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EXECUTIVE SUMMARY 
 
The Northwestern University Center for Intelligent Processing of Composites study was part of a 
joint United States and Canadian study on the effect of manufacturing defects in glass fiber 
composite sandwich panels.  The project’s focus was the composite airframe certification of 
general aviation aircraft and, in particular, the certification efforts of Cirrus Design Corporation 
(CDC) in the United States and Advanced Aero Corporation (AAC) in Canada.  These 
companies were at very different points in the development of their composite aircraft (CDC had 
certified the SR20 and SR22 aircraft, and AAC was at the materials/process definition phase for 
their Seawind aircraft).  Both faced similar issues in the areas of process control and the impact 
of process-induced defects.  
 
This collaborative effort investigated the impact of process-induced defects on strength and 
stiffness under static and fatigue loading and in the service environment for low-cost composite 
aircraft structures.  The emphasis was on safety, reliability, and certification.  The research 
involved the manufacture of sandwich panels with process-induced defects (porosity) and used 
destructive and nondestructive analyses to characterize the defects.  The sandwich panels were 
also tested under compression to measure the severity of the defect for strength and stiffness. 
 
The test results on monolithic and sandwich beams indicated that the failure mode under 
compression load of the sandwich, in most realistic cases, will be dictated by the longitudinal 
stiffness of the sandwich facesheets, the shear modulus of the core, and the geometry of the 
sandwich.  Although the porosity acts to reduce the static strength of the facesheets by 20% at 
4% porosity, it had no significant effect on the factors that affect the static strength of the 
sandwich, such as longitudinal stiffness. 
 
For the scaling/size effect study, sandwich specimens of various sizes (geometrically scaled in 
the ratio 1:2:4:8) were subjected to eccentric axial compression and tested to failure.  The 
sandwich core consisted of a closed-cell polyvinyl chloride foam, and the facesheets were woven 
glass/epoxy laminates, scaled by increasing the number of plies.  The test results revealed a size 
effect on the mean nominal strength, which was strong enough to require consideration in 
design.  However, it should be noted that the volumetric scaling that was done may not 
correspond to how the actual structures are scaled.  The observed size effect was fitted with the 
size effect law of the energetic (deterministic) size effect theory.  However, because of inevitable 
scatter and limited testing range, the precise form of the energetic size effect law to describe the 
test results was ambiguous.  The Weibull-type statistical size effect on the mean strength was 
ruled out because the specimens had small notches that caused the failure to occur in only one 
place in the specimen.  The observed failure mode was shear band propagation, previously 
shown to cause energetic size effect. 
 
The Federal Aviation Administration-funded research was based on the CDC materials and 
airframe, but the results of this work provided a basis for the AAC materials and structure.  
Direct comparisons can be made between the results for the CDC SR20 and SR22 and the AAC 
Seawind. 
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1.  INTRODUCTION. 

1.1  BACKGROUND. 

This research was part of a collaborative effort with direct impact on aircraft safety, especially 
for general aviation aircraft.  The Federal Aviation Administration (FAA) funded the research 
activities at Northwestern University (NU) for this effort.  Additionally, Cirrus Design 
Corporation (CDC) provided materials, manufactured all the test panels, furnished production 
parts that included defects, and provided engineering input as a match for this activity sponsored 
by the FAA Airworthiness Assurance Center of Excellence.  Some work was conducted in the 
area of implementation of computational models at the University of British Columbia (UBC).  
The project was focused on the composite airframe certification efforts of CDC in the United 
States and Advanced Aero Corporation (AAC) in Canada.  Both airframes were manufactured 
from sandwich panels with glass fiber-reinforced facesheets.  Although the materials and 
processes used were different, both were subject to manufacturing defects in the form of porosity 
in the composite facesheets.  
 
For regulators to assess the safety of such defects, it is important to have a good understanding of 
the effects of such defects on the aircraft structure.  This is particularly important when it is 
unclear how local manufacturing defects affect the global structural performance.  
 
The research was conducted by two teams; a United States-based team centered on the CDC 
aircraft, and a Canadian-based team centered on the AAC aircraft.  The core team included: 
 
• United States: 
 

Federal Aviation Administration, Chicago, Illinois and Seattle, Washington 
Northwestern University, Evanston, Illinois 
Cirrus Design Corporation, Duluth, Minnesota 

 
• Canada: 
 

National Research Council, Institute for Aerospace Research, Ottawa, Ontario 
Transport Canada, Ottawa, Ontario 
Advanced Aero Corp., St. Jean-sur-Richelieu, Quebec 
University of British Columbia, Vancouver, British Columbia 
National Research Council, Industrial Materials Institute, Montreal, Quebec 

 
The main task structure is described in the next section.  
 
1.2  RESEARCH APPROACH. 

1.2.1  Task 1.  Characterization of Defects. 

To understand the effect of porosity on the structure, several distinct areas of characterization 
were considered.  Researchers have shown that the shape and location of voids in composite 
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materials depend on the processing methods used and can have an effect on some aspects of the 
strength of the composite [1 and 2].  To understand the effect of defects on possible failure 
mechanisms, the composites were examined in detail to determine the location, size, shape, and 
distribution of individual voids within the laminates.  This included microscopically examining 
the sections and image analysis.  The structural areas where porosity generally appears and 
whether this has an influence on the shape, size, etc., were considered.  By testing panels that 
contained defects under loads representative of service loads and comparing the results to panel 
tests without defects, conclusions were drawn on how and what defects affect failure.  The 
detection methods used in practice were correlated with the visual appearance of the defects and 
measurements taken using nondestructive inspection (NDI) techniques developed by David Hsu 
at Iowa State University [3] for detection of facesheet disbonds in sandwich panels. 
 
The following sample types were investigated: 
 
• Good quality material from 15-ply laminates of glass/epoxy 
 
• 15-ply laminates of glass/epoxy containing induced defects using CDC dry-ply technique 
 
• Good quality material from 2/core/2 sandwich panels (2 plies glass/epoxy facesheets and 

foam core) 
 

• 2/core/2 sandwich panels containing process-induced defects 
 
• Sections from an aircraft with varying types of processing defects 
 
CDC provided approximately ten 12- by 12-in. flat panels, as well as some additional parts 
containing defects taken from aircraft production.  All samples assessed were inspected using the 
following methods: 
 
• Mechanical NDI (low frequency or static) 
 
• Ultrasonic C-scan (preferably 2.25 MHz for baseline porosity determination and 

5-1 0 MHz for defect sizing and imaging if possible). 
 
• Digital photography of back-lit and front-lit specimens 
 
• Microscopy:  Sections were cut from representative areas of each sample.  These were 

mounted and polished for microscopy, and samples for void content determination (by 
burn-off or image analysis) were taken from corresponding areas.  Void content was 
measured optically using the method developed at NU based on digital image analysis 
[4]. 

 
• Image analysis was also used to determine the following: 
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- Average size of voids 
- Distribution of void sizes 
- Degree of connectivity between voids 
- Aspect ratios of voids 
- Distribution of voids through the thickness of material 

 
The NDI methods were used to assess the degree to which the deliberately introduced defects 
corresponded to the process-induced defects.  The methods also provided assessment of the 
different types of defects in the material, and the degree to which the NDI methods could 
distinguish them. 
 
1.2.2  Task 2.  Experimental Quantification of Effects of Defects. 

This task considered, in more detail, the way in which defects of various types affect the strength 
and fatigue life of the composite material.  From previous studies at NU, simple analytical 
models were developed for the observed failures, which were then reproduced in sandwich 
beams by testing [5 and 6].  By carrying out a series of tests, the effectiveness of the NDI 
methods used to detect defects in the process was established. 
 
1.2.2.1  Failure Mode Determination. 

CDC made conservative analytical predictions of failure modes in the generic structural 
configurations (i.e., 2/core/2 sandwich panels, solid laminate panels, and typical 
transitions/joints).  CDC relied on conservative flat-panel buckling analysis (generally allowing 
no buckling at ultimate load) and in-plane panel strength predictions, using the Tsai-Hill failure 
criterion, to derive allowables and margins to account for local defects. 
 
CDC full-scale test failures were all associated with bond failures, causing what appeared to be 
instability or local bending failures due to loss of boundary constraint in the panels.  From 
loading conditions and materials data provided by CDC, the expected failure modes of the 
relevant panels were assessed for both good panels and for panels with representative defects.  
From this, a test was designed to duplicate the expected failure mode using the simplest possible 
loading method. 
 
1.2.2.2  Manufacture. 

Test panels were manufactured based on the findings of task 1 and the requirements of task 3.  
The quantity of test material was very dependent on the findings of the other tasks but included 
three defect conditions (either varying levels of porosity or size of porous area), four test 
geometries, and two types of specimens—monolithic and sandwich. 
 
1.2.2.3  Testing. 

For this stage, a test fixture and test specimens were manufactured from the provided panels.  
For example, to produce acceptable load distributions in sandwich beam specimens, it was 
necessary to create load introduction features in the sandwich panel [6]. 
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1.2.3  Task 3.  Development of Analytical Models for Behavior of Structures Containing 
Defective Areas of Porosity. 

The current practice for dealing with porosity as a defect in the composite skins of general 
aviation aircraft is to apply the defect (porosity) to the entire structural element considered a 
panel or element bounded by supporting structure.  CDC generally considered discrepant 
material as having zero strength, and designed a reinforcing repair accordingly.  This is an 
apparently conservative treatment.  However, it does not consider the effect of localization or the 
geometrical size effects in the failure of the structure.  Bažant [7] has shown how the fracture 
behavior of materials can strongly depend on the scale of the test performed and that the 
approach to strength analysis needs to consider the size effect to understand the appropriate 
failure mechanics approach.  In composite materials, as well as in concrete (the material on 
which most of the work on size effect is based), the microscopic materials’ properties contribute 
often in complex ways to the macroscopic failure of both test specimens and full-scale structures.  
Therefore, this approach regards macroscopic testing (at specimen scale and higher) as tests on 
structures with their own specific size and boundary conditions and not as tests that directly yield 
material properties.  In previous research, tensile fracture tests of single edge-notched specimens 
of the as-processed materials were performed.  The load-displacement curves and nominal stress-
strain curves for geometrically similar specimens (having the same thickness but different planar 
sizes) were generated.  Such tests led directly to estimating the material fracture characteristics, 
including the size effect [8].  The following activities were performed: 
 
• Evaluated the expected failure mode map for the composite material, based on 

established theories. 
 
• Determined appropriate laws of geometric similarity for the expected failures.  In 

sandwich panels, failure loads can be critically dependent on, among other things, face 
sheet thickness, facesheet separation and buckling dimensions, both in combination or 
independently.  This meant that two specimens, which were geometrically similar with 
respect to a skin-buckling delamination, are not geometrically similar with respect to 
shear band propagation in compression, potentially leading to independent size effect 
laws. 

