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Abstract An out-of-plane displacement analysis is conducted
on a circular composite disk in which a pre-stressed condition
is created by clamping the specimen along a tapered boundary.
This configuration is designed to lower the boundary stresses
when uniform pressures are subsequently applied during per-
meability tests developed to study potential microcracking
and permeability resistant material systems for cryogenic tank
usage. A finite element analysis of the pre-stressed condition
predicted a displacement field in which the location of the
maximum out-of-plane displacement did not coincide with
the principal material coordinate system despite the fact that
the specimen was symmetric with respect to its mid-plane and
uniformly clamped around the boundary. This was attributed
to variations in the terms contained in the bending stiffness
matrix which were shown to change as a function of the angle
measured relative to the principal material directions. The
finding was investigated by using the method of speckle me-
trology and digital image correlation to experimentally mea-
sure the displacement field. A comparison between the exper-
imental and analytical results showed a very good agreement,
thereby validating the finite element model and its prediction.

Keywords Composite materials . Finite element analysis .

Digital image correlation .Material behaviors . Structural
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Introduction

The National Aeronautics and Space Administration’s
(NASA) Space Technology Mission Directorate is currently
innovating, developing, testing and flying hardware for use in
future space exploration missions. Some near future goals for
the space industry are to develop safe and reliable launch
vehicles, reduce risk and cut the cost of launching a payload.
To achieve these goals, the next generation of space launch
vehicles must be more weight efficient. One potential weight
saving measure is to utilize composite materials for primary
structures, such as tanks for cryogenic propellants.

The performance of composite materials in a cryogenic
environment requires numerous tests to verify the stiffness
and strength. Furthermore, the degradation of the matrix ma-
terial when subjected to cyclic, cryogenic temperatures is of
great concern. As a result, a test program was developed to
study potential microcracking and permeability resistant ma-
terial systems for cryogenic tank usage.

In this paper, an out-of-plane displacement analysis is con-
ducted on a circular composite disk in which a pre-stressed
condition is created by clamping the specimen along a tapered
boundary. This configuration is designed to lower the bound-
ary stresses when uniform pressures are subsequently applied
in a device called the Cryogenic Biaxial Permeability Appa-
ratus (CBPA).

As described herein, a finite element analysis of this pre-
stressed condition was developed based on classical lamina-
tion theory for a composite disk loaded uniformly around the
boundary. The model predicted a displacement field in which
the location of the maximum out-of-plane displacement did
not coincide with the principal material coordinate system
despite the fact that the specimen was symmetric with respect
to its mid-plane and uniformly clamped around the boundary.
The method of speckle metrology and digital image
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correlation was used to experimentally measure the displace-
ment field and validate this finding.

Cryogenic Biaxial Permeability Apparatus (CBPA)

NASA’s Composite Cryogenic Technologies and Demon-
stration (CCTD) project was developed to advance the tech-
nologies required to develop lightweight composite cryogen-
ic propellant tanks applicable to heavy-lift launch vehicles,
propellant depots and future lander systems [1]. Success in
this project could lead to rocket propellant tanks that are
more than 30 % lighter and 25 % cheaper to fabricate com-
pared to the current state-of-the-art metallic tanks. Such ad-
vancements offer less cost for payload delivery to orbit and
the potential of enabling advanced human and robotic space
exploration missions [2].

In late 2014, NASA successfully completed a multitude of
tests on the 5.5-m diameter cryotank shown in Fig. 1. Engi-
neers added structural loads to the tank to replicate the phys-
ical stresses launch vehicles experience during flight. In other
tests, they filled the tank with nearly 113.5×103 l of liquid
hydrogen chilled to -253 degrees Centigrade. Pressure was
repeatedly cycled between 138 to 365 kPa, the pressure limit
for the tests. The tank successfully sustained the thermal en-
vironment of liquid hydrogen at these pressures [3].

This was particularly good news for NASA’s new heavy-
lift booster, the Space Launch System (SLS), where propellant
tanks will make up a large percentage of the dry weight of the
launch vehicle. The SLS rocket should be the most powerful
rocket ever built. It is designed to allow humans to explore
beyond Earth’s orbit into deep space. The SLS will launch
missions to Mars and perhaps an asteroid and will require a

more powerful propulsion system than the one that launched
astronauts to the Moon [4].

Utilizing composites for propellant tanks provides several
advantages: a potential weight reduction due to a lower den-
sity than aluminum, higher strength, and the stiffness can be
tailored to meet specific loading profiles. However, compos-
ites also present many manufacturing and performance ob-
stacles that currently impede their widespread use in large
cryogenic tanks.

