history applied to the top face of the water
column, which was modeled using acoustic elements. The material constants required for representing
the water characteristics and the sample alloy properties were same as those in Section 4.2. The unit
cell model was attached to a fixed rigid plate at its bottom face. In the computational model, the faces
and the core webs, as well as the water column, were fully meshed. The boundary conditions applied to
the unit cell on the edges of the face sheets and the core webs were consistent with sample symmetry
and periodicity. The developed unit cell model is essentially one periodic unit of a plate that is infinite
in both directions and which is subject to deformation due a pressure history that is transmitted through
water. A second series of simulations were conducted using cells of varying width to assess the effect
of the core density, and therefore strength, upon the transmitted pressure. The details of the calculations
were similar to previous studies [Rabczuk et al. 2004; Xue et al. 2005; Vaziri et al. 2006].

Figure 8. Pressure time loading on a rigid surface calculated from a DYSMAS hydrocode analysis for standoff distances of (a) 25.4 cm, (b) 15.2 cm, and (c) 10.2 cm.
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Figure 9. Square honeycomb unit cell finite element model.
5. Results
5.1. Sandwich panel responses. Figures 10 and 11 show the (dry side) pressure and impulse waveforms
for sandwich panel structures following detonations at standoffs of 25.4, 15.2, and 10.2 cm. Both experimental measurements and simulation results (using the approach described in Sections 4.2 and 4.3)
from the full 3-dimensional geometry model are shown. The peak pressure measured on the back side
of the specimens initially increased and then remained roughly constant as the standoff distance was
decreased. At the furthermost standoff of 25.4 cm, the transmitted pressure waveform, Figure 10a, was
very similar to that measured on the calibration solid cylinder [Dharmasena et al. 2007a; Wadley et al.
2007a], and consisted of a single dominant peak with weak ringing. The peak pressure was ∼ 25 MPa
and the maximum transmitted impulse was 5.6 kPa·s. The experimental and full geometry finite element
simulation results were generally in good agreement. This sandwich sample exhibited no evidence of
permanent buckling or axial compression (verified with measurements of the sample after testing) and
was therefore retested at a standoff of 10.2 cm (see Table 2).
Standoff distance (cm)

Peak pressure (MPa)

Transmitted impulse (kPa·s)

Compression (%)

25.4
15.2
10.2

25
35
26

5.6
8.2
9

−
6.2
29

Table 2. Effect of standoff on the experimentally measured transmitted pressure and
impulse for a stainless steel, square honeycomb structure with a core relative density
of 5%.
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Figure 10. Measured and calculated transmitted pressure-time responses of 304SS
square honeycomb core sandwich panels at standoff distances of (a) 25.4 cm, (b) 15.2 cm,
and (c) 10.2 cm.

Figure 11. Measured and calculated transmitted impulse time responses of 304SS
square honeycomb core sandwich panels at standoff distances of (a) 25.4 cm, (b) 15.2 cm,
and (c) 10.2 cm.
Figures 10b and 11b show the dry side pressure and impulse waveforms at a standoff of 15.2 cm.
The pressure response consisted of a main pressure peak with a small secondary peak followed by ring
down. In this case, the measured peak pressure increased to 35 MPa and the transmitted impulse rose to
∼ 8.2 kPa·s (after ∼ 2 ms). The secondary peak amplitude was ∼ 5 MPa and was delayed by about 0.3 ms
from the main pressure peak. The simulated peak pressure and impulse were in good agreement with the
experiments. The simulated peak pressure and impulse were ∼ 31 MPa and ∼ 8.5 kPa·s, respectively. The
initial rate of impulse transfer in the simulated response was slightly less than experimentally observed.
A cross sectional view of the sample is shown in Figure 12. The sample suffered an experimentally
measured, nonrecoverable axial compressive strain of 6.2%. Cooperative buckling across the full width
of the sample occurred close to the bottom (stationary) face. The beginning of a second set of buckles
was also evident near the top (wet side) of the specimen.
The pressure and impulse waveforms for a standoff distance of 10.2 cm are shown in Figures 10c
and 11c. In this case, three pressure peaks are evident, each separated by about 0.3 ms. The main (first
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Finite element simulation

Figure 12. Experimental (left) and predicted (right) cross sections of the final deformed
shapes at standoff distance of 15.2 cm.