 
• Manufactured specimens according to the geometric similarity conditions and 

mechanically tested under appropriate loading. 
 
1.2.4  Task 4.  Computational Analysis. 

This analysis was performed at the UBC, with the input of Prof. Bažant of NU.  The bulk of this 
research was funded by National Research Council.  The objective was to develop a predictive 
methodology with a sound fundamental basis that would allow the effects of defects on large 
structures to be evaluated computationally.  For this task, UBC simulated the structural response 
of the panels using the physically based continuum damage mechanics (CDM) model developed 
at UBC. 
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The CDM model was previously implemented in the nonlinear finite element code LS-DYNA® 
and was used as the numerical test bed for computational structural analyses.  The elastic 
responses of the materials were generated from the linear portions of the test response.  The 
nonlinear parameters corresponding to the damage growth and resulting stiffness reduction was 
back-calculated by simulating the response of any one of the geometrically similar test cases 
measured in task 2.  Model parameters obtained in this manner were tied to the finite element 
size used in the numerical simulation; therefore, when the model was applied to other specimen 
geometries for validation, a crack band approach was used to adjust the nonlinear parameters, 
depending on the finite element size selected.  The finite element size essentially affects the 
postpeak behavior in the strain-softening curves.  To maintain an accurate model of the overall 
structural response, the product of the element size and the area under the postpeak stress-strain 
curve was constrained to be constant and equal to Gf.  The parameters used to set this constraint, 
Gf (the energy release rate) and the effective size of the process zone (Cf), were determined 
analytically as part of task 3. 
 
2.  CHARACTERIZATION OF DEFECTS. 

2.1  PANEL MANUFACTURE. 

Table 1 lists the CDC-provided 12- by 12-in. monolithic (solid) and sandwich composite panels, 
from which test specimens were cut.  (See appendix A for full details.) 
 

Table 1.  Summary of Manufactured Panels 

Process Condition Type Quantity Panel Identification Number 
Standard Monolithic 2 CDC04, CDC05 
Dry Ply  Monolithic 2 CDC01, CDC02 
Moisture Conditioned  Monolithic 2 CDC03, CDC06 
Premium Monolithic 1 CDC07 
Production defects Monolithic 4 CDC11, CDC12, CDC13, CDC14 
Standard Sandwich 3 CDC08, CDC09, CDC10 
Ultrasonic test Sandwich 3 CDC15, CDC16, CDC17 
16 ply (Eccentric tests) Sandwich* 8 CDC18-25 
8 ply (Eccentric tests) Sandwich* 4 CDC26-29 
4 ply (Eccentric tests) Sandwich* 2 CDC30,CDC31 
2 ply (Eccentric tests) Sandwich* 2 CDC32,CDC33 

 
*Although the test configuration was sandwich, the results from these tests apply to monolithic material, as the 
core was significantly stiffer than for practical construction and was used here to stabilize the monolithic 
facesheets. 
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The panels with planted defects were made in two ways: 
 
• Dry-ply method.  This method involved interspersing a set number of layers of dry glass 

fabric within the prepreg stack.  This led to resin starvation and, hence, porosity. 
 
• Moisture method.  This method involved applying a mist of water to layers of prepreg 

immediately prior to bagging. 
 
All panels were cured under vacuum in an oven.  The panel labeled as premium used an 
alternative tool surface film, which gave a better surface appearance. 
 
To facilitate identification of specimens, each panel was assigned a number (table 1), followed 
by a specimen number.  Subsequently, all specimens were referred to by this number. (e.g., a 
microscopy sample was numbered CDC07/Mi/04.)  All the tests results were recorded in a 
Microsoft® Access® database. 
 
2.2  IDENTIFICATION OF DEFECTS. 

2.2.1  Shearography. 

A simple shearographic study was performed by Steinbichler Optotechnik, however, the method 
used was not suitable for detecting porosity. 
 
2.2.2  Ultrasonic Analysis. 

An ultrasonic analysis can detect defects of the composite panel by an ultrasonic pulse.  An 
ultrasonic pulse with a frequency between 500 kHz and 30 MHz is generated using a 
piezoelectric transducer.  This is either reflected off the composite panel and the resulting 
reflected wave is measured by the same transducer (pulse-echo method) or passed through the 
composite panel, and the residual acoustic wave is measured by a receiving transducer (through 
transmission).  The attenuation of the ultrasonic signal (i.e., the reduction in the energy 
transmitted or reflected) is used as a measure of the quality of the composite, since many types 
of defects in a composite affect the amount of energy transmitted or reflected.  With the NU 
equipment, various other measurements were also taken and are described below. 
 
Generally, CDC has not used ultrasound to inspect their composites since the defects they 
encounter are visible in the glass/epoxy materials they use.  This part of the investigation was 
performed to check for any correlation between the types of porosity observed and the ultrasonic 
data collected.  Using panels CDC01, 02, 03, 05, and 07, a simple comparison was made 
between the measured porosity and the average attenuation/mm (adjusted for a total insertion 
loss of 8 dB).  The variation in porosity available from the sample was not widely distributed.  
However, there is a clear trend when comparing the high- and low-porosity samples.  In figure 1, 
the range of porosity measured and the types of porosity do not provide clear evidence of the 
nature of this relationship and does not clearly distinguish whether the shape of porosity has an 
observable effect on the degree of attenuation. 
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Figure 1.  Comparison of Porosity From Image Analysis With the Through-Thickness 
Attenuation/mm at 5 MHz 

2.2.2.1  Through Transmission Ultrasound. 

The most common method of using ultrasound to measure porosity is to determine the through-
thickness attenuation of the materials.  Porosity has been shown to increase this attenuation 
substantially and consistently [3, 4, and 9].  To calculate the through-thickness attenuation, the 
other losses in the system must be accounted for.  The simplest method to compensate for these 
losses is to measure the signal transmitted when there is no sample material present.  Taking this 
signal strength as the baseline the reduction in signal intensity can be measured when a sample is 
inserted between the emitter and receiver. 
 
The measured attenuation is made up of several factors: 
 
• surface insertion losses at both surfaces 
• scattering losses at both surfaces 
• misalignment losses 
• through-thickness attenuation 
 
Porosity mainly affects the through-thickness attenuation, and to allow for consistent 
measurement, this component should be separated from the other losses. 
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2.2.2.1.1  Surface Insertion Losses. 

As an elastic wave passes from one medium to another, both the momentum and energy must be 
conserved.  The momentum depends on the density of the medium and the velocity and 
amplitude of the wave; the energy also depends on the elastic properties of the medium.  To 
preserve both the momentum and energy, some of the wave energy is reflected and some 
transmitted.  The reflected or transmitted energy is related to the elastic properties of the material 
and its density.  The mechanical impedance (z) is defined in terms of these materials properties 
as follows. 
 
For isotropic materials 
 

 
)21)(1(

)1(
υυ

υρ
−+

−
=

E
z   (1) 
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where: 
 
Pwrn = Power 
(n = i, incident; n = r, reflected; n = t, transmitted.) 
zm = Acoustic impedance of material m 
 
It is important to note that these are independent of frequency.  These relationships are for 
isotropic materials.  However, for composites where the through-thickness stiffness is 
significantly different to the in-plane stiffness, more complex expressions are required; however, 
the same main material properties are relevant (density and elastic properties.)  From the above, 
it is clear that the local volume fraction at the surface (which will affect both the density and 
stiffness) will change the surface insertion loss.  It is also possible for porosity at the surface to 
affect this, since the porosity also affects density. 
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2.2.2.1.2  Misalignment Losses. 

Misalignment losses are due to this same effect; the change in acoustic impedance causes a 
change in the propagation direction of any wave that is not normal to the sample surface.  When 
setting up the ultrasonic system the transmitter and receiver are adjusted to give the maximum 
received signal, at which point they should be perfectly aligned and at the correct angle.  When 
the composite plate is introduced, if the plate surfaces are not normal to the incident wave, the 
direction changes by an amount dependant on the acoustic impedance mismatch at each surface, 
and therefore some of the energy transmitted will not be captured by the receiver (see figure 2). 
 

 
Expected Path 

Actual Path

Figure 2.  Effect of Sample Misalignment on Ultrasonic Attenuation 

2.2.2.1.3  Scattering. 

The final loss to consider is the scattering effect.  Typically, surface features smaller than the 
wave length do not significantly affect waves, and as such, the surface roughness or waviness of 
the composite does not affect the wave unless the wavelength is short.  For the CDC panels, the 
tooled surface is smooth, except for areas where there is surface porosity, the bagged surface 
shows some waviness, at a scale of approximately 0.1-0.2 mm.  As shown in figure 3, at low-
frequency ultrasound, one should expect little or no effect due to scattering.  At 10-15 MHz, 
some losses in the CDC panels are expected, especially in the porosity areas where there is 
considerable surface roughness. 
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Figure 3.  Frequency vs Wavelength for Glass Fiber-Reinforced Polymer 

2.2.2.1.4  Correction of Surface Losses. 

To eliminate the effect of surface losses, the simplest method is to measure the total losses from 
materials with variable thickness but constant through-thickness properties.  This is commonly 
accomplished using a step wedge, where a sample is made with the thickness variations built in.  
With the CDC panels, this value was calculated from some of the manufactured parts received, 
since they have ply drop-off regions.  
 
From CDC11 (aft shear web panel), the ply drop area was scanned at 5 MHz, as shown in figure 
4.  By measuring the attenuation (in dB compared to baseline), one can extrapolate to zero 
thickness and calculate the losses due to the surfaces.  In this case, for a panel at Vf=40%, the 
total surface losses were ~8 dB. 
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Figure 4.  Attenuation vs Thickness at 5 MHz CDC11 

Scanning the whole panel at 5 MHz (in this case, a 5-MHz unfocussed transmitter with a 5-MHz 
focused receiver was used), a good image of the internal structure of the panel was obtained.  
The most significant features were the ply changes, (including overlap areas) and the porosity 
areas detected during quality control inspection, as shown in figure 5.  By correlating the 
ultrasonic data with image analysis, the relationship between attenuation and porosity can be 
determined. 
 
This correction includes both the scattering and surface insertion losses.  To determine these 
independently, the surface losses at various frequencies need to be measured.  These will resolve 
into a frequency-independent loss due to acoustic impedance mismatch and a frequency-
dependant loss due to scattering.  
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Porous Region 

Ply overlaps 

Figure 5.  Photograph and Ultrasonic Scan of Aft Shear Web Panel (CDC11) Showing Porous 
Area and Ply Buildups 

2.2.2.2  Pulse Echo Ultrasonic Scanning. 

Additional data can be collected using the pulse echo method.  In through-the-thickness 
ultrasound, only the attenuation of the main pulse and the time it arrives at the receiver are 
generally recorded.  For pulse echo, the entire wave shape returned is captured.  This can give 
additional information, such as the position of defects, the inter-ply spacing, and even (with 
careful analysis) the ply orientation. 
 