The size of tooling, excessive exposure time of pre-
impregnated material during fabrication, and the availability
of a large diameter autoclave are just a few of the manufactur-
ing difficulties. Some of these issues are being addressed in
the CCDT project where, for example, an out-of-autoclave
manufacturing approach is being developed.

As mentioned in the introduction, the performance of com-
posite materials in a cryogenic environment requires numer-
ous tests to verify the stiffness and strength. Furthermore, the
degradation of the matrix material when subjected to cyclic,
cryogenic temperatures is of great concern. This was evident
in 1997 when the X-33 conformal composite sandwich tank
failed during a ground test. The failure investigation report [5]
highlights the probable cause as infiltration of hydrogen gas
through small cracks into the cells of the honeycomb core.
Subsequent warming resulted in high gas pressures within
the core. The pressure within the core caused the facesheets
and core to separate.

The small cracks or microcracks are a form of matrix ma-
terial degradation caused by excessive mechanical strain.
They can also occur due to excessive thermal strain, which
is due to differences between the coefficients of thermal ex-
pansion (CTE) of fibers and matrix materials. Since
microcracking can be caused by extreme temperature alone,

Fig. 1 One of the largest
composite cryotanks ever
constructed; photo courtesy of
NASA
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the use of composite materials for a cryogenic tank must be
thoroughly evaluated.

A consequence of matrix microcracking is permeability
defined as the slow leaking of gas through a material or, in
this case, a laminate. Simply put, if a sufficient number of
microcracks develop within each ply of a laminate, a network
of cracks can develop whichmay serve as a pathway for gas to
permeate through it.

A reliable method for testing potential materials for
microcracking and permeability would be to study a full-
scale tank, yet the costs associated with such a test, as well
as the expense to test manymaterial systems, make this option
too costly. Small pressurized filament-wound bottles provide a
biaxial strain field, but the pressures required to generate flight
strain levels are very high and can influence the permeability
through the walls of the vessel.

A test program to characterize a pressure vessel during
service should simulate the flight profile including cycling
pressure and temperature, so that a knowledge-base for full-
scale development and screening for potential materials can be
developed. This goal led to a test program conducted by
NASA’s MSFC to study potential microcracking and perme-
ability resistant material systems for cryogenic tank usage. As
a result, they developed a test conducted using a device called
the Cryogenic Biaxial Permeability Apparatus (CBPA) [6].

During development of the CBPA, designers envisioned
clamping the outer edge of a circular composite disk, subjecting
one surface to pressurized liquid hydrogen, and then performing
permeability measurements on the opposite surface at the center
of the specimen when bi-axial strains, ranging from 4000 to
6000 microstrain, occurred there. However, a finite element
analysis of the testing apparatus revealed that when pressures
sufficient to produce such strains at the center of the disk were
applied, significantly higher stains resulted in areas near the
clamped boundary, rendering the design impractical.

The problem was solved by introducing a tapered clamped
boundary so that regions near the clamped boundary were
preloaded. Figure 2 includes a schematic showing the pre-
assembled configuration of the CBPA. In this rendition, the
boundary is tapered upward and the specimen is loaded uni-
formly by pressurizing the chamber located below it. As
discussed later in the section labeled finite element analyses,
this configuration was designed and optimized so that once
pressurized, the effects of pre-stressing the regions near the
clamper boundary were reversed, allowing the strains at the
center of the disk to become predominate [7].

The two Invar rings, which have a matching taper, are used
to clamp the composite disk. Both rings have outside diame-
ters of 635 mm and inside diameters of 508 mm. An epoxy
layer is applied between the composite test specimen and the
upper ring that remains uncured during the clamping process.
The epoxy is allowed to cure prior to pressurization to prevent
slippage.

Forty fasteners, located on a bolt circle of diameter
572 mm, are used to clamp the composite disk between the
upper and lower rings. These fasteners, which are not shown
in the figure, pass through holes drilled in the upper ring and
thread into tapped holes in the lower ring.

An additional twenty fasteners, typical of that shown in
Fig. 2, are then used to clamp the assembly to the stainless
steel bucket. Provisions are made to prevent leakage between
the interfaces. The entire system is inverted during the test to
ensure the cryogen is in intimate contact with the composite
panel.

The process of pre-stressing the composite disk between
the two rings is termed the assembly. Initially, during the as-
sembly, the two rings induce a concentric ring loading that
continues for a majority of the process. Only near the end of
the assembly does the concentric ring loading transition to a
surface contact and provide uniform clamping.

