
Multiscale and Multidisciplinary Modeling, Experiments and Design (2018) 1:33–47
https://doi.org/10.1007/s41939-017-0004-6

ORIG INAL PAPER

Underwater nearfield blast performance of hydrothermally degraded
carbon–epoxy composite structures

Helio Matos1 · Carlos Javier1 · James LeBlanc2 · Arun Shukla1

Received: 6 November 2017 / Accepted: 16 December 2017 / Published online: 16 January 2018
© Springer International Publishing AG, part of Springer Nature 2017

Abstract
An experimental and computational study was conducted to evaluate the dynamic response of weathered biaxial composite
plates subjected to near-field explosive/blast loadings. Naval structures are subjected to aggressivemarine environments during
their service life that can significantly degrade their performance over time. The composite materials in this study are carbon–
epoxy composite plates with [0, 90]s and [45, − 45]s layups. The composites were aged rapidly through submersion in 65 ◦C
seawater for 35 and 70 days, which through Arrhenius’ methodology, simulates approximately 10 and 20 years of operating
conditions, respectively. Experiments were performed by clamping the composite plates to an air-backed enclosure inside an
underwater blast facility. During the experiments, an RP-503 explosive was submerged, behind the composite specimen, and
detonated. Meanwhile, transducers measured the pressure emitted by the explosive, and three high-speed cameras captured
the event. Two of the cameras were placed facing the specimen to measure full field displacement, velocities, and strains
through a 3D digital image correlation analysis. The third high-speed camera was used to record the explosive’s behavior and
bubble-to-specimen interaction. Additional experiments were performed to obtain the non-weathered and weathered material
properties as well as the residual strength post the blast experiments. Additionally, a coupled Eulerian–Lagrangian finite
element simulation was conducted to complement the experimental findings. Results show that the diffusion of water into the
composite material leads to a more prominent blast response as well as the degradation of mechanical properties, especially
shear properties which are dominated by the epoxy matrix. Residual strength experiments also show a substantial decrease in
the structural integrity post-blast loading for the weathered composites. Lastly, the numerical simulations showed substantial
increase in maximum strains with relatively small decreases in mechanical stiffness. Hence, even past the saturation point,
incremental changes in material properties can have a significant impact on mechanical performance.

Keywords Accelerated aging · Service life · Composites · Underwater experiments · Coupled Eulerian–Lagrangian ·
Fluid–structure interaction

1 Introduction

An experimental and computational investigation was con-
ducted to evaluate the dynamic response ofweathered biaxial
composite plates subjected to near-field explosive/blast load-
ings. This research arises from the concern of damage to naval
and marine composite structures such as ships, submarines,
and underwater vehicles (Mouritz et al. 2001; Graham-Jones
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and Summerscales 2016. During the service life of these
structures, their mechanical properties degrade from con-
tinuous exposure to an aggressive sea environment (Davies
2016). In undesirable circumstances, marine structures can
be further subjected to shock and blast loadings. If the degra-
dation of mechanical properties is not accounted for under
these highly dynamic conditions, the damages and losses
could be catastrophic.

A significant cause of mechanical degradation in compos-
ites in a marine environment is the diffusion of water into the
matrix material (Davies 2016). The diffusion process is rel-
atively well established and can be described by a diffusion
coefficient that is a function of parameters such as temper-
ature, type of resin and curing agent, surrounding medium
composition, fillers, and void content. The value for diffusion
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coefficient and the theoreticalmodels used to describe the dif-
fusion varies in previous studies of diffusion in composites
(Shirrell and Halpin 1977; Browning et al. 1977; Deiasi et al.
1980; Blikstad et al. 1984;Neumann andMarom1987;Amer
et al. 1996; Choqueuse and Davies 2008; Sar et al. 2012;
Joliff et al. 2012; Fichera et al. 2015; Popineau et al. 2005;
Choqueuse et al. 1997; Faguaga et al. 2012; Tual et al. 2015;
Gunti et al. 2016). A standard and well-accepted model for
epoxy resins, in terms of mass diffusions, is a Fickian model
(Popineau et al. 2005)whichusesFick’s second law topredict
how the concentration of a diffusive substance changes over
time within a material (Davies and Rajapakse 2014; Crank
1975).

Previous works used the Fickian model to study the prop-
erties changes during low strain rate loading of diffused
composites. These studies agreed that the mechanical prop-
erty degrades over time from an increase in mass, internal
stresses from swelling, and loss of interlaminar strength
(Choqueuse et al. 1997; Faguaga et al. 2012; Tual et al. 2015;
Gunti et al. 2016). Current research on the high strain rate
response of weathered composites is limited. Recently, there
has been a study that analyzes the shock response of weath-
ered composites plates within an air medium (Shillings et al.
2017). Moreover, many experimental and numerical studies
analyze the dynamic response of non-weathered composite
plates subjected to underwater explosives (Batra and Hassan
2007; Wei and Espinosa 2013; Leblanc and Shukla 2010,
2013; Leblanc et al. 2015).