For sandwich panels, the facesheets are so thin that it is impractical to separate the back-wall 
echo from the front-wall echo.  As a result, the potential of simply interrogating the front-wall 
echo as a measure of the facesheet quality was investigated because the amplitude of the 
reflected wave depends on the density and elastic response of the skin.  Porosity will affect both 
the density and through-thickness elastic response, and one can expect to be able to make some 
quantitative measurement of this change.  Conventional pulse echo ultrasonic scanning would 
use the attenuation observed between the front- and back-wall echo (in this case, the sound pulse 
reflected off the skin-core interface) to indicate the quality of material.  One can again account 
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for surface losses by using a stepped wedge; however, in thin materials, the surface losses may 
dominate the total attenuation measured. 
 
Because the reflected wave amplitude depends on the elastic response, the depth of material 
affected will depend on the wavelength of the incident sound.  For best results, it is preferred that 
the response be affected by as much of the thickness as possible without being unduly affected 
by the acoustic coupling of the skins to the underlying foam.  To assess this, some limited 
experiments were performed on CDC11 (the aft shear web panel, including production defects). 
 
Using 2.25 and 5 MHz probes, the front-wall echo response was captured, as shown in figure 6.  
For these frequencies, the wavelength inside the composite will be of the order of 1.2 to 0.6 mm, 
respectively (see figure 3).  The areas of porosity overlaid with the shapes marked by CDC’s 
quality control technician are clearly shown in figure 5. 
 

 

Figure 6.  Front-Wall Echo Response From CD11 (Production Defect) Showing Change in 
Acoustic Impedance of the Defective Areas 

2.2.3  Optical Microscopy. 

2.2.3.1  Specimen Preparation. 

If the main feature to observe in the specimens is porosity, it can be accomplished using through-
relief contrast on highly polished specimens.  For glass fiber/polymer composites, there are two 
main difficulties in getting good relief contrast:  (1) the difference in hardness between the glass 
and epoxy and (2) the brittle nature of the glass itself.  The difference in hardness means that, 
during the polishing process, there is a tendency to preferentially remove epoxy, which leaves 
the fibers slightly raised on the surface of the specimen.  To reduce this problem, it is necessary 
to use a hard polishing surface (i.e., a low-nap polishing cloth) and to minimize the amount of 
polishing.  Because of the brittle nature of the fibers, there is a tendency for the fibers to be 
damaged at the surface of the specimen.  This leaves small holes at the surface that can be 
mistaken for porosity, and more importantly, the loose chips of glass can contaminate the 
polishing medium, and scratch the specimen surface, as shown in figure 7. 
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(a) (b) 

Figure 7.  Typical Faults in Over Polishing, Leading to (a) Fiber Relief 
and (b) Loose Chips 

To get the best results, specimens were cut using a slow-speed, diamond-slicing saw.  This gives 
an excellent starting surface for polishing.  The specimens are mounted in cold-setting epoxy 
resin and subsequently polished according to the routine shown in table 2. 
 

Table 2.  Polishing Routine Used for Glass Fiber Epoxy Specimens 

Process Step Polishing Medium Time Pressure 
Specimen 
flattening 

400 Grit SiC paper Until surface of specimen 
exposed and flat 

3 lb per specimen 

Initial polishing 6-μm diamond 10-15 minutes 4 lb per specimen 
Final polishing 1-μm diamond 10 minutes 3 lb per specimen 

 
As shown in figure 7, there is still some relief (see shaded areas) around the fibers, but no 
indication of chipped fibers.  The fiber relief is relatively small and does not significantly effect 
the measurement of porosity.  Also, there is a small amount of shading around the porosity itself 
(the gray areas to the left and slightly below the pores.) 
 
2.2.3.2  Image Analysis. 

To analyze the image of the specimen quantitatively, the key steps are: 
 
1. Capture the image on a digital system 
2. Identify and separate the feature to be measured (in this case, porosity) 
3. Develop metrics describing the features identified 
 
2.2.3.2.1  Image Capture. 

The images are captured through a digital camera, which creates a 1520x1080 pixel image. 
Initially, the images were captured in color with a bit depth of 8 (256 shades red/green/blue 
images).  However, monochrome images at a 16-bit depth were more useful. 
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Although the instrument was carefully adjusted to produce an even illumination of the specimen, 
there is still a variation in the image intensity.  This variation can lead to difficulties in 
distinguishing the porosity accurately and therefore must be corrected using a block-processing 
numerical algorithm, which adjusts the image in blocks of 40x40 pixels to equalize the 
maximum brightness level.  Although this improved the images in figure 8, there is an inherent 
loss of quality in the data.  To improve the quality, an average background was created from a 
sequence of 100 images, and this background was used to modify the images.  This was more 
effective than the block-processing method described above.  However, the original images used 
were not truly random, and therefore, there was a slight bias built into the modified images; and 
the operation slightly reduces the measurement range available.  The final procedure was to take 
an image of a polished glass slide, and modify the captured image using this as a background. 

 

  

Figure 8.  Comparison of a Corrected Image (left) With an Uncorrected Image (right) 

2.2.3.2.2  Identification and Separation of Porosity. 

The microscope is set to maximize the contrast between the dark pores and the remaining 
materials, which are generally lighter.  The image is captured at a 16-bit depth with values 0-20 
reserved, i.e., each pixel in the image is assigned a value between 20 and (216-1), based on the 
amount of light received during the exposure time.  The image is then modified by subtracting 
the background image.  For good sample visualization, the exposure was set to produce an image 
that distinguished between fibers/matrix/porosity and other features.  To reduce the file sizes, the 
data is reduced to a bit depth of 16 by only using the most significant 8 bits of the image (i.e., 
assigning gray values between 1 and 255).  The gray value 0 is reserved for parts of the image 
that are not part of the measurement field.  For example, the areas of the image that show the 
optical mounting resin are converted to gray value 0, and the measurement program excludes 
these areas from any subsequent measurement.  
 
To separate the porosity, it was assumed that all pixels darker than a set threshold value are 
related to porosity.  To aid this operation, a small program using MATLAB® was written.  This 
program takes a bitmap image and displays the original image.  A second image indication is 
developed next with a chart showing the number of pixels at each intensity value across the 
original image. 
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In a good quality image, two distinct peaks should be shown in the frequency chart with the 
lower peak relating to the dark porosity and the higher peak relating to the fibers/matrix.  Figure 
9 shows the effect based on an idealized image.  The blue line in the frequency chart shows the 
relative frequency of each gray level (1-255), showing a clear separation of the porosity.  In this 
case, the porosity can be separated easily by selecting pixels with values less than 100.  
However, for real samples, the separation is not this clear-cut.  There are two main issues to 
consider:  (1) the distribution and separation of the porosity peak and the bright material peak, 
and (2) the errors associated with pixelation. 
 

 

Pixel count against 
pixel intensity 
(Red = Cumulative) 
(Blue = relative frequency)

Figure 9.  Image Analysis of Idealized Porosity 

2.2.3.2.3  Pixelation Errors. 

When the image is digitized, each pixel of the image is given a value based on the average light 
intensity falling on that part of the image.  Since the porosity itself is not the same shape as the 
pixels, this results in an error.  Pixels at the edge of the porosity are assigned a value 
proportional to the area of porosity within the pixel.  In the idealized case, this results in a ring of 
intermediate values around each individual pore.  If one considers the number of pixels that may 
be included in the intermediate area, this is approximately equal to the length of the perimeter 
divided by the width of a pixel.  Therefore, one can estimate the expected error based on the 
shape and area of the porosity or by analyzing of the pixelated image.  To assess this effect, an 
analysis tool was used to calculate values from idealized porosity images. 
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2.2.3.2.4  Illumination Errors. 

Having eliminated the systematic variation on illumination, another issue to contend with is 
random variation.  Taking only the lightest pixels, there is good correlation with normal 
distribution (based on a series of micrographs taken from panel CDC07).  With the background 
equalized, these have a mean intensity of approximately 217 and a standard deviation of 
approximately 7.  In figure 10, the light and dark peaks are shown with a considerable 
intermediate region.  By selecting the minimum point on the frequency chart, it is possible to 
select a consistent point.  However, it cannot be guaranteed that this value will include all the 
pixels associated with porosity and all the excluded pixels. 
 

 

Figure 10.  Typical Threshold Selection 

However, for the purpose of distinguishing the degree of porosity and the distribution of pores, 
this method should be sufficiently accurate. 
 
2.2.3.2.5  Initial Observations. 

Images of panels CDC01, CDC02, CDC03, CDC05, and CDC11 were taken.  Figure 11 shows a 
qualitative indication of the form of the porosity. 
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CDC03

 

CDC05

 

CDC11

Figure 11.  Comparison of Porosity in the Sample 
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The moisture-conditioned CDC03 and CDC02 panels with 7 dry-ply specimens show much 
larger porosity than the CDC01 panel with 5 dry-ply specimens.  The standard material panel, 
CDC05, also shows some significant level of porosity.  The large pores are noticeable in the tow 
interstices, and have an approximately elliptical section.  From these qualitative views 
comparing the production defect panel (CDC11), it is evident that there is a need to measure 
porosity on the scale of these large pores.  The dispersion of smaller pores seems to be general to 
all panels and, although interesting, is not expected to give additional information about the 
change in strength between the standard and poor quality panels. 
 
By creating a binary image of the porosity, typical image analysis packages can make a series of 
measurements. Figure 12 shows a comparison of porosity calculated from resin burn-off with 
porosity calculated from image analysis. 
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Figure 12.  Porosity Calculated From Resin Burn-Off Compared With Porosity Calculated From 
Image Analysis 
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A software package, such as MATLAB, includes a variety of tools to measure size, position 
eccentricity, and angle of porosity.  During the test, one of the most useful measures was a 
weighted average size 
 

( )2

μ pN
n

′ = ∑  

 
where Np is the number of connected pixels, n is the number of pores, and  is the weighted 
mean.  