Although stress and strain were the most important param-
eters quantified during CBPA development, analytical and
experimental studies were performed to quantify the out-of-
plane displacement profile of a typical laminate prior to pres-
surization [8]. Interestingly, the analyses predicted an out-of-
plane displacement field in which the location of the maxi-
mum out-of-plane displacement did not coincide with the
principal material coordinate system despite the fact that the
specimen was symmetric with respect to its mid-plane and
uniformly clamped around the boundary. The knowledge of
the displacement profile did little to impact the CBPA design,
since the surface displacement did not significantly affect per-
formance during the permeability test. However, this knowl-
edge could be important in other applications that involve

Fig. 2 Schematic of the CBPA pre-assembly configuration
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positioning of surface mounted components or utilizing
pointwise sensors to monitor displacement. Prior related re-
search, as well as the methodology and results pertaining to
this investigation follow.

Prior Related Research

There are many research papers addressing circular plates
subjected to uniform pressure loading and clamped boundary
conditions. However, research subjecting composites to a sim-
ilar loading as the assembly are less numerous. Notably,
Cavallaro et al. [9] addressed material property development
under biaxial strain induced by concentric rings while Zhang
and Gibson [10] utilized a finite element analysis to assist in
the development of a test program to subject elliptical plates to
concentric elliptical ring loading.

Cavallero et al. [9] explained that a majority of mechanical
property data of composites was developed using uniaxial
tensile loading. However, in many cases, composites are load-
ed biaxially; therefore, testing materials with biaxial loading
would be advantageous. The authors mention that the simple
concentric ring loading of disks has advantages of minimum
machining of the test specimens, no special grips and can
produce strain contours in the center. As with Zhang and Gib-
son [10], balanced cross-ply stacking sequences were studied,
thus a symmetric finite element model was used. The results
presented by Cavallaro et al. [9] show an asymmetric profile
of the transverse or out-of-plane displacements resulting from
the anisotropic nature of the laminate.

Notably, Lee and Sun [11] used finite element analyses to
study a clamped quasi-isotropic laminate with a concentric
loading applied at a radius of one-half the radius of the disk.
The authors present a graph of normalized out-of-plane dis-
placement around the circumference at different radii of inter-
est. Results do show variations in deflection; however, it is not
clear if the variation is skewed relative to the primary material
axes.

Methodology

Classical Lamination Theory

Classical lamination theory can be used to describe the overall
linear response of a multidirectional laminate subjected to in-
plane forces and out-of-plane bending moments [12]. The
laminate properties are based on the macromechanical prop-
erties of the individual lamina. As illustrated in Fig. 3, the
laminate geometry is defined as if each ply were assembled
on a flat surface (shown in black), with the first ply, or lamina,
on the bottom and the last ply on the top. The x-y orientation is

in-plane while the z-axis points upward, normal to the lami-
nate, with z=0 located at the mid thickness.

A slight deviation from the typical nomenclature was used to
define the thickness of each ply. In the present study, the letter k
represents the ply identification. The initial index for the first ply
is 1 as opposed to the customary use of 0 as seen in most text-
books. Thus, the ply thickness for each layer, tk, is defined by:

tk ¼ zkþ1−zk : ð1Þ

The reduced stiffness matrix for each ply, [Q ], is defined in
terms of the stresses (σ) and strains (ε) as:

σx
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τ xy

8<
:

9=
;
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Q12 Q22 Q26
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9=
;

k

: ð2Þ

One of the basic assumptions of thin plate theory is that the
strains are continuous through the thickness. This assumption
is based on the continuity of displacements through the thick-
ness, which is related to an assumption of perfect bonding
between adjacent lamina. Based on the Kirchoff-Love dis-
placement model, the components of strain consist of a
stretching of the mid-plane and a linear variation of strain
through the thickness of the laminate. Substituting the linear
variation of strain into the transformed reduced stiffness
stress–strain relationship results in the following expression
involving the mid-plane strains (ε0) and curvatures (κ):
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In classical lamination theory the focus is on the applied
forces and moments acting on the laminate. Hence, the stress-
es are integrated through the thickness to determine the force,
N, and moment, M, resultants. This yields:
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Fig. 3 Nomenclature for an N-layered laminate

Exp Mech



and
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Relating the force and bending resultants and the stress in
terms of mid-plane strains and curvatures yield:
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Noting that the mid-plane strains and curvatures are inde-
pendent of z and the transformed reduced stiffness matrix is a
constant within each lamina, the integrations can be replaced
with summations:
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Ai j ¼
XN

k¼1
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is the extensional stiffness,
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is the coupling stiffness (bending and extensional), and
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is the bending stiffness.