Finite element simulation

Figure 13. Experimental (left) and predicted (right) cross sections of the final deformed
shapes at standoff distance of 10.2 cm.
arriving) peak had a peak pressure of ∼ 26 MPa. This was slightly lower than that observed for the 15.2 cm
standoff. This first peak was associated with the transfer of about a half the total impulse acquired by the
sample. When the two delayed pressure pulses were included, the transmitted impulse after 3 ms reached
∼ 9 kPa·s, (see Figure 11c). The predicted pressure response had a first peak of ∼ 32 MPa, but failed to
capture the two smaller pressure peaks in pressure-time history observed in the experiment (see Figure
10c). The total impulse was, however, similar to that measured experimentally (see Figure 11c). The
experiments indicate that core crushing and impulse transfer occurred in two distinct phases, whereas
only a single deformation phase was apparent in the simulations.
Cross sectional images of the experimental samples and simulation results help resolve the mechanisms of core response, and the source of the discrepancies between simulations and experiments in
the most heavily loaded scenario. Figure 13 shows the cross section of the specimen after testing at the
shortest standoff distance. The specimen underwent an axial plastic compressive strain of 29% (measured
at the center line). Extensive web buckling is evident with between 2 and 4 folds per web. The intense
loading of this sample tripped buckling near both the dry and wet side face sheets. It also resulted in
the wet side face sheet debonding from the core consistent with a tensile phase of loading (see Figure
10c between 1.2 and 1.7 ms). Examination of the core interior with the dry side face sheet removed
indicated that the peak to peak deflection (amplitude) of the buckles was about 40% of the honeycomb
wall spacing.
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A cross sectional view of the simulated final deformed configurations of the sandwich panels is also
shown in Figures 12 and 13 for standoff distances of 15.2 cm and 10.2 cm. The numerical simulations
capture the buckling of the core webs, as well as the face sheet deformation, reasonably well for the
15.2 cm standoff distance. For this case, both the finite element simulation and the experimental results
show that the core webs buckle near the bottom face sheet as plastic wave reflection occurs at the bottom
face sheet interface. For the 10.2 cm standoff case, the simulation again predicts extensive honeycomb
buckling near the bottom face sheet. A much smaller region of buckling near the top face sheet is
also evident. However, for the closest standoff (10.2 cm) case, the experiment exhibited buckling at the
bottom and top face sheets of roughly similar lateral core web displacement amplitude. At this close
standoff, the test sample also exhibited a “dishing” of the front face sheet resulting in more predominant
buckles forming at the center of the front face. This observation suggests that with the use of the centrally
detonated 20.3 cm × 20.3 cm explosive sheet (placed above the 20.3 cm diameter test samples), there is
a noticeable standoff distance effect on the planarity of the blast wave impacting the test samples. At
this highest intensity loading level, it is possible that the second set of buckles near the top face sheet
of the tested sample (see Figure 13) contributed to a second distinct phase of impulse transfer in the
experimental response, not observed in the simulation result (see Figure 11c). These differences in buckling patterns may be a consequence of imperfections present in the experimental samples but improperly
captured in the simulation geometry. The finite element simulations do show a region of significant
tensile loading similar to that observed in the experiments. This was presumed to be responsible for
top face sheet debonding. Figure 14 shows a time sequence of deformed sandwich panel cross sections
for the 10.2 cm standoff, and illustrates the tripping of buckles with progressive folding during the first
0.4 ms of crushing.
The predicted axial crushing strain of the core, defined as the relative displacement between the center
of the top and bottom face sheets divided by the original height of core, is plotted in Figure 15a as a
function of time. The simulations indicate that it takes around 0.4 ms for the honeycomb core to attain
its maximum strain. This corresponds to the period of impulse transfer seen in the experiments (see
Figure 11). The values of final crushing strains increased as the standoff distance was decreased, and
were reasonably similar to those measured (see Table 3). Figure 15b shows the core crush strain rate as a
function of time and the front face velocity (obtained by multiplying the strain rate by the core’s original
height). It can be seen that the predicted peak front face velocity increased with impulse from ∼ 35 m/s
to 104 m/s. There is some uncertainty in this estimate for the most intensely loaded experimental test,
since the impulse was transferred in two stages while the velocity was deduced from a simulation that
assumed more rapid impulse transfer.