The aim of this study is to understand how a com-
posite’s blast performance is affected by prolonged expo-
sure to seawater. This work experimentally and compu-
tationally analyses the dynamic response of weathered
composite plates subjected to nearfield underwater blasts.
In the experimental portion, a 3D digital image corre-
lation (DIC) technique is implemented to capture real-
time high-speed deformation to characterize the fluid–
structure interaction. In the computational portion, a cou-
pled Eulerian–Lagrangian (CEL) simulation was used to
simulate the experimental conditions to predict the com-
posite’s performance in scenarios beyond the experiments
performed.

2 Experimental procedures

2.1 Composite material

2.1.1 Material manufacturing

The composite materials used consist of four unidirectional
carbonfiber layerswith [0, 90]s and [45,−45]s layups. These
materials were manufactured by the University of Rhode
Island students at TPI Composites Inc. in Warren, RI. The
composites were manufactured from two layers of ±45 ◦
biaxial carbon fabric and an epoxy resin/hardener mixture.
The fabric material is Tenax HTS40 F13 24K 1600tex car-
bon fibers (1% polyurethane-based sizing finish) from Toho
Tenax Inc. in Rockwood, TN. Also, the resin/hardener is a
100/30 weight mixture of the RIMR135/RIMH137 epoxy
from Momentive Performance Materials Inc. in Waterford,
NY.

The epoxy mixture was drawn into the fabric by vacuum
infusion at a constant pressure of 730 mmHg. After hard-
ening, curing was performed by placing the composite plate
in an oven at 70 ◦C for 10 h. All specimens for both layups
were cut from a single sizeable composite sheet to minimize
variations in the epoxy mixture and fiber content. The final
product was a 1.26mm (0.050 in.) thick composite plate with
1% void content [(measured in accordance with ASTMStan-
dard D2734 (2016)] and 60% fiber volume content. Table 1
lists the product information and properties of interest for the
fiber, fabric, epoxy, and composite plate.

2.1.2 Mechanical testing

Quasi-static tensile and shear properties were obtained using
an Instron 5585 and following ASTM Standard D3039
(2014) (with [0, 90]s specimens) andASTMStandardD3518
(2013) (with [45,−45]s specimens), respectively. The strain
data were measured with 2-D DIC from images captured
by a Prosilica camera (model GC2450 from Allied Vision
Technologies GmbH in Stadtroda, Germany). The tensile
and shear tests were used to calculate the effective mate-
rial properties used in the computational models. The strain
rate sensitivity of carbon/epoxy composites, though not neg-

Table 1 Carbon and epoxy product information and properties

Carbon fiber Fabric Epoxy Composite plate

Manufacturer Toho Tenax Inc. Saertex LLC. Momentive Performance Materials Inc. University of Rhode Island

Product number HTS40 XC611 RIMR135/RIMH137 –

Density 1600tex (linear) 602 g/m2 (areal) 1150/955 kg/m3 1420 kg/m3

Wet/dry glass
transition
temperature
(◦C)

– – 72/86 72/86
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ligible, is minimal (especially for normal stresses) Gilat et al.
(2002); therefore, numerical results are reasonably compa-
rable to the actual (experimental) results. Lastly, quasi-static
compressive tests were performed on post-experiment spec-
imens using ASTM Standard D7137 (2012) to measure their
residual strength.

2.2 Weathering facility

The composites were submerged in a 3.5% NaCl solu-
tion [prepared in accordance with ASTM Standard D1141
(2013)] as shown in Fig. 1; this salinity matches the con-
centration of most ocean bodies. Before submersion, all
specimens were placed in a desiccator to dry for a minimum
of 72 h. In the submersion tank, four water heaters (Model
LXC from PolyScience in Niles, IL) are used to maintain a
constant temperature of 65 ◦C. It is crucial for the solution
temperature to be below the wet glass transition tempera-
ture of the composite material. Beyond glass transition, there
will be changes in the mechanical properties unrelated to the
aging aspect of this study (Browning et al. 1977). However,
a high temperature is still desired to attain a fast acceleration
factor. Therefore, a temperaturewell under thewet glass tran-
sition was chosen to weather the experimental specimens.

Fig. 1 Weathering facility setup

Float switches and water pumps are used to maintain a
constant water level. As water evaporates, one float switch in
the deionized water and one in the saltwater tank will inde-
pendently activate water pumps to replenish the lost water.
For this reason, the salinity remains constant, and water pas-
sively circulates as room temperature water is introduced.
Also, the composite materials were exposed to salt water
for 35 and 70 days. The blast experiments were performed
immediately after the specimens left the salt water bath (to
avoid moisture loss) as advised by ASTM Standard D5229
(2014).