Finite Element Analyses

For this analysis, a principal material coordinate system was
oriented with its x-axis aligned with the fill tow direction, while
the y-axis corresponded to thewarp tow direction, and the z-axis
was in the out-of-plane direction. Eight plies made up the stack-
ing sequence [0/−45/90/45]s. The subscript “s” signifies that this
pattern is repeated once in reverse order resulting in a symmetric
laminate. Each ply was composed of HexTow IM7 carbon fiber
[13] placed within a HexPly 8552 epoxy matrix [14]. Table 1
includes the physical and mechanical properties provided by the
manufacturer for this composite material.

The optimum taper angle was determined in a prior investi-
gation byminimizing the outer fiber stress for the combination of
the stresses created by the assembly and the application of a
uniform pressure equal to 690 kPa [7]. In that investigation, the
8-ply stacking sequence of [0/−45/90/45/45/90/−45/0] was
modeled with plies each having a thickness of 0.140 mm. The
latter was provided to the investigator by a material testing group
and is slightly greater than the ply thickness listed in Table 1.

The procedure utilized the nonlinear solution capability of
NASTRAN, allowing the end condition of the assembly case
to be the initial condition of the pressure case. Taper angles
were increased in one-degree increments from zero to 15°. For
each angle, the assembly and assembly plus pressure stresses
were noted.

Figure 4 shows a graph of the maximum stresses within the
disk as a function of the taper angle for the assembly and
assembly plus pressure load conditions. The critical point is
located at the innermost boundary along the x-axis on the
uppermost ply. The graph shows that the assembly stresses
increase monotonically with increasing taper angle due to in-
creased bending. A downward trend in the assembly plus
pressure case occurs up to a taper angle of approximately
12° due to the pressure relieving the assembly strains.

Table 1 HexPly 8552 composite material

Physical properties

Fiber density 1.77 g/cm3

Filament count/tow 12 k

Resin density 1.30 g/cm3

Nominal cured ply thickness 0.131 mm

Nominal fiber volume 57.70 %

Nominal laminate density 1.57 g/cm3

Mechanical properties (25 °C; Dry)

0° Tensile strength 2724 MPa

90° Tensile strength 64 MPa

0° Tensile modulus 164 GPa

90° Tensile modulus 12 GPa

0° Compression strength 1690 MPa

0° Compression modulus 150 GPa

In-plane shear strength 120 MPa
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An angle of 12° was selected for the taper, since the min-
imum stresses for the assembly plus pressure condition oc-
curred for this configuration. The CBPA is typically run using
a pressure of 414 kPa which produces the required 4000
microstrain at the center of the panel in question.

The geometric nonlinear finite element simulations devel-
oped for the present study used the commercial finite element
package Abaqus 6.8-2/Standard and the finite element models
were built using Abaqus/CAE 6.8-2. Referring to the earlier
description of the CBPA and Fig. 2, only the two rings and the
composite disk were considered; the stainless steel bucket,
epoxy, and sealing provisions were not.

The 635 mm diameter disk was partitioned into four equal
regions, divided by the x- and y- axes. A circular partition of
520.7mm diameter created an outer annular region to be used in
contact definitions. The surface meshing parameter for the full
360° composite disk was free and quad-dominated, resulting in
primarily 4-noded S4R elements and a few S3 triangular ele-
ments. The room temperature material property was linear 2-D
orthotropic. The property assignment for the composite disk
was mid-surface and the 8-ply stacking sequence was modeled
with plies each having a thickness of 0.140 mm.

Each ply was oriented with respect to the global x-axis (0°)
and the composite disk was centered on the x-y plane. The
cross-sectional behavior through the thickness of the compos-
ite used Simpson’s rule with three integration points per ply
and was computed during the analysis. The finite element
simulations considered nonlinear geometry, since out-of-
plane displacements were expected to be much greater than
the composite disk thickness. In-plane rigid body translation
of the composite disk was eliminated by constraining the in-
plane movement of the center node.

The two rings were represented by three-dimensional analyt-
ical rigid surfaces, representing the ring profile surface that con-
tacts the disk during assembly (clamping). Each analytical rigid
surface was positionedwithin the assembly, such the peak of the
lower ring and outside edge of the upper ring were at the x-y
plane. The analytical rigid surfaces were constrained to control
their motion during the simulation. The lower surface was fixed
in space while the upper surface was free to move only normal

to the panel. The forty bolts that clamp the two rings together
were not considered; however, clamping was achieved by mov-
ing the upper analytical rigid surface downward towards the
lower surface through a distance of 11.05 mm.

Contact definition assigned the master surfaces to the ana-
lytical rigid surfaces and the slave surface as the panel. The
formulation was small sliding via a surface-to-surface
discretization method which excluded the shell thickness.