μ′

 
The weighted mean ensures that the mean value selected is representative of the bulk of the 
porosity.  Using an unweighted mean allows the fine porosity to dominate, because there are a 
large number of small pores for a given total volume fraction of porosity.  Figure 13 shows the 
difference between the two types of induced porosity.  The rejected production panel matches 
the moisture-conditioned panel more closely than the dry-ply panels for the same void content.  
This is useful for two reasons:  (1) It can be helpful in diagnosing production problems, since by 
comparing distributions of the key metrics with the distributions measured from samples with 
known problems, the cause of a production problem can be more easily identified; (2) In 
mechanical testing, this data can be used to demonstrate that artificially induced porosity is truly 
representative of the production defects it is intended to duplicate.  Here, the mean pore size for 
the moisture defect is closer to the production panel than the dry-ply panels.  This means that 
more confidence can be had in mechanical test results derived from the moisture-conditioned 
panels.  It also allows for consideration of the mechanism for defect formation more effectively. 
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Figure 13.  Weighted Mean of Void for Various Panels 

While analyzing metrics, it became clear that some measured features are not truly representative 
of the underlying structure of the voids.  For example, the eccentricity, which is measured by 
creating a notional ellipse over the void and measuring the ratio of the major to minor axis, is 
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distorted by a distribution of small voids throughout the structure.  Since there are very few 
pixels in these small voids, they have a tendency to have exaggerated shapes, (for example, if 
there are only 3 pixels, there is a good chance that a good eccentricity will be measured), which 
are not truly representative.  If the porosity size is fairly homogeneous, a magnification scale can 
be selected so that most of the pores have an area of more than 100 pixels.  When there is a wide 
distribution of sizes of pores, as in the case studied where there were very large interlaminar 
pores as well as a fine distribution of smaller inter-tow pores, there is no scale that allows the 
large pores to be imaged and at the same time for the small pores to accurately pixilated.  Figure 
13 shows that, based on this measure, the porosity generated by applying moisture is more 
representative of the production defect than the porosity generated by inclusion of dry plies. 
 
2.2.4  Summary of the Porosity Measurement Research. 

In this research, the porosity of panels provided by CDC was measured in several ways using 
conventional burn-off with gravimetric methods, destructive image analyses, and ultrasonic 
through-thickness attenuation.  In addition, novel methods, including shearography and 
measurement of the front-wall echo ultrasonic response, were briefly investigated.  As might be 
expected, shearography was not able to successfully detect porosity; however, the front-wall 
echo method showed some promise in porosity detection and was able to detect the production 
defects currently found by visual inspection.  Further study will be required to develop this into a 
useful quantitative technique. 
 
The burn-off and gravimetric methods produced consistent results.  The microscopic imaging 
showed that different methods of introducing porosity resulted in different distributions of pore 
size and shape.  Some elementary statistics were developed to characterize the pore size 
distribution, and this allowed a comparison between panels in which porosity was introduced 
artificially and occurred naturally during production as defects.  The artificial porosity could not 
perfectly reproduce the distribution found in production defects; however, it gave a reasonable, 
quantitative way to decide between the possible methods of introducing artificial porosity and to 
select the best option for the mechanical properties study. 
 
The ultrasonic study was not able to determine if there was a consistent effect due to the shape or 
distribution of porosity on the through-thickness attenuation (rather than solely an effect of the 
total percentage of voids).  The study did, however, suggest a possible alternative inspection 
method (front-wall echo) for thin-skinned sandwich panels. 
 
Overall, this research gave some confidence that the mechanical effect measured in the 
subsequent tasks would be representative of actual production defects. 
 
3.  MECHANICAL PROPERTY TESTS. 

3.1  SCOPE. 

To understand structural failure, the behavior of the materials used in the aircraft and behavior of 
the structural elements used in the structural design must be known.  A sandwich panel was 
selected as the main structural element, and therefore, studies of the facesheet material (tests on 
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monolithic panels) and core materials were conducted, as well as the structural performance on 
the sandwich panel itself under compressive loading conditions. 
 
3.2  MATERIALS PROPERTIES OF MONOLITHIC GLASS FIBER PANELS. 

As the porosity affects the compressive properties of the structure, compression failure strength 
and compression stiffness of the materials were studied.  Test specimens were made from the 
defective panels supplied by CDC, and a series of compression tests were conducted.  The test 
method was based on the NU fixture (a modified IITRI fixture), which allows a combination of 
end and shear loading.  In the test, the shear-loading mode was used, and the specimens were 
tabbed.  Table 3 shows the test matrix. 
 

Table 3.  Mechanical Test Specimen Summary 

Panel 
Number Description 

Fiber 
Angle 

Number of 
Specimens 

CDC01 Dry-ply porosity, 5 plies dry 0,90 4 
  +45,-45 4 
CDC02 Dry-ply porosity, 7 plies dry 0,90 2 
  +45,-45 4 
CDC03 Moisture porosity 0,90 3 
  +45,-45 2 
CDC05 Standard +45,-45 2 
CDC07 Premium 0,90 2 
  +45,-45 3 

 
The main problem with analysis of the results for these tests was the variation in fiber volume 
fraction.  To investigate this problem, the Vf was measured in two ways: 
 
• Areal weigh method, Vf calculated, based on the fabric weight, density, and thickness 

only 

• Gravimetric method, Vf calculated, based on density of composite, fiber density, and 
resin density. 

3.2.1  Test Setup. 

The proper preparation and installation of the specimens are critical to a successful NU 
compression test.  Small flaws in the gage section could cause premature failure and inaccurate 
results.  A slight misalignment of the fixture could introduce torsion and cause an error.  A 
detailed explanation of the test procedure is discussed in ASTM D 3410. 
 
The specimen dimensions are shown in figure 14.  Because different panels had different 
thicknesses, the dimension in the specimens varied accordingly.  The relatively small gage 
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length of 12.7 mm (0.5 in.) minimized the possibility of unwanted global buckling during the 
test.  To avoid stress concentration issues where the tab meets the gage section, the tabs were 
tapered. 
 

12.7 mm 
(0.5 in.) 

Tabs

12.7 mm 
(0.5 in.)

114.3 mm 
(4.5 in.) 

 

Figure 14.  Specimen Dimensions for NU Compression Test 

Two different specimen configurations were used in the compression test.  First, specimens were 
cut from the panels in line with the fiber direction, producing a specimen with fibers in the [0/90] 
direction.  Second, specimens were cut from the panels at an angle to produce [±45] specimens.  
The fiber direction in the plates was determined using blue tracer fibers. 
 
Precise control of the dimensions during the preparation of the specimens was very important.  
The cross-sectional area in the gage section had to be kept constant for reliable results.  Strain 
gages were bonded to both specimen faces in the gage length.  For the [0/90] specimens, gages 
recorded strain in the axial direction only.  For some [±45] specimens, strain gage rosettes were 
used to record the axial and transverse strains.  Also, to record strain at higher levels, an 
extensometer was used with the [±45] specimens.  By monitoring the strain readings from both 
faces, the presence of global buckling could be determined.  If the readings from the faces 
diverged from previously concurrent values, global buckling was probably the cause and the 
results were not valid.  After a successful test was run, the location and mode of failure were 
recorded.  A valid failure was one within the unsupported gage length of the specimen, i.e., a 
failure in the tab region was not acceptable.  All tests were run at a crosshead displacement rate 
of 0.51 mm/min (0.02 in/min). 
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3.2.2  Results. 

The compression test results for the [0/90] specimens are shown in table 4.  Average material 
mechanical properties are reported for five different panels.  The standard deviation of the results 
is given along with each calculated value.  Because CDC aircraft panels failed in buckling, the 
most important property given in table 4 is the normalized compressive modulus.  Different 
panels have varying fiber volume fractions, and some scatter exists in the modulus numbers.  
However, when these values are normalized*, the compressive modulus values are very 
consistent, as shown in table 4.  These results suggest that porosity does not significantly affect 
the stiffness of the composite sandwich facing material.  A representative stress-strain plot for 
the [0/90] compression test is shown in figure 15.  The strain readings are very close until the 
onset of failure.  Global buckling was not apparent in this test.  The failure mode of almost every 
specimen was characterized by a through-thickness shear break at an angle of 45º, as shown in 
figure 16. 
 

Table 4.  Results for [0/90] Specimens 

Compressive 
Strength σf1

† 
MPa (ksi) 

Critical 
Compressive 
Strain εf1

† (%) 

Compressive 
Modulus Ef1 
GPa (Msi) 

Fiber 
Volume 

Percentage
Vf 

Void 
Volume 

Percentag
e 

Vv 

Compressive 
Modulus 

Normalized to 
50% Vf 

GPa (Msi) 
Plate 

Number Average 
Std 
Dev 

Averag
e 

Std 
Dev Average 

Std 
Dev (%) (%) Average 

Std 
Dev 

CDC01† 470 
(68.2) 

5.85 
(0.85) 1.85 0.10 29.2 

(4.24) 
0.32 

(0.05) 54.4 0.6 26.8 
(3.93) 

0.23 
(0.03) 

CDC02 394 
(57.2) 

14.6 
(2.1) 1.46 0.01 29.8 

(4.32) 
0.10 

(0.01) 56.6 4.8 26.3 
(3.90) 

0.06 
(0.01) 

CDC03 330 
(47.9) 

13.7 
(2.0) 1.62 0.06 22.5 

(3.27) 
0.07 

(0.01) 40.9 3.4 27.6 
(3.84) 

0.07 
(0.01) 

CDC07 383 
(55.6) 

14.1 
(2.1) 1.86 0.04 22.8 

(3.31) 
0.59 

(0.08) 41.8 -0.2 27.3 
(3.78) 

0.48 
(0.07) 

CDC11 344 
(49.9) 

19.5 
(2.8) 1.73 0.03 22.0 

(3.19) 
0.76 

(0.11) 40.2 1.5 27.4 
(3.97) 

0.85 
(0.12) 

 
Std Dev = Standard deviation 

 
†The first specimen tested in this series produced an unusually low modulus and correspondingly high strain to failure.  A 
statistical analysis of this result indicated that it was unlikely to be correct (probably due to an incorrect gage factor for 
the strain gage).  The result was therefore excluded from the analysis. 

 

                                                 
* The normalized stress is the load/unit width of the specimen divided by the expected thickness of the specimen at 

50% Vf. 
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Figure 15.  Typical Stress-Strain Plot for [0/90] Specimen in NU Compression Test, Axial 
Strains From Both Faces are Reported 

 

 

Figure 16.  Image of Dominant Failure Mode for [0/90] Specimens 

Porosity did have an effect on the ultimate failure strain of the specimens.  Figure 17 shows a 
plot of the average strain to failure of the specimens from each panel versus the void volume 
percentage.  As porosity in the material increased, the critical failure strain (εf1*) decreased.  If 
the compressive strengths are normalized and plotted against porosity, the decrease in strength is 
20% for the specimens made from the most porous panel (CDC02).  The porosity of this panel 
was 4.8%.  If the CDC structure was strength critical, the reduction in strength must be 
accounted for in the design. 
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Figure 17.  Failure Strain vs Porosity for [0/90] Specimens 

From figure 17, it is also clear that the production defects result in a porosity that is smaller than 
the porosity caused by induced defects. 
 