2.3 Blast facility

2.3.1 Facility and specimen details

To perform the experiments, the underwater blast facility
shown in Fig. 2 is used. This facility holds 1800 L (475
gallons) of water (where the charge is placed) and 45 L (12
gallons) of air in a chamber separated by the composite spec-
imen. Also, the facility is made of a steel cubic shell that is
dimensioned 1.2× 1.2× 1.2 m3 (4× 4× 4 ft3) with a shell
thickness of 12.7 mm (0.5 in.). The composite specimen is
clamped between the water and air chambers with a 25.4 mm
(1 in.) all-around clamping width; leaving a 254× 254 mm2

(10 × 10 in.2) exposed area (see Fig. 2).
An RP-503 explosive (from Teledyne RISI, San Joaquin

County, CA) was used to load the composite structure. The
explosive charge is composed of 454 mg RDX and 167 mg
PETN contained within an outer plastic sleeve. For refer-
ence, it is energy equivalent to 1.5 g of TNT. Moreover, the
charge is submerged underwater, centered to the specimen,
and placed at a 152 mm (6 in.) standoff distance (addi-
tional standoff distances were also explored; see Table 2 for
details). Two dynamic pressure transducers (PCB 138A05,
PCB Piezotronics Inc. in Depew, NY) are located next to the

Fig. 2 Underwater blast facility
and experimental setup
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Table 2 Experimental details Cases Layup Standoff distance, mm (in.) Weathering time,
days (simulated years)

E45-0wd [45, −45]s 152 (6) 0

E45-0wd-2 [45, −45]s 114 (4.5) 0

E45-0wd-3 [45, −45]s 76 (3) 0

E45-35wd [45, −45]s 152 (6) 35 (10)

E45-70wd [45, −45]s 152 (6) 70 (20)

E90-0wd [0, 90]s 152 (6) 0

E90-70wd [0, 90]s 152 (6) 70 (20)

specimen and explosive (as illustrated in Fig. 2) at 152 mm
(6 in.) and 203 mm (8 in.) distances from the explosive. Dur-
ing the experiments, a Dash 8HF data acquisition system
(from AstroNova Inc. in Warwick, RI) captured the pressure
data at two mega samples per second.

Furthermore, two Photron SA1 high-speed cameras (from
Photron USA Inc. in San Diego, CA) are placed 14 ◦ apart
outside the blast facility and used to record high-speed
images of the specimen at 10,000 frames per second. Each
image has an 832 × 748 spatial pixel resolution, which is
approximately equivalent to 259× 287 cm (10.2× 11.3 in.)
view from the specimen’s center. The photographs from the
high-speed cameras are captured through the facility’s optical
windows. These images are later used for the DIC analysis.
Also, a third Photron SA1 camera is used (as shown in Fig. 2)
to record the explosive and bubble-to-structure interactions
at 10,000 frames per second (with a 576 × 992 spatial pixel
resolution; approximately equivalent to 186×320 cm).High-
intensity light sources (Super Sun-Gun SSG-400 from Frezzi
Energy Systems Inc. in Hawthorne, NJ; not shown in Fig. 2)
are used to illuminate the object for recording images. The
details of the experimental cases are summarized in Table 2.
Each experimental case has been repeated two times to vali-
date the results (three for the E45-0WD case in Table 2).

The composite specimen’s 254× 254mm2 (10× 10 in.2)
exposed area that is facing the high-speed cameras is coated
with high-contrast speckle patterns. The speckle patterns are
created by randomly placing flat-white paint dots (sized 9–
12 pixels per dot) on a flat-black painted background until
approximately 50% of the surface area of the specimens
is covered by the white dots. When clamping the com-
posite plate, a skin layer of silicone adhesive is applied to
the clamping surface to avoid water penetration into the air
chamber from the clamping boundaries; therefore, during the
experiments, the specimen haswater and air-fluid boundaries
similar to a ship hull.

2.3.2 Digital image correlation reliability

The high-speed images are analyzed using the commercially
available DIC software VIC3D 7 from Correlated Solutions,

Inc., Columbia, SC. During the DIC analysis, measurements
of the full-field displacements across the specimen’s view-
able surface are calculated by triangulating the position of
each unique feature in the speckle pattern. Previous work
(Gupta et al. 2014) outlines the calibration procedures that
validate the accuracy of the DIC results when capturing
images through an optical window (where changes in refrac-
tive index are present). It was found that the camera’s viewing
axis needs to be perpendicular to the opticalwindows in order
to minimize DIC displacement errors. This technique can
yield displacement errors in the order of 1.2 and 2.5% for
in-plane and out-of-plane measurements, respectively.

3 Numerical model

Acomputational finite element analysis (FEA)model similar
to previous work (Leblanc et al. 2015) was created with the
LS-DYNA code from the Livermore Software Technology
Corp. The model uses a CEL formulation that is capable
of capturing the fluid–structure interaction between the fluid
and composite plate as well as an accurate representation
of the explosive’s detonation. All models were constructed
using the CGS unit system, and simulations run in the double
precision mode of LS-DYNA’s Version 971, Release 9.1.0.