Standoff distance (cm)

Experimental core strain (%)

Predicted Core strain (%)

25.4
15.2
10.2

−
6.2
29

7
18
30

Table 3. Comparison of the measured and predicted core strain.
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Figure 14. Time sequence of deformed shapes for a sandwich panel tested at the
10.2 cm standoff.

(a)

(b)

Figure 15. (a) Time dependence of the calculated effective core crushing strain of the
square honeycomb panels at standoff distances of 25.4, 15.2, and 10.2 cm. (b) Calculated
strain rates and front face velocities for the three standoff distances.
5.2. Unit cell simulation results. The unit cell computational models were used to investigate the effect of core relative density upon the pressure transmitted by a rigidly supported structure. The face
sheet thickness (at 4.8 mm) was held constant to enable the role of the core’s crush resistance to be
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independently assessed. The core relative density was adjusted by varying the unit cell size (varying the
honeycomb cell wall spacing). For each core configuration, the peak load ( p0 ) was increased from 5 to
200 MPa. In all cases, a characteristic time decay (t0 ) of 0.035 ms was chosen to be consistent with that
predicted by the hydrocode simulations.
Figure 16 shows the simulation responses for peak overpressures p0 = 50, 100, 150, and 200 MPa,
for relative densities between 2 and 7%. For the 7% relative density core (the strongest core analyzed),
the peak transmitted pressure increased monotonically from ∼ 30 MPa to ∼ 52 MPa as the impulse
loading was increased from 50 MPa to 200 MPa. For the 5% core, the peak pressure varied from ∼21
MPa to ∼ 38 MPa over the same overpressure range. Similar monotonic trends were observed from
the simulations of the lower core density unit cell samples. These results indicate that very significant
reductions in pressure can be achieved when low relative density core structures are used. For example,
a 2% relative density core transmits only 16 MPa when impacted by a 200 MPa peak pressure pulse. It
can be also seen that the width of the transmitted pressure pulse was inversely related to core density,
indicating that the reduction in impulse was not as great as the mitigation of pressure.
Figure 17 summarizes the peak transmitted pressure variation with p0 for each of the core relative
densities. The 7% density strongest core shows a linear relationship with p0 in the 25–200 MPa range.
The 5% core shows an increasing trend with p0 but at a lower rate of increase than the 7% core. As
the core density was further decreased, a weaker dependence of the peak transmitted pressure on p0 was
observed.
6. Discussion
When back supported sandwich panel structures with square honeycomb cores are impulsively loaded
in water to a level that is insufficient to cause inelastic core crushing, the transferred impulse and peak
pressure are identical to those transmitted through a (back supported) solid plate. It is close to the
Taylor predicted limit of 2I0 [Taylor 1963]. This has been corroborated by hydrocode simulations of
a planar explosive sheet detonated in water at variables distances from a rigid wall [Kiddy 2006]. The
experiments reported here indicated that when the incident impulse is able to cause buckling of the
honeycomb webs, the transmitted impulse drops significantly from this upper limit even though the back
face of the sandwich panel is fully supported and unable to move away from the water borne shock wave.
The effect of the incident overpressure, p0 , and resulting incident impulse strength, I0 , (varied here
by changing the standoff) upon the transmitted pressure and impulse are summarized in Figure 18 for
the experiments and simulations corresponding to the 3 standoff distances. As the incident impulse was
increased to 5 kPa·s (see Figure 18b), core crushing and web buckling were initiated and the transmitted
impulse was reduced by 20% compared to that of a solid sample at the same incident impulse. This
reduction increased to 25% when the square honeycomb panel was more heavily loaded. In this case, a
nearly 30% axial strain occurred in the sample and was accommodated by multiple cell wall buckling
events (see Figure 13). This reduction in impulse transfer to the honeycomb sandwich panels arises from
the motion of the wet side face sheet away from the incident impulse.
The impulse reductions achieved with honeycomb cores were only a little less than those obtained
using pyramidal lattice cores, even though the honeycomb was approximately three times more resistant
to quasistatic compression. This higher core strength resulted in a peak pressure transferred by the
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Figure 16. Calculated transmitted pressure response from the unit cell analysis, for different core densities and peak overpressures of (a) 50 MPa, (b) 100 MPa, (c) 150 MPa,
and (d) 200 MPa.
honeycomb core (at the 10.2 cm standoff) of ∼ 26 MPa, whereas an identically loaded pyramidal lattice
structure transmitted only 12 MPa. In the softer core system, the impulse rise time was larger, enabling
the total transferred impulse to reach a similar level to that of the honeycomb. Finite element analyses
of the honeycomb and pyramidal cores indicate that the maximum transmitted pressure was controlled
by the core dynamic strength, which depends upon the core topology and front face velocity during core
compression [Deshpande 2006; Radford et al. 2007]. Here, three different impulse loadings (corresponding to three standoff distances) were used and the front face acquired an initial velocity that depended
upon the impulse. Figure 15b shows the time derivative of the calculated strain versus time response (see
Figure 15a) and the calculated front face velocity of the back supported honeycomb sample of initial
core thickness 0.089 m. These velocities were then used with Equation (2) to estimate the dynamic
strength elevation of the square honeycomb core. In Table 4 this is compared with the peak pressure
deduced strengths (scaled by that measured quasistatically) for the three standoff distances. Reasonable
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Figure 17. Deformed configurations for the 7% (a) and 2% (c) density square honeycomb unit cells. The peak transmitted back face pressure variation with overpressures
( p0 ), for a core density range of 2–7% (b).
agreement is observed for the two larger standoff cases, whereas the shorter standoff experiment is again
consistent with a slower impulse transfer process.
Significant pressure reductions can be achieved by lowering the core relative density as illustrated in
Figure 17. However, for a given impulse load, increasing crush displacements are reached as the core
relative density (strength) is reduced. If core densification occurs, the impulse carried by the front face
is transferred to the supports, which then experience much higher pressure levels. This can be avoided
by designing sandwich panels to have a core thickness above an impulse dependent minimum value. In
Standoff distance (cm)