A mesh convergence study was performed on the assembly
using the percent change of the maximum out-of-plane dis-
placement as the criteria. The goal was less than a 1% change.
A global mesh based on element size was assigned to all
composite regions, initiating at 19.84 mm with each succes-
sive element size based on a 20 % reduction. Since this pro-
cess produced a fixed number of elements along the radial
direction within the outer annular contact region, higher local
element counts were forcibly assigned in this area. As a result
of this global/local approach, it became evident that the num-
ber of elements in the radial direction within the contact region
was the important factor for convergence.

Figure 5 shows what happened for each global element size
as the number of radial elements within the contact region was
increased from the globally produced count to 14 elements.
For all combinations of global/local sizes, the simulations
converged when there were at least 13 elements in the contact
region. Figure 6 illustrates that when this is the case, models
having all of the global mesh sizes considered behave similar-
ly; converging, with less than a 1 % change, to a maximum
out-of-plane displacement of 2.75 mm.

The out-of-plane deformation profile, obtained with a glob-
al mesh size of 12.7 mm and 14 elements along the radial
direction in the outer annular contact region, is shown in
Fig. 7. The out-of-plane displacement (w) is measured with
respect to a reference plane located at the innermost boundary
where w=0. Maximum values of 2.75 mm are located along
line AB, in the upper-left and lower-right quadrants, at radii of
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187.3 mm; and, angles of 166.0 and −14.0°, respectively,
measured as positive counterclockwise from the x-axis.

Experimental Testing

The surface profile of the laminated composite was measured
by using the method of speckle metrology and digital image
correlation (DIC) [15]. To implement this, paint was sprayed
onto the surface of a 635mm diameter composite disk in order
to obtain a contrasting random speckle pattern in the region of
interest (ROI). The method relied on two cameras, spaced a
finite distance apart, in order to generate the stereo data re-
quired to determine the out-of-plane displacement [16].

In the literature (see [17, 18] for a review), digital image
correlationmost frequently refers to the so-called subset-based
approaches that underlie most commercial DIC packages. The
basic strategy is to pair up local zones of interest (ZOI: subsets
of the ROI) which usually consist of rectangular windows.

The goal is to define correlation coefficients which define
the transformation of the ZOI between a reference and a de-
formed image [15]. The work described herein was performed
using a commercially available system developed by Corre-
lated Solutions, Incorporated [16]. The procedures recom-
mended by the vendor for calibration, image acquisition and
processing were followed.

Experimental Set-Up

While performing the experiments, the Invar rings shown in
Fig. 2 were replaced with stainless steel rings. This was done
to reduce the costs associated with the experimental investi-
gation and is acceptable because the favorable characteristic of
the low CTE associated with Invar was not required, since the
assembly was performed at room temperature.

Figure 8 shows a photograph of the overall test set-up with
the lower ring in place. The cameras and light were situated on
an elevated platform which allowed easy access to the rings
and fasteners for the assembly process. The 5M pixel (2448×
2048) cameras, manufactured by Point Grey Research, were
mounted on an extension bar held by a tripod.

The lower ring of the assembly was centered between two
legs of this tripod and each camera was directed toward the
center of the test article. The cameras were roughly 1 m above
the test article and 460 mm apart, resulting in an angle of
approximately 25° between their optical axes. The computer
and monitors were placed on a computer cart which could be
easily repositioned relative to the elevated platform.

Calibration

A calibration procedure was carried out to define the position
and orientation of a system-wide coordinate system, and the
location and orientation of each camera relative to it. This was
accomplished by using a card, provided by the vendor, which
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had a white background and 20 black dots, 25mm in diameter,
evenly spaced on 80 mm center to center spacing. The dots
were arranged in a 9×12 array and there were 3.07 pixels per
millimeter.

After all mounts and locks associated with the tripod and
cameras were secured, the calibration card was held fixed in
the field of view and an image captured. The card was tilted
and rotated in fifteen different orientations with images cap-
tured for each position. Then, the calibration process was per-
formed within the VIC-3D system using the default settings.

Speckle Pattern

A speckle template was used to achieve a consistent speckle
size and maintain the desired 50:50 ratio of white-to-black in
the speckle pattern. These attributes were important, since
large variations in speckle size and contrast can influence con-
vergence during image correlation.

The speckle template was generated using a computer pro-
gram developed by MSFC. According to the programmer, a
Visual Basic program was written to generate randomly sized
ellipses in two-dimensional space. Input parameters included
the overall dimensions of the template, the mean speckle di-
ameter, the ratio of white to black area, and the maximum and
minimum radii for the major and minor axes of the ellipses.
The computer program randomly selected a starting point and
created an ellipse with random major and minor diameters. It
also added a white area buffer that future ellipses cannot over-
lap. For each successive speckle or ellipse, the computer pro-
gram randomly selected a location and geometry and checked
for overlap. If an interference condition existed, programming
loops continued to try to find another location for the speckle.
If such continued efforts failed, the program tried to fit another
ellipse. Additional programming loops determined if the

overall white-to-black ratio was achieved and, if so, would
terminate the program.