The FEA model consists of the air, composite specimen,
water, and RP-503 charge as shown in Fig. 3. This model is
representative of a subdomain from the full experimental test
facility for computational efficiency. The composite speci-
men, 120 mm of air, and 200 mm of water is included in the
modeled subdomain. The explosive is centered with respect
to the composite plate with a standoff distance of 152 mm.
During the experiments, the reflections from the tank walls
are relatively small in magnitude and have minor effects on
the composite’s response. Therefore, the experiments behave
as they would in a free-field condition (where no reflections
are present), and the model’s external fluid faces are set as
non-reflecting boundaries.

All Eulerian components in the model use a combination
of a material model definition and equation of state (EOS).
Forwater, density is defined as 1 g/cm3, and aGruneisenEOS
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Fig. 3 Finite element model
configuration

Table 3 RDX and JWL EOS material parameters (Dobratz 1972)

ρ (explosive density) 1.77 g/cm3

D (detonation velocity) 850e3 cm/s

Eo (detonation energy per unit volume) 5.93e10 dyn/cm2

P (Chapman–Jouguet pressure) 3.41e13 dyn/cm2

A (JWL linear coefficient) 7.78e12 dyn/cm2

B (JWL linear coefficient) 7.07e11 dyn/cm2

R1(JWL nonlinear coefficient) 4.485

R2 (JWL nonlinear coefficient) 1.068

ω (JWL nonlinear coefficient) 0.3

is used with a sound speed of 149,000 cm/s. For air, density
is defined as 0.0013 g/cm3 and a Linear Polynomial EOS is
used as a gamma law EOS (where C0 = C1 = C2 = C3 =
C6 = 0 andC4 = C5 = γ −1 = 0.4).TheRP-503 explosive
is created with a JWL EOS by assuming that it is composed
of 621 mg of RDX instead of the actual 454 mg of RDX
and 167 mg of PETN. This assumption is acceptable since
the explosive is mostly RDX and the JWL coefficient of the
PETN is similar to the RDX’s. The explosive’s physical and
JWL EOS parameters are provided in Table 3. More details
about EOSmodels and assumptions can be found in previous
work (Leblanc et al. 2015).

The composite plate is modeled using 3D continuum
solid elements through the thickness of the plate. Solid
elements were used instead of shell elements to estimate
interlaminar stresses/strains. Each ply of the composite lam-
inate is represented by a single layer of solids, with 4 in
total through the thickness. For the boundary conditions,
the plate’s out-of-plane displacements and rotations were
fully constrained at its edges. Also, during the experiments,
slippage on the clamped edges in the order of 1 mm was
observed. Hence, no in-plane restrictions were applied. The
amount of edge slippage from the numerical simulations
is consistent with DIC measurements. This slippage was
caused by the overwhelming loadingmagnitudeswhich over-

Table 4 Numerical cases details

Cases Layup Weatheringexposure(days)

C45-0wd [45, −45]s 0

C45-35wd [45, −45]s 35

C45-70wd [45, −45]s 70

C90-0wd [0, 90]s 0

C90-35wd [0, 90]s 35

C90-70wd [0, 90]s 70

came the clamping friction. Moreover, the density of the
plate was set to 1.42 g/cm3, and the effective stiffness of
the plate is defined in Sect. 4.2. Lastly, the composite dam-
age was modeled by LS-Dyna’s Mat_Composite_Damage
(Mat_022). This material definition encompasses failure cri-
terions of tensile, compression, and in-plane shear.

The loading on the composite plates occurs in a two-step
process. First, a quasi-static pressure (from the water column
weight) is uniformly applied over the face of the plate. Sub-
sequently, the explosive detonation is initiated which leads
to a transient response of the composite plate. In the compu-
tational part of this study, six different numerical cases are
analyzed as shown in Table 4. The cases consist of the 2 layup
configurations, [0, 90]s and [45/−45]s with three levels of
weathering (0, 35, and 70 days). All cases are evaluated with
the 152 mm charge standoff scenario.

4 Results and discussion

4.1 Weathering

FromArrhenius’methodology, thewater diffusion activation
energy (Ea) for an epoxy is assumed to be constant (Rice
2011). Therefore, a mass diffusion study was performed at
various temperatures (different diffusion rates) to obtain a
diffusion acceleration factor (AF) with respect to a specific
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Fig. 4 a Mass diffusion for five
temperatures and b logarithmic
relationship between diffusivity
and temperature

temperature. Themoisture absorptionwasmeasured for com-
posites submerged in 3.5% NaCl solutions at 5, 25, 45, 65,
and 85 ◦C in accordancewithASTMStandardD5229 (2014).
Note that thewet glass transition temperature (72 ◦C) is based
on the composite’s storage modulus and not its diffusion
activation energy. The composite’s diffusivity still follows
Arrhenius’ methodology at 85 ◦C even though its stiffness is
lower at this temperature. Therefore, this high temperature is
only used for the mass diffusion study and not for weathering
the experimental specimen.