Calculated front face velocity (m/s)

25.4
15.2
10.2

35.6
88.9
103.7

Dynamic/quasistatic strength ratio
Predicted
Measured
1.73
2.98
3.32

2.08
2.92
2.12

Table 4. Effect of standoff on the front face velocity and the dynamic to static strength
ratio of the square honeycomb core.
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Figure 18. (a) The dependence of the transmitted pressure upon incident pressure.
(b) The variation of the transmitted impulse with incident impulse.
this case, the transmitted pressure is controlled by the dynamic crush strength of the core, σcD . The
required minimum thickness for the cellular core, h min , can be estimated from [Ashby et al. 2000] and
[Wadley et al. 2007b] as
I2
h min =
,
2m f σcD (1 − ρ̄)
where I is the impulse (momentum) per unit area imparted to the sandwich panel, m f the mass per unit
area of the front face sheet, ρ̄ the core relative density, and σcD the dynamic crush strength of the core
before densification is reached.
7. Summary
A combined experimental and computational simulation approach has been used to investigate impulse
transfer during underwater shock loading of back supported sandwich structures with square honeycomb
core topologies. The study indicates that significant impulse reductions occur, provided core crushing is
activated. The majority of the core crushing in square honeycomb core panels occurs by web buckling.
This appears to initiate at the dry side face sheet-web interface upon plastic wave reflection. The impulse
transferred to these sandwich panels lies below the Taylor predicted limit (2 p0 t0 ) for a rigidly supported
plate and above that of a free plate with mass per unit area corresponding to the wet side face sheet.
The impulse transferred to the square honeycomb panels was slightly higher than that transferred to
pyramidal core structures whose crush strength is lower than the honeycomb. The experimental study
indicates that the transmitted impulse rise time was increased in the sandwich panel systems. This
appears to result from the sequential tripping of regions of buckling within the most intensely loaded test
structures. For a fixed impulse, increasing the rise time of the transmitted impulse reduces the transmitted
pressure and provides beneficial dynamic pulse mitigation effects. “Weaker” core designs (for example a
multilayer lattice structure) enhance this beneficial feature, and reduce both the transmitted peak pressure
and the impulse under similar loading conditions. The fluid structure interaction for a sandwich panel
is influenced by the properties of the fluid medium, the thickness and the density of the face sheet, and
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the topology and strength of the sandwich core. Using a unit cell analysis, the face sheet has been
kept constant, and the core strength adjusted systematically by varying the core relative density. This
has enabled the investigation of the effects of the core strength on the transmitted pressure to a back
supported structure. It shows that the core relative density (for a selected sandwich core topology) can
be effectively used as a parameter to control the transmitted pressure, provided an adequate core thickness
can be used.
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