The results for the [±45] specimens were not as conclusive, as shown in table 5.  Specimens were 
tested from six panels, which showed a higher level of scatter in the shear properties.  For the 
specimens with transverse strain data, a shear modulus was calculated and is included in the 
table 5. 
 

Table 5.  Results for [±45] Specimens 

Chord Shear 
Modulus G12 
GPa (Msi) 

0.2% Offset 
Shear Strength 

F12
o 

MPa (ksi) 

Max Shear Stress at 
5% Strain τ12* 

MPa (ksi) 
Axial Modulus Ex 

GPa (Msi) 

0.2% Offset Axial 
Shear Strength Fxy

o 

MPa (ksi) 
Plate 

Number Average 
Std 
Dev Average 

Std 
Dev Average 

Std 
Dev Average 

Std 
Dev Average 

Std 
Dev 

CDC01 3.56 
(0.517) 

0.11 
(0.02) 

40.5 
(5.87) 

1.65 
(0.24) 

60.3 
(8.74) 

0.51 
(0.07) 

13.1 
(1.90) 

2.06 
(0.30) 

82.6 
(12.0) 

5.11 
(0.74) 

CDC02 3.17 
(0.538) 

0.07 
(0.01) 

39.8 
(5.77) 

1.16 
(0.17) 

57.1 
(8.28) 

0.32 
(0.05) 

14.8 
(2.15) 

0.47 
(0.07) 

80.8 
(11.7) 

4.26 
(0.62) 

CDC03*       10.5 
(1.52) 

0.10 
(0.01) 

75.8 
(11.0) 

0.98 
(0.14) 
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Table 5.  Results for [±45] Specimens (Continued) 

Chord Shear 
Modulus G12 
GPa (Msi) 

0.2% Offset 
Shear Strength 

F12
o 

MPa (ksi) 

Max Shear Stress at 
5% Strain τ12* 

MPa (ksi) 
Axial Modulus Ex 

GPa (Msi) 

0.2% Offset Axial 
Shear Strength Fxy

o 

MPa (ksi) 
Plate 

Number Average 
Std 
Dev Average 

Std 
Dev Average 

Std 
Dev Average 

Std 
Dev Average 

Std 
Dev 

CDC05*       9.79 
(1.42) 

0.68 
(0.10) 

63.1 
(9.15) 

1.56 
(0.23) 

CDC07 2.83 
(0.410) 

0.04 
(0.01) 

33.3 
(4.84) 

1.46 
(0.21) 

55.5 
(8.05) 

1.60 
(0.23) 

9.54 
(1.38) 

0.69 
(0.10) 

72.2 
(10.5) 

1.05 
(0.15) 

CDC11*       9.38 
(1.36) 

0.10 
(0.01) 

61.3 
(8.90) 

0.83 
(0.12) 

 
*Transverse strain data not available 
Std Dev = Standard deviation 
 

A representative shear stress-strain curve is shown in figure 18.  The matrix carried most of the 
load, and the response was characterized by a gradual softening of the specimen.  A “scissoring” 
effect was observed with the fibers.  As load was applied to the specimen, the relative angle 
between the fibers increased in the axial direction.  No catastrophic failure event occurred.  After 
the test was run, the specimens exhibited bulging in the gage length, as shown in figure 19. 
 

 
Figure 18.  Typical Shear Stress-Strain Plot for [±45] Specimen in NU Compression Test 
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Figure 19.  Image of Dominant Failure Mode for [±45] Specimens 

3.3  MATERIAL PROPERTIES OF DIVINYCELL® HT 70 FOAM. 

To better understand the behavior of the composite sandwich structure, the foam core was 
analyzed to determine its material properties.  Specifically, the compressive modulus and the 
shear modulus properties were sought.  The foam material was Divinycell HT 70, a low-density 
foam designed to withstand high temperatures.  The published value for the density of the foam 
is 70 kg/m3. A sheet of this material was obtained from the manufacturer (DIAB Group) for 
testing. 
 
3.3.1  Foam Compression Test. 

A simple compression setup was used to determine the modulus of the Divinycell HT 70 foam.  
A specimen measuring 25.4 by 25.4 by 76.2 mm3 (1 by 1 by 3 in3) was cut from the sheet to test 
its in-plane response.  The ends of the specimen were bonded with epoxy adhesive to two 
parallel plates.  The specimen and plates were then placed between the crossheads of the test 
machine.  Extensometers affixed to the foam recorded the strain levels on two opposite faces of 
the specimen.  The tests were run at a crosshead displacement rate of 0.076 mm/min (0.003 
in/min), as shown in figure 20. 
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Figure 20.  Foam Compression Setup 

A stress-strain curve was generated from the compression tests, and from the initial slope of this 
plot, the compressive modulus Ec1 could be determined.  The stress-strain curve was 
characterized by an initial linear portion quickly followed by softening of the material. 
 
The actual density of the material was also calculated by carefully measuring and weighing the 
specimen.  Three compression tests were run, and the results are given in table 6. 
 

Table 6.  Divinycell HT 70 Foam Compression Properties 

Density 
kg/m3 

Compressive Modulus Ec1 
MPa (ksi) 

Average Std Dev Average Std Dev 

66.4 0.21 36.8 
(5.34) 

0.45  
(0.07) 

 
Std Dev = Standard deviation 

 
3.3.2  Foam Shear Test. 

To determine the shear modulus of the Divinycell HT 70 foam, the Arcan shear test fixture was 
used.  This setup is commonly employed to find the shear strength of materials.  To find the 
shear modulus of a material, an unnotched specimen is tested to give a constant shear strain 
throughout the specimen.  The specimens were 38.1 mm (1.5 in.) high, 19.1 mm (0.75 in.) wide, 
and 6.4 mm (0.25 in.) thick.  Strain was measured with an extensometer that recorded the 
relative displacement of the Arcan fixture.  The tests were run at a crosshead displacement rate 
of 0.076 mm/min (0.003 in/min).  The setup is shown in figure 21. 
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Foam 
Specimen 

Figure 21.  Arcan Shear Test Setup 

To find the property corresponding to the loading situation in the actual sandwich construction, 
G13c was measured.  Two specimens were run in the test, and the shear stress-strain curves were 
obtained.  The modulus was found from the slope of the initial linear portion of the plot.  The 
foam’s shear modulus was determined to be 
 
  ksi). MPa (.G c 93222013 =  
 
It should be noted that to agree with conventional isotropic material behavior, the shear modulus 
should be about 3/8 of the elastic modulus (assuming a Poisson’s ratio of approximately 0.33).  
The values obtained for Divinycell HT 70 do not adhere to this behavior, thus a discrepancy 
exists. However, the material properties for the foam published by Divinycell have a similar 
discrepancy. 
 
3.4  SANDWICH MODEL. 

To understand the way in which the materials’ properties effect the structural failure, one needs 
to understand the way the sandwich performs structurally.  By developing a model for the 
sandwich structure, check that the model conforms to the characterization test, and use the model 
as part of the test program design. 
 
For the initial work, the sandwich was modeled as a beam under compression, with the load 
applied along the fiber axis.  This is analogous to the shear loading conditions applied to the 
wing skins, with the fibers angled at 45° to applied shear load. 
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3.4.1  Model Basis. 

The following was assumed: 
 
• The Divynicell core was isotropic. 
• The sandwich was symmetric, (i.e., both facesheets are the same). 
• The facesheet material was orthotropic (E1=E2, v12=v21). 
 
The generic nomenclature is given in figure 22.  All tests were carried out with the fiber axes 
(1-2) aligned with x,y axes. 
 

Pi = Axial load in ith direction 
Ni = Axial load/unit width 
Tij = Shear load/unit width 
Mi = Moment/unit width 
b = Width 
tm = Thickness (of material m) 
l = Length 
Eim = Modulus of material m in i direction 
Gim = Shear modulus of material m in i direction 
ν = Poisons ratio 
Si = Shear stiffness of part/unit width 
Di = Bending stiffness of part/unit width 
Axes z,y,z refer to loading direction 
Axes 1,2,3 refer to fiber directions, (3//z) 

 
z

t 

2

1 

l

Txy 

Mx Px/Nx 

x

y 

Figure 22.  Sandwich Model Nomenclature 

Under the applied loading conditions, the following failure modes were considered: 
 
• Direct failure of the skin material 
• Direct failure of the core 
• Shear failure of the skin 
• Shear failure of the core 
• Skin wrinkling 
• Global instability due to Euler buckling 
• Core shear instability 
• Combinations of the above 
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3.4.2  Direct Failure Modes. 

Modes 1-4 are relatively easy to analyze, if one assumes that the beam stays a column, then it 
can be easily shown that 
 ( )ε 2x f f c cN E t E= + t  (4) 
 
where ε = strain, f = facesheet, and c = core. 
 
In this way, the critical failure load based on the critical failure strain is determined.  (A similar 
expression will exist for shear failure.  However, in this instance, only loads applied along the 
beam axis are considered, and therefore, the shear failure mode will not operate.) For example, 
the critical failure load for a compressive failure in the facesheets would be 
 

 ( ) (ε 2 2crf
crx fcr fx f c c fx f c c

fx

N E t E t E t E t
E

)σ
= + = +  (5) 

 
where σcrf is the failure stress of the composite in the appropriate direction. 
 
3.4.3  Wrinkling Failure Modes. 

Several models for skin wrinkling were considered.  However, because the final results did not 
indicate that wrinkling was expected, only the most conservative of this is shown 
 
Heath model 
 

 
2/1

213
2

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

−
=

f

fc

c

f
f

EE
t
t

ν
σ  (6) 

 
In terms of the normal force per unit width, this is 
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3.4.4  Buckling Failure Modes. 

For the buckling cases, the factors that affect the out-of-plane deformation need to be considered, 
such as: 
 
Bending stiffness of sandwich plate 
 

 
21226122
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x
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where d = distance between the centers of the facesheets, this assumes thin faces and a weak 
core. 
 
Shear stiffness of a sandwich plate 

 

 
c

c
xz t

dGS
2

=  (9) 

 
Again, assuming thin facesheets and a weak core. 
 