The result was a scalable vector graphics (SVG) file that
could be read by a vinyl cutting machine, such as the Graphtec
FC7000. Typically, these cutters trim thin vinyl sheets with an
adhesive backing to serve as masking for paint or
sandblasting. In this case, the vinyl was peeled from the back-
ing, leaving the ellipses on the backing, resulting in a template
with numerous small elliptical holes.

Prior to using the template, the surface of the composite
disk was coated with flat (no gloss) white paint. The template
was pressed onto the surface with just enough pressure to
prevent paint drift under the template at each elliptical hole.
Once the flat black paint was applied, the template was care-
fully removed.

The speckle pattern deposited on the disk can be seen in
Fig. 9 which shows how point wise measurements were made
on the completed assembly by using a caliper. Five speckled
tabs were also fabricated on the upper ring at 72° increments

Fig. 8 General overall view of
the test set-up

Fig. 9 Point wise measurements were made on the completed assembly
using a caliper
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so that the DIC system could be used to track this ring’s
movement during assembly. Figure 10 shows a close up view
of the 47 pixel square subset (ZOI) used to interrogate the ROI
on the disk. The subset measures 15.3×15.3 mm.

Assembly

Both rings have sixty holes. Forty holes on the lower ring are
threaded to receive the assembly bolts. The other twenty are
through holes and are used to hold a completed assembly to
the stainless steel bucket of the CBPA (see Fig. 2). Therefore,
these twenty through holes are not used and are left blank.

Three guide pins were installed into the lower ring spaced
roughly at one-third the circumference. These pins served
three purposes: to align the disk with the bolt holes on the
lower ring, to initially support the weight of the upper ring,
and to guide the upper ring into position over the disk and
lower ring.

Testing began by inserting a circular piece of foam within
the lower ring to prevent sag of the composite disk under its
own weight. The insert was previously sanded flat and flush to
the peak of the lower ring. The disk was positioned on the
lower ring using the guide pins so that the bolt patterns drilled
around their circumferences matched. Since the disk was
slightly warped as a result of the fabrication process, a few
pieces of masking tape were used to temporarily secure raised
portions of the disk’s edge to the circumference of the lower
ring.

The lower ring and the disk were rotated so that the mate-
rial x-axis of the composite disk (see Fig. 7) was aligned with
the horizontal axis of the camera shown to the left in Fig. 8.
Then, an initial set of images was captured of the speckled
disk resting atop the lower ring and foam insert using VIC-
SNAP, and a profile produced in VIC-3D (Image 0).

The weight and bulky nature of the upper ring made ma-
neuvering difficult. Therefore, it was pre-positioned concen-
tric with the lower ring, but slightly rotated such the holes did

not align and the upper ring allowed to rest on the pins. Then
the upper ring was slightly rotated, aligned with the pins and
lowered onto the disk. During this process, the masking tape
used to secure the disk to the lower ring was removed.

Forty socket head, “5/16-24”, 47.6 mm long, bolts were
then inserted through the holes in the upper ring and disk into
the threaded ones in the lower ring. A 1.12 mm thick washer
was used between the head of each bolt and the upper ring.
The bolts were finger tightened until uniform gaps were seen
between the lower and upper rings at the five locations of the
speckled tabs. Then, a second set of images was captured of
the speckled disk and tabs using VIC-SNAP, and a profile
produced in VIC-3D (Image 1).

A star-pattern bolting sequence was followed as bolts were
incrementally tightened in an attempt to achieve a uniform
clamping pressure. Forty sets of digital images were acquired
to track the movement of the speckled tabs relative to the
position seen in Image 1.

Once the upper ring was secured, a final set of images was
captured using VIC-SNAP, and a profile produced in VIC-3D.
The out-of-place displacement (w) was computed by
subtracting the profile in Image 0 from the latter. The result
is shown in Fig. 11. Note that the free surface of the disk is
slightly larger in diameter than the ROI, since the latter was
restricted to areas in which stereo images overlapped.

Comparison of Analytical and Experimental Results

Location and Magnitude of Peak Displacement

It is evident from Fig. 11 that the fringe pattern corresponding to
the experimentally measured out-of-plane displacement is not
centered at the origin. However, peaks are located along chord

Fig. 10 Subset (zone of interest) used to interrogate the region of interest
on the composite disk

Fig. 11 VIC measurement showing the out-of-plane displacement (w) in
millimeters
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CD at angles of 166.0 and -14.0° measured as positive counter-
clockwise from the x-axis. These angular orientations are exact-
ly the same as those predicted by the finite element model.