Thewater diffusivity into the composite plate obeys Fick’s
second law of diffusion (Davies and Rajapakse 2014). Fick’s
second law was simplified into one dimension to calculate
the diffusion coefficient (D) using Eq. (1) (Crank 1975). The
diffusion coefficientwas calculated fromapoint that iswithin
the initial linear portion of the mass diffusion curve (≤ 50%
mass saturation). The diffusion coefficient was related to Ea

using Arrhenius’ equation. To solve for Ea, Eq. (2) was writ-
ten in logarithmic form as shown in Eq. (3), then−Ea/Rwas
found as the slope of the linear trend for the various diffu-
sion temperatures (Crank 1975). Figure 4a, b shows the mass
diffusion for different temperatures and the logarithmic rela-
tionship betweenD and Ea respectively; themarkers in Fig. 4
represents measured experimental data while the line trends
are the estimated exponential functions used to extrapolate
values needed.

D = π

t

(
h

4

Mt

Ms

)2

, (1)

D = Ce− Ea
RT , (2)

ln(D) = ln(C) − Ea

RT
, (3)

where t is time; Mt is the composite’s mass at time t; Ms

is the composite’s saturated mass; h is the composite plate’s
thickness; C is the diffusion constant; R is the universal gas
constant; and T is the temperature in the absolute scale.

After obtaining the activation energy for the composite
material, AF can be found as the ratio of diffusions at dif-
ferent temperatures as shown in Eq. (4) (Rice 2011). The
submersion specimens were kept at a constant tempera-
ture (T1 = 338 K), but the service temperature (T2) can
vary depending on the application. Hence, AF is application
dependent. For reference, if the average ocean temperature
(17 ◦C) is assumed to be the operational temperature, then 35
and 70 days of submersion approximates to 10 and 20 years
of service, respectively.

AF = Ce
− Ea

RT2

Ce
− Ea

RT1

= e

(
Ea
R

)(
T2−T1
T1T2

)
(4)

4.2 Mechanical properties

In the material model, a plane stress assumption is used for
the composite plate. Thematerials tested were from the same
batch of materials used to for the experimental specimen.
Therefore, effective properties (homogenized laminate prop-
erties) Vaughan and Gilbert (2001) were measured instead of

Table 5 Composite’s effective
mechanical properties Weathering time (days) 0 35 70

Ex , Ey (GPa) 78.4 ± 1.8 78.0 ± 2.1 74.9 ± 2.6

Vxy 0.039 ± 0.014 0.040 ± 0.010 0.042 ± 0.009

Failure normal strain (%) 1.46 ± 0.09 1.38 ± 0.09 1.36 ± 0.07

Gxy (GPa) 7.38 ± 0.19 5.32 ± 0.24 4.92 ± 0.22

Yield shear stress (kPa) 36.1 ± 1.1 25.3 ± 1.0 21.7 ± 0.6

Failure shear stress (kPa) 45.3 ± 1.2 41.3 ± 1.9 38.7 ± 2.6

Failure shear strain (%) 4.92 ± 0.79 7.25 ± 0.25 7.28 ± 0.89
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Fig. 5 a Fluid–structure interaction images, b pressure history from the explosive, and c bubble as well as surface cavitation pressure pulses

ply properties. Table 5 shows the effective elastic modulus
(Ex and Ey), Poisson’s ratio (vxy), shear modulus (Gxy),
and failure strains which were calculated with the standards
outlined in Sect. 2. The effective elastic modulus was the
same in both principal directions (Ex = Ey) since the layup
is symmetric and evenly balanced. The normal stress has a
linear behavior until failure, but the shear stress has a bilinear
behavior; the shear yield and failure stresses are also listed
in Table 5. Each result for the effective material properties in
Table 5 is calculated from six tests.

4.3 Blast response

During the experiments, the RP-503 underwater explosive
(UNDEX) combusts at t = 0 as shown in Fig. 5a. The high
pressures from the explosive loads the composite specimen
and also leads to the formation of a cavitation bubble at the
charge location at t = 3 ms. The cavitation bubble expands
spherically until it begins to interact with the composite plate.
As a result, its growth is skewed away from the composite.
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The bubble’s expansion peaks at t = 9 ms, which is when
the bubble begins to collapse from its low internal cavitation
pressure and high external pressure. During this collapse, the
surroundingfluid accelerates towards the bubble,which leads
to a new surface cavitation on the composite due to its close
proximity as seen in Fig. 5a at t = 15 ms. When the bubble
finally collapses at t = 22 ms, the composite’s surface is
fully engulfed by this new surface cavitation. Therefore, the
composite specimen does not react to the bubble collapse.
However, the pressures from the bubble collapse initiate the
surface cavitation collapse, which does so at t = 24 ms. The
bubble pulsation cycle is interrupted by the surface cavitation
collapse; hence the loading cycles of interest are completed
by this time.