With these assumptions, the Euler buckling load for our loading condition (clamped ends) was 
 

 
2

2

π
b

DN
L

=  (10) 

 
The beam may also buckle in a shear mode, for which the critical buckling load will be 
 
 SNs =  (11) 
 
Zenkert [10] proposes that these combine to produce a critical buckling load of 
 
 

sbcr NNN
111

+=  (12) 

 
3.4.5  Failure Mode Maps. 

To clearly understand the behavior of the sandwich panel, plot the various critical failure load 
loci versus various parameters.  For this study, the most productive failure mode maps show the 
applied normal load or the facesheet stress for varying beam lengths.  Figure 23 shows the 
failure mode plots for the sandwich construction in this study. 
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Figure 23.  Failure Mode Plot for Sandwich Materials 

Figure 23 shows the various possible failure modes and the effect of the changes in material 
strength due to porosity.  The reduction in strength caused by the porosity reduces the failure 
load (as shown by the arrows in the figure).  However, the expected failure mode is still the 
combined buckling mode for this material. 
 
3.5  MECHANICAL TEST OF SANDWICH PANELS AND BEAMS. 

Compression tests were run on sandwich columns to gain a clearer picture of how the structure 
fails in service.  The accuracy of sandwich column failure models described in section 3.4 was 
investigated. 
 
3.5.1  Test Setup. 

The setup for the sandwich column compression tests was relatively simple.  A sandwich column 
specimen, cut from a sandwich panel provided by CDC, was end loaded between two plates.  To 
prevent brooming and splitting at the ends of the column, a small amount of shim material was 
bonded with epoxy adhesive around the end edges of the column where it contacted the plates.  
The placement of the column at the center of the circular plate was very important.  A successful 
test greatly depends on an aligned, direct load on the column, with as little out-of-plane loading 
as possible.  Misaligned loads cause premature failure of the column and contribute to unwanted 
global buckling.  Strain gages were affixed to the sandwich face material on both sides.  Global 
buckling could be detected in the column by monitoring the strain readings on its face.  The test 
setup is shown in figure 24. 
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Figure 24.  Sandwich Column Compression Test Setup 

3.5.2  Results. 

Sandwich columns of varying lengths and widths were tested, and the results were compared 
with the sandwich column failure models discussed in section 3.4.  The higher the length-to-
thickness aspect ratio of the column, the more bending and global buckling was a concern.  
Although some bending was observed prior to failure, the failure mode of all the tests was 
classified as shear instability in the foam core of the column.  The appearance of the column 
postfailure was also similar for all the specimens tested in compression.  It is important to note 
that all the columns failed at a comparable average strain level under 1%.  Figure 25 gives a 
typical stress-strain curve for a column compression test.  Because the axial strain readings are 
not coincident, some bending did occur.  Figure 26 shows a column at failure. The failure mode 
looked similar in all the tests conducted. 
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Figure 25.  Typical Stress-Strain Curve for Sandwich Column Compression 

 

Figure 26.  Failure of Sandwich Column in Compression, l0 = 151 mm (5.9 in.) 

The failure generally initiated at approximately the 1/4 span point of the sandwich beam, which 
is where the theories predicted the highest through beam shear stresses will be located.  From 
observations, the failure took the form of a loss of stability.  In all cases, the core immediately 
failed, though the skin panels were not necessarily damaged. 
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From the model predictions, a failure largely characterized by shear instability in the core was 
expected.  Figure 27 shows the values of the normal load versus the beam length, and the fairly 
good agreement with the Zenkert [10] model. 
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Figure 27.  Test Results for Sandwich Beams 

4.  SCALING AND SIZE EFFECTS. 

Scaling and size effect theory will more effectively relate data from specimen tests to structural 
performance of a full-scale part.  Bažant’s review of scaling and size effect on structural strength 
[11] gives a good description of the main issues in the scaling of structural failure, some of 
which are summarized in this section.  The underlying behavior considered is the effect of 
structural size D on the nominal strength σn of a structure when geometrically similar structures 
are considered.  If 
 

 2σ N
N

c P
D

=  (13) 

 
Where P is the load, cN is an arbitrary coefficient chosen to make the nominal strength 
equivalent to the classic definition of strength.  Various relationships between D and σN can be 
considered.  For example, σN = k (for all D), no size effect present, i.e., the classic case in which 
σN (or actually the strength) is an independent material property. 
 
4.1  TEST CONCEPT. 

An exploratory test program was conducted to gain additional information about the structural 
failure process.  It consisted of eccentrically loading a composite panel.  This allowed the test 
piece to fail in a controlled way and allowed data collection of possible size effects and the 
failure zone progression.  A paper describing the test program development was presented at the 
Society of Experimental Mechanics Conference 2004 [12].  In addition, the statistical effect was 
alleviated by introducing a notch.  The effect of the notch, inducing high local stress 
concentration, is that failure can initiate from only one place.  Consequently, if any structural 
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size effect on the mean stress is found in the present specimens, it can be explained only by the 
deterministic (energetic) size effect. 
 
4.1.1  Development of a Stable Compressive Crack. 

Eccentric loading creates a varying stress field across the specimen (see figure 28).  This loading 
arrangement means that, as a failure zone develops, the failure extends into a lower strain region, 
limiting the energy available to continue the failure zone extension.  As long as the loading rate 
is sufficiently low and a failure starts to propagate at a low enough load, the failure should 
become stable. 
 
  

P = Applied load 
b = Specimen width 
h = Specimen thickness 
L = Specmen length 
tf = Facesheet thickness 
tc = Core thickness 
e2 = Eccentricty in width direction 
e3 = Eccentricity in thickness direction 
 

tc 

tf 
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be2 

he3 
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b 
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z 

Figure 28.  Specimen Geometry and Loading Arrangement 

One concern with this type of loading arrangement is the possibility of local or global elastic 
instability in the specimen, which could cause premature failure in the form of buckling or 
wrinkling.  To prevent this, a sandwich specimen was constructed and tested.  The sandwich 
configuration can prevent both global buckling of the panel and local wrinkling, as long as the 
core material has sufficient shear and compressive stiffness.  If a sandwich panel under eccentric 
compression is tested, there is an additional complication in that both the front and back 
facesheets of the sandwich could fail.  To prevent this, the specimen was doubly eccentrically 
loaded, ensuring that one of the surface facesheets is subject to higher stress near one edge. 
 
A simple analytical description of the loading can be developed, assuming relatively small 
deflections, and therefore neglecting any shear deformations.  Because the strain is expected to 
be of the form 
 
 1 2 3ε ε k y k z= + +  (14) 
and that 
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Simple beam theory shows that 
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Hence, the strain field is given approximately by the relation 
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 (21) 

 
This allows the specimen dimensions to be selected that will ensure the minimum strain (which 
occurs at the corner of the specimen’s cross-section farthest from the loading point) will remain 
under compression for elastic loading.  The specimen dimensions chosen for the set of 
experiments are shown in table 7.  Figure 29 shows the various specimen sizes that were tested. 
 

Table 7.  Test Specimen Dimensions (mm) 

n b h tc tf  (approx) L e2 e3 
2 10 7.5 6.25 0.55 20 0.075 0.135 
4 20 15 12.5 1.1 40 0.075 0.135 
8 40 30 25 2.2 80 0.075 0.135 

16 80 60 50 4.4 160 0.075 0.135 
* 5 3.75 3.125 0.275 10 0.075 0.135 

 
(The * dimension refers to the parameterized dimensions (b = nb*, h = nh*, tc = ntc*, tf = ntf*, L = nL*) 
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Figure 29.  Various Specimens Size 
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By normalizing the dimensions, a set of constants can be defined for the bending equations, 
which are independent of the specimen size. 
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 (22) 

 
or 
 

 ( *
1 2 32ε P C C y C z

n
= + + )*  (23) 

 
This simple analysis checks the specimens during and after the test.  If the values of the Ci 
constants vary significantly, this indicates some inaccuracy in the test (e.g., misalignment of the 
specimen). 
 
A remaining difficulty for a parallel-sided specimen is that the failure is unlikely to start exactly 
where it should.  To control the initiation point, a blunt notch is introduced into the facesheet, 
where the failure is expected, by creating a horizontal slit in the skin for a set distance.  This 
creates a stress concentration from where the failure is expected to initiate.  The stress 
concentration complicates the analysis; however, equation 22 still approximately holds away 
from the stress concentration, although the values of Ci are no longer quite given by equation 21. 
 
4.1.2  Validation of the Test. 

Test specimens were manufactured using 15-ply panels and a 100-kg/m3 density foam 
(Divinycell H 100) for which mechanical data was available from previous tests [13].  According 
to the sandwich failure models discussed in section 3.4.1, these sandwich panels, under eccentric 
loading, should have shown linear behavior up to failure.  However, during the test, significant 
nonlinearity was observed (see figure 26). 
 
Subsequent modeling by Navid Zobiery at UBC indicates that this nonlinearity is due to foam 
core shearing (a factor neglected in the simpler model).  This nonlinearity led to using a stiffer 
foam for the final test series.  In the initial test series, the other experimental details were tested 
and appropriate values for experimental parameters were collected.  The slowest possible 
crosshead speed was selected (0.01 in/min), since this increased the likelihood of a stable failure.  
A variety of notch diameters and depths were tested, and the stress field was observed using a 
photoelastic analysis method.  (A brief description of the method is given in appendix C.) 
 
4.1.3  Unnotched Beam Test. 

To test the basis of the theory, an 8-ply beam (CDC/FIN/0818) was tested in axial compression 
with unnotched facesheets, with four strain gages measuring the mid-beam strains and a 
photoelastic coating on the front surface.  Figure 30 shows the good agreement between this 
simple analytical model and the unnotched beam test. 
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Figure 30.  Basic Model Comparison for Unnotched Specimen 

These test results were used to validate a simple finite element model of the specimen, which 
directly compared between the beam model and the photoelastic coating. 
 
4.2  SCALING AND SIZE EFFECT LAWS. 

The size effect is understood as the effect of structure size on the nominal strength of structure, 
which is a parameter of the maximum load, P, defined as 
 
 /N cP bDσ =  (24) 

where c is a dimensionless constant introduced for convenience, often taken as c = 1 but defined 
here so that σN would represent the maximum stress calculated from the elastic theory of bending 
(because b/D = constant for the present tests, one could, of course, alternatively use the 
definition σN = cP/D2).  In the theory of plasticity, as well as elasticity with an allowable strength 
limit, σN is independent of structure size D, i.e., there is no size effect. Linear elastic fracture 
mechanics (LEFM) exhibits the strongest possible size effect, in which σN decreases as D-1/2 

if the cracks for different sizes are geometrically similar (but when the critical crack or flaw is 
microscopic and independent of D, there is, of course, no size effect in LEFM) [7 and 8]. 