Figure 12 shows how the displacement varies along di-
ameter AB (see Fig. 7) and chord CD (Fig. 11). The peak
values measured by digital correlation are slightly higher
than those predicted by the finite element model but the
trend is very similar.

Sources of Error

Discrepancies could be due to experimental or analysis based
errors. As far as the experimental results were concerned, since
the disk was warped initially, loading it uniformly would intro-
duce additional stresses unaccounted for in the finite element
model, thereby resulting in the eccentricity seen in Fig. 11.

There may have been some binding during assembly. A
review of the out-of-plane displacements associated with the
five tabs located on the upper ring showed as much as a 6 %
difference in the final assembly; indicating that the upper and
lower rings were not parallel, and that the disk was not
clamped perfectly. This would also lead to eccentricity in the
experimentally measured displacement field.

Another source of experimental error is friction. At some
point during the assembly, the friction between the com-
posite disk and rings may become sufficient to prevent
sliding of the disk along lines of contact. In addition, the
surface roughness of the composite disk parallel and per-
pendicular to the fiber orientation of the outer plies could
be different. This could result in a variable coefficient of
friction around the perimeter and restrict radial movement
to different relative levels during clamping.

In parallel with friction, the composite disk may contact a
bolt during assembly also preventing radial movement. An
effort was made to reduce this possibility by increasing the
diameter of the holes in the disk sufficiently; however, it was
possible that the disk shifted during the initial application of
the upper ring. Both the friction concern and the possibility of
binding are difficult to observe. However, during the bolting

process, some popping noise was noted as well as instances
when some fasteners were difficult to tighten.

It is important to ensure the two rings and the composite
disk remained concentric during the initial loading and
throughout the bolt tightening sequence. A slight shift would
result in the disk over-hanging at one location and not ex-
tending to the full diameter of the rings at the opposite
location. If the composite disk was not perfectly circular or
shifted relative to the rings, then the nonconcentric loading
could introduce some errors.

The VIC-3D system is capable of introducing errors due to
various sources. For example, the camera calibration estab-
lishes the position of the cameras and there is some error
associated with repositioning. Once a camera system is cali-
brated, it can be used over and over as long as the cameras do
not move but, over time, there is always the possibility that
they could be dislodged or their mountings loosen.

In the finite element analysis, there are many parameters
that could influence the results. There are potential errors as-
sociated with the representation of the composite disk and
errors associated with the boundary conditions. To this end,
several parametric studies were performed to investigate the
influence of different factors on the magnitude of the peak
displacement, the radial position and the angular orientation
with respect to the x-axis.

As mentioned previously, the cured thickness of each ply
was specified to be 0.140 mm based on a recommendation
from a material testing group. This value is nearly 7 % higher
than that provided by the manufacturer (see Table 1). Increas-
ing the ply thickness used for modelling by an additional 10%
increases the magnitude of the predicted maximum out-of-
place displacement to 3.0 mm.

Different coefficients of friction were defined for contact
regions within the finite element model. Specifically, three
values were chosen, (0.0, 0.1 and 0.2) and this was found to
have little to no influence on the results.

The lamina material properties of E1 and E2 were varied
approximately 15 % and showed little to no influence on the
results. This is because the problem at hand is a plate bending
problem with little to no load in-plane.

As with the experiment, the movement of the upper ring is
a potential source of error. In the analysis, it is assumed that
the clamping surfaces of the upper and lower ring remain
parallel throughout the assembly. Furthermore, it is assumed
that the movement of the upper ring is such that it is complete-
ly clamped. By varying the clamping movement by 0.5 mm,
the resulting change in out-of-plane displacement is approxi-
mately 0.05 mm.

The last source of error studied was the orientation of the
off-axis plies, changing the 45° plies to either 40 or 50°. The
40° plies result in a larger magnitude of displacement than
the 50° plies; and, the trend pushes the location of the peaks
closer to the x-axis.Fig. 12 Variance in out-of-plane displacement (w)
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In summary, the eccentricity in the out-of-plane displace-
ment pattern seen in Fig. 11 is most likely due to warpage, as
well as the clamping movement of the upper ring; whereas,
the difference in the magnitude of the peak displacements
predicted by the finite element model and those measured
experimentally (see Fig. 12) may be due to specifying an
undersized ply thickness while modelling.