Moreover, the high pressures from the explosive are shown
in Fig. 5b for different distances (each measured during a
different experiment). The shock from the explosive is dis-
tinguished by an immediate rise in pressure followed by
exponential decay. The amplitude of the explosive pressure
decreases spherically by 1/R from the explosive location.
When the explosive pressures are normalized in time for
charge distance and in magnitude by 1/R, the pressure trends
are nearly identical; hence the loading condition is highly
repeatable between experiments. Also, the reflections from
the tank’s boundaries are small relative to the initial explosive
pressures. Furthermore, the pressure from the bubble pulse
and surface cavitation collapse are shown in Fig. 5c for the

152 mm standoff case. The bubble pulse has a comparable
impulse to the initial explosive pulse due to its long duration.
The surface cavitation collapse has low recorded pressure
signatures. However, pressure signatures at this point in time
are partially blocked by the bubble. Even so, an acoustic
spike is seen when the surface cavitation’s water boundary
slaps against the composite plate, which leads to a substantial
amount of momentum transfer to the composite. Addition-
ally, the bubble pulse was nearly identical in magnitude as
well as duration between experiments and the surface cavi-
tation spike is only consistent in time (not shown in Fig. 5c).

4.4 Deformation and image analysis

Theout of plane deformation from the 3DDIC is illustrated in
Fig. 6, which shows center point displacements. Each of the
displacement curve shown is from one representative experi-
ment. The center point displacements for the non-weathered
[45, −45]s composite plate at different standoff distances is
shown in Fig. 6a. Decreasing the standoff distance leads to
higher loading pressure and higher deformation rates. The
displacement curves for the 76 and 114 mm standoff ended
when failure (in the form of through-thickness cracking) is
observed during the experiment (in the high-speed images).
For the 152 mm standoff distance, failure is not observed
during the experiments but is seen during the post-mortem
analysis.

Fig. 6 Center point
displacements for a [45, −45]s
non-weathered composites at
different standoff distances, b
[45, −45]s non-weathered
composite at 152 mm (6 in.)
standoff, c [45, −45]s
weathered composites, and d [0,
90]s weathered composites
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As loading initiated on the composite’s surface, it flexes
towards the air-side (forward) to a maximum displacement.
When the composite begins to rebound, the surface cavita-
tion (at vacuum pressure) begins at 8 ms, and the specimen
rapidly abruptly flexes towards its water side (backward) to a
magnitude beyond its initial displacement (seen 8 and 24ms).
At t = 24 ms, the surface cavitation collapses, and an abrupt
increase in displacement forward occurs once again as shown
by the full displacement cycle in Fig. 6b. Figure 6b also
illustrates the repeatability of the three experiments for the
E45-0wd case.

Weathering the composite plates led to an increase inmax-
imum displacements for the same loading condition. The
center point displacement curves for the [45, −45]s com-
posite plates at 152 mm (6 in) standoff are shown in Fig. 6c
for the non-weathered, 35 weathering days (WD), and 70
WD cases. After weathering the [45, −45]s composite for
35 days, the maximum center point displacements increase
by an average of 20%. An additional 5% increase in dis-
placement is seen for the 70 WD cases, which is a further
decrease in performance post-saturation. The response in 70
WD from 35 WD could be halted by the increase in damage
as it will be shown in the next section. Also, the stiffness of a
fully clamped plate increases with deformation; hence, fur-
ther changes from a highly deformed plate are countered by
immense resistance. The [0, 90]s composite plates behaved
similarly to the [45, −45]s plates. The 70 WD case for the
[0, 90]s layup had a center point displacement 15% higher
than the non-weathered case as shown in Fig. 6d.

4.5 Composite post-mortem

The post-mortem analysis revealed that damage increased
with weathering time. The main type of damage for the [45,
−45]s cases was interfibrillar, and through-thickness dam-
age near the plate’s corners is illustrated in Fig. 7a. In terms of
the 35WD and 70WD, there is a notable increase in average
crack length. This increase in crack length suggests further
material degradation from fiber/matrix debonding after satu-
ration. For the [0, 90]s cases, the damage was predominately
seen in the formofdelaminationnear its corners (not shown in
Fig. 7).Weathering the [0, 90]s specimen showed an increase
in damage in terms of increased delamination area. The dif-
ference in damage between [45, −45]s and [0, 90]s arises
from how the boundary interacts with the fiber orientation.
The deformation mode for a plate (mode 1) has diagonal
lobes. Hence, high strain levels diagonally and matrix crack-
ing (through-thickness) in the [45, −45]s plates. Also, when
the fiber direction is not perfectly aligned with the deforma-
tion lobes, interfibrillar cracking occurs during the through
thickness crack propagation. For the [0, 90]s, the diagonal
lobes lead to bend and twisting of the fibers, which forces
debonding/delamination. Fig. 7b shows the relative increase
in average crack length for the [45, −45]s cases, and the
relative increase in delamination area for the [0, 90]s cases.
Based on the [45, −45]s crack lengths, the damage levels
seem to increase with weathering time consistently.