42 



 

Having eliminated the statistical size effect, one can expect, according to the previously 
developed theory [14-21] that one of the following energetic (deterministic) size effect law types 
should be followed: 
 
Type 1 
 
 ( )

1
σ σ 1 r

N brD D∞= +  (25) 
Type 2 
 
 ( )

1
2

0 0σ σ 1 σN rD D −= + +  (26) 
 
where σ∞, r, Db, D0, σ0, and σr are constants (related to the geometry and properties of the 
material).  Type 1 applies to failures at fracture initiation from a smooth surface, and type 2 
applies to failures when a large notch or a large crack is present at maximum load.  Parameter σr  
represents the residual nominal strength of the specimen, due to frictional-plastic resistance after 
the fracture is fully formed.  Usually, σr = 0 for tensile failures, but for compression failure, σr 
can be nonzero [20] (and is definitely nonzero for compression kink bands). 
 
Because the present specimens have a sizeable, but not very deep, notch, the size effect must 
represent a transition from type 1 to type 2, in which the energetic size effect formula, 
unfortunately, becomes considerably more complex [22], with a greater number of coefficients.  
In view of the inevitable high scatter in laminate testing and the limited size range of the present 
test data, it is impossible to identify from the tests more than two coefficients of the size effect 
law.  Therefore, one of the preceeding two formulas must be chosen.  Because a sizeable notch is 
present, the type 2 size effect, equation 26, is probably closer to reality. 
 
4.2.1  Experimental Results and Their Implication for Size Effect. 

The sandwich specimens were loaded in compression at a constant displacement rate for each 
size equal to 0.01 in/min. (which is the minimum on the Instron 8500 machine).  The viscoelastic 
effects on σN are expected to be unimportant.  The maximum loads measured for all individual 
specimens of each size are given in table 8.  Figure 31 shows that the specimens failed at the 
notch through a formation of the kink band. 
 

Table 8.  Measured Values of Maximum Load P and Nominal Strength σN 
for all Individual Sandwich Specimens 

Porous Nonporous 
n P/n2 n P/n2 
2 333 2 402 
2 350 2 411 
2 527 2 485 
4 346 4 363 
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Table 8.  Measured Values of Maximum Load P and Nominal Strength σN 
for all Individual Sandwich Specimens (Continued) 

Porous Nonporous 
n P/n2 n P/n2 
4 348 4 380 
4 349 4 397 
4 353 4 433 
4 388 8 334 
8 296 8 338 
8 312 8 353 
8 322 8 381 
8 323 8 433 
8 331 16 311 
8 344 16 342 

16 275   
16 295   

 
n = number of prepreg layers 

 

 

Figure 31.  A Fracturing Compression Shear Band Developing at a 
Notch in the Laminate Facesheet 

For small sandwich specimens with a size (thickness) denoted as D1, the elastic analysis with a 
compressive strength limit, fc, is known to give good results.  Thus, it is suitable to define the 
convenience parameter c in equation 24 in such a way that the nominal strength σN coincides 
with fc.  To this end, the small notch was ignored, and the shear deformation of the foam core 
was neglected (which is small for nearly centric axial loading).  The elastic theory of bending 
was used (in which the cross sections are assumed to remain planar) to calculate the maximum 
stress, σmax, in the cross section, which occurs at the edge of the facesheet, with coordinates 
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y = b/2 and z = D/2 = (tc+2tf)/2.  Then, setting σmax = σN  = fc, the following expression is 
obtained from the theory of bending (where ey and ez are dimensionless ratios of the 
eccentricities to b/D): 
 

 
( )3 3 3

6 61
2 2 1

y z

f c c f f c c f c c c f

e ec
t D E t E D t D E t E D t D E t E D

= + +
+ + − + 3

 (27) 

 
For the present sandwich geometry, the numerical value is c = 10.92. 
 
The values of measured nominal strength σN, calculated from the maximum load P with this c 
value, are shown by the data points in figure 32.  The optimum fits by the type 2 size effect law 
in equation 26 are shown by continuous lines, and the asymptotes of this law are also marked.  In 
the top plots, it is assumed that there is no residual strength (σr = 0), while in the plots at the 
bottom, the residual strength σr is finite.  While figure 32 shows the data in logarithmic scales, 
figure 33 shows the same data in the plots of  1/ σN

2 or 1/ (σN - σr) 2 versus D/D0, which are useful 
because in such coordinates, equation 26 gets transformed to a linear regression plot.  In such a 
plot, the optimum (least square) fit of the data by equation 26 is easily obtained, along with the 
coefficient of variation ω of the data deviations from the regression line.  The optimum values of 
D0, σ0, and σr obtained by regression are listed in each figure.  It must be noted, that the 
sensitivity of fits to σr is very weak because the data scope is too limited compared to the scatter. 
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Figure 32.  Measured Values of Nominal Strength σN of Eccentrically Compressed Sandwich 
Panels of Various logD and Their Fit by Type 2 Size Effect Law 
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Figure 33.  The Same Data and Fits as in Figure 32 Replotted to Obtain a 
Linear Regression Plot 

Figure 34 represents the optimum fits of the same data with the type 1 size effect law in equation 
25.  The optimum values of parameters σ∞, Db, and r are listed in the figures. 
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Figure 34.  The Same Measured Data as in Figure 32 (Top) Fitted With the Type 1 Size Effect 
Law and (Bottom) Replotted as Σn –1/R Versus 1/D, to Obtain a Linear Regression Plot 

The data plots in figures 32 and 34 make it clear that the size effect exists and is quite 
pronounced.  The strength reduction can be as much as 25% for a scaling increase of 8 with 
σr = 0. The porosity does not seem to affect this decrease in any way.  Therefore, the current 
design procedures, which are based on the concept of material strength, are not justified for 
larger sandwich structures under compression.  It follows that cohesive (or quasi-brittle) fracture 
mechanics, or nonlocal damage mechanics, must be used in the analysis, or at least a size effect 
correction must be applied to the results obtained with the classic strength theory.  Looking at all 
the fits shown, it is difficult to decide which size effect law provides the best fit.  The fit in figure 
32, using the type 2 size effect law in equation 26, which seems more logical, is perhaps slightly 
better than the others, but because of the scatter, the differences are insignificant.  To reach an 
unambiguous conclusion, it would be necessary to either reduce the random scatter of the test 
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data, which seems impossible, or extend the data range in terms of the size and include other 
geometries with different brittleness. 
 
4.3  ESTIMATION OF NOMINAL STRENGTH OF ARBITRARY SANDWICH OF ANY 
SIZE. 

Parameters D0, σ0, and  σr in equation 26, or σ∞, r, and Db in equation 25, in principle, should be 
calculated from the properties of the cohesive crack model, particularly the material strength and 
fracture energy.  This calculation has been made for tensile fracture in some materials (such as 
concrete), but not for compressive failure of complex structures such as composite sandwich.  
Therefore, a simplified approach is needed. 
 
It can be safely assumed that for a very small sandwich structure, e.g., D = D1 = 25.4 mm, the 
elastic analysis with compressive strength limit fc gives a realistic result.  Therefore, σN = fc may 
be set in equation 25 or 26, and solve the equation for σ∞ or σ0.  This yields: 
 
Type 1 
 

 ( ) ( )
1

11 1r
c b c bf rD D f rDσ −

∞ = + = +
1

r−  (28) 
 
Type 2 
 
 ( )( ) ( )( )

1
2

0 1 01c r c rf D D f Dσ σ σ= − + = − +
1

2
01 1  (29) 

 
However, the values of D0/t1, Db/t1, and r still must be estimated.  If analysis, based on fracture 
mechanics, cannot be carried out, one may use for this purpose the means of the values from 
figures 32-34. 
 
5.  CONCLUSIONS. 

The initial research, evaluating porosity using nondestructive ultrasonic and destructive optical 
methods, allowed the best possible match between production defects and artificially introduced 
effects to be evaluated.  The original hope that some correlation between the shape of porosity 
and the relationships between ultrasonic attenuation and degree of porosity was, however, not 
realized.  The limited range of porosity available in the production defect panels made it 
impossible to make a good quantitative conclusion based on the results available. 
 
For the sandwich panels, the challenges of measuring the properties of thin skins over 
attenuative cores are known, and a limited investigation into measuring the front-wall echo 
response to detect variations in the skin density was performed.  The results show that, 
qualitatively, it is possible to detect porous areas in the skins using this method.  However, 
further research would be required to validate this as a quantitative technique and to explore the 
limitations of the method.  With the transparent glass epoxy skins used in the CDC aircraft, such 
an investigation is unwarranted;  however, if a similar structure using thin opaque skins (such as 
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carbon-reinforced epoxy) required inspection, there would be some value in exploring this 
technique further. 
 
The test results on monolithic and sandwich beams indicate that, in most realistic cases, the 
failure mode under compression load of the sandwich will be dictated by the longitudinal 
stiffness of the sandwich facesheets, the shear modulus of the core, and the geometry of the 
sandwich.  Although the porosity acts to reduce the static strength of the facesheets (20% at 4% 
porosity), it has no significant effect on the factors that affect the static strength of the sandwich 
such as longitudinal stiffness, which was shown to be unaffected by porosity.  There may be 
secondary effects such as a loss of adhesion between the facesheet and core materials; however, 
these were not investigated.  Under cyclic loading, it is possible that the porosity will initiate 
damage leading to a softening of the skin materials, which would be expected to result in a 
reduction in the strength of the sandwich. 
 
From the scaling/sizing portion of this research, the following observations were made. 
 
The present experiments have shown that compressive failure of laminate/foam sandwich plates 
exhibits a significant size effect, as much as 25% for a scaling factor of 8.  This size effect is 
sufficiently significant to merit consideration in design if the parts are strength critical.  
Although the thickness range of the tested specimens corresponded to the thicknesses of load-
bearing fuselage panels of small aircraft, these results should be used with caution as the type of 
volumetric scaling that was performed is seldom seen in structures, particularly aircraft 
airframes.  Typically, the thickness increase is much lower than the increase in other dimensions, 
and this will dramatically affect the way in which the size effect operates (i.e., if the length and 
width of the specimen were increased without thickness increase, the results would be quite 
different).  The application to large ship structures will require extrapolation of the measured 
size effect. 
 
Material strength randomness was suppressed by introducing small notches in the laminate skins.  
This made it possible to conclude that the size effect observed in the mean nominal strength of 
sandwich specimens with small notches cannot be due to variability.  The size effect observed 
can be explained only energetically, as a consequence of stress redistribution prior to the 
maximum load.  
 
Due to the inevitable large scatter in the fiber composite tests, and to limited size range of tests, 
the mathematical modeling of the test results was ambiguous.  The present test data can be fitted 
equally well by several different laws, particularly the energetic size effect laws of either type 1 
or type 2, including the Weibull statistical size effect formula.  Therefore, one can safely claim 
only that these laws do not disagree with the present experimental data, but not that these data 
validate the correctness of any of these laws.  The laws’ applicability rests on the general 
energetic theory of size effect, which has been amply validated by many experiments on fiber 
composites and other quasi-brittle materials, as well as extensive mesh-objective numerical 
simulations. 
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APPENDIX A—LIST OF SUPPLIED PANELS 
 

ID No. 