Discussion

It is interesting to note that the analyses of the pre-stressed
condition predicted a displacement field in which the maxi-
mum out-of-plane displacement did not coincide with the
principal material directions despite the fact that the specimen
was symmetric with respect to its mid-plane and uniformly

clamped around the boundary. This result can be explained
from an analytical standpoint by recognizing that the exten-
sional stiffness matrix (see equation (10)) is constant for dif-
ferent angular orientations and that the coupling stiffness ma-
trix (see equation (11)) is zero. Therefore, neither of these two
matrices contribute to the angular variation in panel response,
thereby leading to the conclusion that the out-of-plane behav-
ior is due to changes in the laminate’s bending stiffness matrix
(see equation 12) as a function of the angle, α, measured
relative to the principal material axes.

The variation of the bending stiffness is shown in Fig. 13.
The six bending stiffness matrix terms are presented as a
function of an angle of interest, α, measured counterclock-
wise from the principal material direction (x). These six
terms are labeled on the right hand side and point to its
specific curve. The entire disk is shown from −180° to +

Fig. 13 Variation of the terms in
the bending stiffness matrix for
the model used in this study
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1.606
1.376
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0.229
0.000

-11.050

w (mm)

Y

X

Max. 2.50 mm

Max. 2.75 mm

(a)

(b)

Fig. 14 Out-of-plane
displacements from quarter-
symmetry (a), versus full (b),
finite element models
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180°. At each angle of interest, the local ply orientations
were modified by α. For example, for a angle of interest
of −15°, the local ply orientation is [15/60/105/−30]s.

The D11 bending stiffness term is of primary interest. This
term is the bending stiffness in an x-z plane rotated by α; the
primary bending stiffness term to resist the concentric loading
from the two rings. Note that the D11 term maximizes at two
angles that nearly coincide with the angular location of the two
maximum displacement locations in the analysis.

It is important to note that a typical practice in finite ele-
ment analyses is to take advantage of symmetry to reduce
model size and solution time. A symmetric boundary repre-
sents a mirror image or reflection of the structure. Geometri-
cally, for a circular disk, a symmetry is appropriate. However,
the lamination angles are continuous through a symmetry
plane, but not a reflection. Thus, if one were to analyze this
problem by assuming quarter-symmetry, the boundary condi-
tion would be incorrect and lead to an erroneous solution.

To demonstrate this, the finite element model was revised
to analyze the composite disk with symmetric boundary con-
ditions. This quarter-symmetry model was based on the sec-
ond quadrant (90≤α≤180°), since the latter contained one of
the peak displacements predicted by the full model. As illus-
trated in Fig. 14, the out-of-plane displacement profile obtain-
ed from the quarter-symmetry model (Fig. 14a) differed sig-
nificantly from that obtained from the full model (Fig. 14b).

The maximum displacement predicted by the symmetric
model was 2.50 mm, slightly less than the 2.75 mm predicted
by the full model. The fringe patterns show the same trends in
banding, but the locations for the peak displacements predict-
ed by the symmetric model occurred on the x-axis, as opposed
to the off-axis locations determined with the full model and
verified by DIC.

Figure 15 shows how the terms in the bending stiffness
matrix vary in the symmetric model as a function of the
angle of interest, α. Not all terms show a reflective charac-
teristic with respect to the symmetry axes. The D13 and D23

terms, for example, are not reflective and reverse signs at the
symmetry axes.

Conclusions

An out-of-plane displacement analysis was conducted on a
circular composite disk in which a pre-stress condition was
created by clamping the disk along a tapered boundary. A
finite element analysis, developed in Abaqus, predicted a dis-
placement field in which the maximum out-of-plane displace-
ment did not coincide with the principal material directions
despite the fact that the specimen was symmetric with respect
to its mid-plane and uniformly clamped around the boundary.
The results obtained from a VIC-3D digital image correlation
system showed a very good agreement, thereby validating the
finite element model and its prediction.

The bending stiffness matrix was shown to be the primary
contributor to the offset seen in the out-of-plane displacement
profile. The six terms of the matrix vary and introduce aniso-
tropic properties depending on the angle of interest around the
perimeter of the circular composite disk.

The investigation resulted in some important discoveries.
For example, a global/local convergence study revealed that
global mesh generation produced an insufficient number of
elements within the outer annular contact region to accurately
produce the desired profile and a higher local element count
had to be forcibly assigned in this area to meet the conver-
gence criterion.

Fig. 15 Variation of the terms in
the bending stiffness matrix for a
symmetric model
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Also, a typical practice in finite element analyses is to take
advantage of symmetry to reduce model size and solution
time. This study demonstrated that if any pair of plies for a
symmetric laminate are off-axis, then the terms of the bending
stiffness matrix are no longer symmetric with respect to prin-
cipal axes and the use of symmetric boundary conditions is
unacceptable.
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