Fig. 7 a Interfibrillar and through-thickness cracking for the [45, −45]s cases and b relative change in damage
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Fig. 8 Residual strength for the a [45, −45]s weathered composites, and b [0, 90]s weathered composites

4.6 Residual strength

Quasi-static compressive tests were performed on specimens
after the explosive/blast experiments using ASTM Standard
D7137 (2012) to measure and compare compressive residual
strength properties between non-weathered and weathered
samples. To perform this residual strength tests, the compos-
ite specimen was simply supported at the 254 × 254 mm2

(10 × 10 in.2) central area (same boundary locations as the
blast experiments) as shown in Fig. 8a. A schematic of the
boundary and loading condition is shown in Fig. 8b as well as
a model for the loading fixture in Fig. 8c. Figures 8d, e shows
the load applied in units of MPa versus the relative change in
length for the [45,−45]s and [0, 90]s cases, respectively. For
the [45,−45]s cases, the average ultimate strength decreases
by 29.6% after 35 WD, and 45.7% after 70 WD. For the [0,
90]s cases, the average residual strength decreases by 46.5%
after 70 WD.

During blast experiments, the difference in performance
between the 35WD and 70WD cases is not very distinguish-
able. However, a substantial decrease in residual strength
is observed between the 35 WD and 70 WD cases. This is

consistent with what was observed during the post-mortem.
For this reason, it is shown that material degradation for
carbon/epoxy composites occurs even after saturation from
additional chemical processes.

5 Numerical results

5.1 Numerical model correlation

The correlation between the computational model and the
corresponding experiment in terms of the UNDEX pressure
profile is shown in Fig. 9a as measured by the 152 mm stand-
off. The experimental trends seen in Fig. 9a, b were selected
from a representative experiment; experimental variation is
shown in Fig. 6b. In Fig. 9a, the peak pressure predicted by
the simulation is nearly identical to the value observed during
the experiment. The simulation shows a longer rise time and
similar decay time. The overall impulse between the two sig-
nals is comparable; hence, the UNDEX EOS definition and
parameters are deemed to be appropriate for this model. Fur-
thermore, the tank reflectionswere relatively small compared
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Fig. 9 Numerical and
experimental comparison in
terms of a pressure history at
152 mm from the explosive, and
b center point displacements for
the [45, −45]s non-weathered
case

to the initial load. Therefore, the non-reflective boundary
condition is also appropriate for this model.

The transient displacement time history of the center point
displacement for the E45-0wd and C45-0wd cases is shown
in Fig. 9b. Themodel captured the peak center point displace-
ments relativelywell, with the simulations overpredicting the
peak by ∼10–15%. However, the simulations show notable
discrepancies during the flexural motion of the composite.
The first discrepancy is the prolonged response in defor-
mation seen between 0.5 and 1.25 ms in the experiments.
This same prolonged response behavior in the experimental
data can be seen after the plate reaches its maximum dis-
placement and starts to recoil between 3.5 and 5 ms. These
discrepancies are believed to be the result of an underdefined
material model. The numerical model was from the effective
stiffness (homogenized laminate properties) of the compos-
ite. Hence, the full stiffness matrix or any rate dependency
was not specified in the model. With the current material
model, things such as delamination and other out-of-plane
failure mechanisms cannot be accounted for. However, the
maximum displacements and, in turn, maximum strains, can
still be predicted by the current material model. Moreover,
the displacement velocities leading up to the maximum dis-
placement, and velocities that soon follow, are well matched
during the simulations. Lastly, the surface cavitation to com-
posite interaction was not predicted by the numerical model.
Therefore, nothing after the maximum displacements/strains
will be considered in the following discussions.

5.2 Maximum strains

The maximum in-plane εxx strain field for the [45, −45]s
non-weathered numerical model is shown in Fig. 10a. For
all simulations, εxx and εyy are nearly the same; hence, they
will just be referred to as normal strains. The maximum nor-
mal strains are located in the lobes of the buckling mode,
at 57.2 mm (2.25 in.) away from the corners. Moreover, the
maximum strains (normal and shear) for all numerical cases

are listed in Table 6. The values in Table 6 are greater than
the failure strains listed in Table 5. These higher values are
expected since the transverse composite properties are not
incorporated into the failure model. However, the maximum
simulation strains are still valuable information because they
illustrate how the weathering affects strain levels.

Themaximumstrain values fromTable 6 are used to calcu-
late the relative failure probability as a function ofweathering
time with Eq. (5), where the maximum strains (normal and
shear) are subtracted from the non-weathered case strains
then divided by its respective failure strain (listed in Table 5).
The results from this calculation are illustrated in Fig. 10b.
Based on the normal strain data, failures fromnormal stresses
are strongly proportional to weathering time regardless of
saturation level. From the shear strain data, it is unclear if
there is a relationship between failure from shear stresses and
weathering time. All maximum strain values increase with
weathering time. However, the epoxy matrix itself becomes
more compliant (as shown by the decrease in stiffness and
higher failure strains in Table 5), which offsets the failure
probability as defined by Eq. (5). Furthermore, there is also
a proportional relationship between the failure probability
from normal stresses and damage accumulation in terms
of through-thickness cracking for the [45, −45]s cases as
illustrated in Fig. 10c. In turn, damage accumulation is also
proportional to weathering time regardless of saturation lev-
els as it was inferred by Fig. 7b.

(
εmax − εmax |WD=0

εfailure

)
100 (5)

5.3 Stress evolution

A comparison of the stress field in the [45, −45] and [0,
90]s laminates is shown in Fig. 11 for the no weathering
cases. The evolution and propagation of the stress field out
to the plate boundaries through time illustrate several trends
regarding the plate load distribution. Foremost the areas of
highest stresses are located in different areas of the plates
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Fig. 10 a εxx strain distribution for the numerical model at t = 1.1 ms, b relative change in failure probability vs weathering time, and c relative
change in failure probability vs through-thickness crack length for the [45, −45]s cases

for the respective configurations and also occur at different
points in time during the loading. The [45, −45]s case sus-
tains the highest stress state in the way of the corners with the
peak stress occurring at ∼ 0.2 ms after the onset of pressure
loading. Conversely, the [0, 90]s case sustains the highest
magnitude of stress along the vertical and horizontal plate
edges and is highly localized along a thin line. The highest
stresses in the [0, 90]s laminates occur at 0.40 ms, later in
time than the peak stresses in the [45,−45] cases. This illus-
trates how the laminate orientation could be used as “stress
guides” to direct the high stresses to areas in a structure (or
boundary) that are stronger or have higher dissipation prop-
erties (in the case of hybrid composites).

6 Conclusions

This work experimentally and numerically analyzed the
dynamic response of weathered composite plates subjected
to nearfield underwater blasts from explosives. The aim of

Table 6 Maximum strains for composite simulations with a 152 mm
(6 in.) standoff

Cases Maximum strains, εmax (%)

εxx / εyy εxy

C45-0wd 2.51 5.83

C45-35wd 2.52 8.63

C45-70wd 2.68 9.02

C90-0wd 2.41 2.74

C90-35wd 2.43 3.46

C90-70wd 2.57 3.66

this study was to understand better how a composite plate’s
blast performance is affected by prolonged exposure to sea-
water. The main findings of this study are as follows:

• Themechanical properties of the carbon–epoxy compos-
ites degraded even after its saturation point (after 35 days
of weathering) during hydrothermal degradation. Most
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Fig. 11 Stress field evolution
after charge combustion

notably, the shear properties had the highest degradation,
which is governed by the matrix material.

• The maximum center point displacements during the
blast experiments for the [45,−45]s composite increased
(+20%) between the non-weathered and 35 WD speci-
men. Only a small increase in displacements (+5%) was
attained by doubling the exposure to 70 WD. Similarly,
for the [0, 90]s composites, a 70 WD exposure yielded a
15% higher than the non-weathered case.

• The damage accumulation increased with weathering
time during the post-mortem analysis. The predominant
damage type is also different for the two layup con-
figurations. For the [45, −45]s cases, interfibrillar and
through-thickness cracking was the primary type of dam-
age. For the [0, 90]s cases, delamination was the main
type of damage. Also, the damage locations are consis-
tent with lobe locations for a mode 1 plate deformation
as it would be expected.

• Residual strength experiments showed a significant
decrease in performance between the 35 WD and 70
WD cases in comparison to the blast experiments. This
decrease in performance is consistent with the increase
in damage levels measured during the post-mortem. This
illustrates how material degradation occurs after satura-
tion. For the [45, −45]s composite plates, the average
residual strength decreased by 30% for the 35 WD case,
and 46% for the 70 WD when compared to the non-
weathered case.

• The effective material properties used in the numerical
model led to discrepancies such as simulation rise time
and rebound behavior. However, the properties and EOS
used in the model was able to predict center point peak
displacements, deformation shape, and explosive loading
profile. In the future, properties should be obtained from
parallel laminates at different angles aswell as strain rates
and use CLT to build rate-dependent stiffness matrices;
this would likely require a user subroutine to define the

material in numerical codes. Also, high rate failure prop-
erties should be obtained for future studies.

• Based on the normal strain data from Tables 5 and 6,
failures from normal stresses are strongly proportional
to weathering time regardless of saturation level. From
the shear strain data, it is unclear if there is a relationship
between failures from shear stresses andweathering time.

• Failure probability from normal stresses is proportional
to damage accumulation in terms of through-thickness
cracking for the [45, −45]s cases as illustrated in
Fig. 10c. In turn, damage accumulation is also propor-
tional to weathering time regardless of saturation levels
as it was inferred by Fig. 7b and previous conclusion.

• The laminate orientation could be used as “stress guides”
to direct the high stresses to areas in a structure (or bound-
ary) that are stronger or has higher dissipation properties
for dynamic applications.
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