Suppliers 
Sample 
Number Date Made 

Date 
Received Notes 

CDC01 Panel 1 03-Oct-01 10-Jan-01 15-ply panel with 5 dry plies, giving significant 
porosity 

CDC02 Panel 2 10-Mar-01 01-Oct-01 15-ply panel with 7 dry plies giving very high 
porosity 

CDC03 LWO 029035 Panel 2 18-Apr-02 14-May-02 15-ply 7781/BRYTE (0,90) moisture mist between 
each layer.  Cured with vacuum. Double breather 
and aluminum plate. (Marked POROUS) 

CDC04 LWO 029035 Panel 4 19-Apr-02 14-May-02 15-ply 7781/BRYTE (0,90). Cured with vacuum. 
Double breather and aluminum plate. (Marked 
STANDARD) 

CDC05 LWO 29035 Panel 5 19-Apr-02 13-May-02 15-ply 7781 BRYTE (0,90) Cured with vacuum. 
Double breather and aluminum plate (Marked 
STANDARD) 

CDC06 LWO 029035 Panel 6 19-Apr-02 13-May-02 15-Ply 7781/BRYTE (0,90), Moisture mist in layers 
3, 6, 9, and 12.  Initial vacuum consolidation.  
Cured W/O vacuum.  Double breather and 
aluminum plate (Marked POROUS) 

CDC07 LWO 029035 Panel 7 22-Apr-02 13-May-02 15-ply 7781/BRYTE. Cured with teflon film on 
composite panel. Double breather. (PREMIUM) 

CDC08 LWO 029035 Panel 9 22-Apr-02 13-May-02 2-Core-2 7781/BRYTE Dried foam core cured with 
vacuum, double breather and aluminum plate 
(STANDARD) 

CDC09 LWO 029035 9 5/3 71/16 02-Apr-22 13-May-02 2-Core-2 7781 BRYTE dried foam core cured with 
vacuum, double breather and aluminum plate 

CDC10 LWO-029035-12 23-Apr-02 13-May-02 2-Core-2 7781/BRYTE dried foam core. Cured with 
vacuum, double breather and composite panel. 

CDC11 PN14177-001/NCRGF14558 03-May-02 25-Oct-02 Spar tunnel section, CSO#210805-1, NCF:GF14558 
Part was cut from the side of a spar tunnel.  Four 
areas of porosity are circled as not meeting CDC 
quality standards. 

CDC12 PN13367-001  25-Oct-02 Part cut from the end of a main spar.  An area on the 
radius was circled as not meeting CDC quality 
standards. 

CDC13 PN13368-001/NCRGF14993 03-Jul-02 25-Oct-02 Aft shear web section. CSO# 221727-2 
Part was cut from the end of an aft shear web. The 
part was rejected due to porosity in the radii not 
meeting CDC quality standards. 

CDC14 PN13368/002/NCRGF14991 02-Aug-02 25-Oct-02 Part was cut from the end of an aft shear web. The 
part was rejected due to porosity in the radii not 
meeting CDC quality standards. 

CDC15 EWO 020400 #1A 16-Aug-02 29-Aug-02 Defect panel teflon tape defect on tool side of panel 
CDC16 EWO 020400 #1B  29-Aug-02 2 core2 panel with barrier film defect on tool side 
CDC17 EWO 020400 #2 19-Aug-02 29-Aug-02 Sandwich panel with build-up of plies 

 

A-1 



 

A-2 

ID No. 

Suppliers 
Sample 
Number Date Made 

Date 
Received Notes 

CDC18 EWO030182-N-4  26-Aug-04 16-ply nonporous 
CDC19 EWO030182-N-3  26-Aug-04 16-ply nonporous 
CDC20 EWO030182-N-2  26-Aug-04 16-ply nonporous 
CDC21 EWO030182-N-1  26-Aug-04 16-ply nonporous 
CDC22 EWO030182-P-1  26-Aug-04 16-ply porous, water misted  
CDC23 EWO030182-P-2  26-Aug-04 16-ply porous, water misted  
CDC24 EWO030182-P-3  26-Aug-04 16-ply porous, water misted  
CDC25 EWO030182-P-4  26-Aug-04 16-ply porous, water misted  
CDC26 EWO030183-N-5  26-Aug-04 8-ply nonporous 
CDC27 EWO030182-N-6  26-Aug-04 8-ply nonporous 
CDC28 EWO030182-P-5  26-Aug-04 8-ply porous, water misted  
CDC29 EWO030182-P-6  26-Aug-04 8-ply porous, water misted 
CDC30 EWO030182-N-7  26-Aug-04 4-ply nonporous 
CDC31 EWO30182-P-7  26-Aug-04 4-ply porous, water misted 
CDC32 EWO030182-N-8  26-Aug-04 2-ply nonporous 
CDC33 EWO030182-P-8  26-Aug-04 2-ply porous, water misted 

 



 

APPENDIX B—ERRORS IN IMAGE ANALYSIS MEASUREMENT 
 

Since the pixelation of an image assigns a value based on the amount of light incident on the 
relevant element of the charged current device, it is assumed that pixels that lie entirely within 
the area of interest (in this case, the pore) will be assigned the correct (dark) value, and the pixels 
that lie entirely outside this area will be assigned the correct (light) value.  The error arises due to 
the intermediate pixels, which include some of the pore and some of the surrounding field. These 
will be assigned an intermediate value proportional to the area of the pore that lies within the 
pixel. With a perfect specimen and microscope, it is theoretically possible to sum the proportions 
of theses intermediate pixels and arrive at the exact value for the size of the pore.  However, this 
is impractical due to other factors that influence the pixel intensity. 
 
The maximum error in the calculated value of the void fraction, due to pixilation, is the number 
of intermediate pixels divided by the total number of pixels used. If circular pores are assumed, 
this value can be estimated quickly, as shown in figure B-1. 
 

 

r
dp 

Figure B-1.  Area of Outer Limit for Pixel Overlap With Circular Pore 

The area of this shape is therefore 
 

2 2
max π 4 p pA r rd d= + +  

 
If one follows a similar procedure and defines an area Amin such that the upper left corner of a 
pixel is in this area, then the entire pixel will be within the pore.  Amin will be approximately 
 

2 2
max π 4 p pA r rd d≈ − +  

 
Since the position of any pore is random the number of pixels in each region is calculated (nd = 
number of dark pixels, ng = number of intermediate pixels) as being proportional to the area of 
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B-2 

that region.  Therefore, if one estimates the number of gray (intermediate) pixels associated with 
any circular pore 
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For an accurate value of Vp, the expected number of pixel/pore would be 
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Therefore, the error range is approximately 
 

8
π

g p
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n d
n r

=  

 
This is the range from a value that excludes all the intermediate pixels to a value that included 
them all.  If one considers other shapes this value will still approximately estimate the maximum 
error range if one substitutes a value of: 
 

max mineffr d d=  
 

where dmax/dmin represent the maximum and minimum linear dimensions of the shape. 
 
When measuring porosity of approximately 5%, a dp/r ratio of approximately 1/125 should be 
used so that the pixelation error is less than 0.1%. 
 
This is still very much a maximum error range.  In general, some of the intermediate pixels will 
be captured in the thresholding operation and some will be excluded. If the value halfway 
between the dark and light peaks is taken the error is much less.  However, for not ideal images, 
this in itself, can cause problems because there are other gray features that may be affected. 
 



 

APPENDIX C—PHOTOELASTIC ANALYSIS 
 

A more comprehensive description of the photoelastic method can be found in experimental 
stress analysis [C-1].  The basis of the method is that transparent polymeric materials can have 
the ability to rotate the plane of polarized light when subjected to a strain (strain birefringence). 
In a simple setup used to validate the experiments (see figure C-1), a sheet of photoelastic film is 
adhesively bonded to the front skin of the composite; a circular polarizing filter is then placed in 
front on the specimen during the test and, as the test proceeds, colored fringes appear. 
 

 

Light 
Source 

Video 
Camera 

Figure C-1.  Photoelastic Setup 

Since the coating is thin and has a relatively low stiffness, it is assumed that the strains in the 
coating are equal to the strains in the composite skin.  Assuming linear elastic response in both 
the coating and the composite and combining with standard photoelastic equations, gives 
 

1 2 1 2
λε ε ε ε

2 2
s s c c

c
c

Nf N
h h

ε− = − = =
K

 

 
where the subscripts c and s refer to the coating and the sandwich skin, respectively, N is the 
fringe order, fε is the photoelastic sensitivity of the coating, and h is the thickness.  Table C-1 
shows the relationship between observed colors, fringe order, and the value of ε1-ε2 for the 
coating used (PS-1E, K = 0.150, hc = 0.25 mm). 
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Table C-1.  Relationship Between Colors, Fringe Order, and Value of ε1-ε2 
 

Color 
Fringe Order 

(N) 
Retardation/n

m ε1-ε2 
Black  0.00 0 0.00000 
Gray 0.28 160 0.00213 
White 0.45 260 0.00347 
Yellow 0.60 350 0.00467 
Orange 0.79 460 0.00613 
Red 0.90 520 0.00693 
Tint of passage 1 1.00 577 0.00769 
Blue 1.06 620 0.00827 
Blue green 1.20 700 0.00933 
Green-yellow 1.38 800 0.01067 
Orange 1.62 940 0.01253 
Red 1.81 1050 0.01400 
Tint of passage 2 2.00 1150 0.01533 
Green 2.33 1350 0.01800 
Green-yellow 2.50 1450 0.01933 
Pink 2.67 1550 0.02067 
Tint of passage 3 3.00 1730 0.02307 
Green 3.10 1800 0.02400 
Pink 3.60 2100 0.02800 
Tint of passage 4 4.00 2300 0.03067 
Green 4.13 2400 0.03200 

 
C.1  Creating Photoelastic Models From Finite Element Analysis Data. 
 
To allow direct comparison between Finite Element Analysis (FEA) output data and photoelastic 
images, it was necessary to create a color scale based on the photoelastic equations.  White light 
contains a near continuous spectrum of wavelengths between 380 and 780 nm, the birefringence 
of the photoelastic sheet will cause interference for each wavelength, such that the reflected 
intensity will be 
 

2 π(λ) sin
λ
dI ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 

 
where d = retardation 
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At each frequency, the charged current device in the camera will respond to the apparent red, 
green, and blue (RGB) components of the incoming light, if Ic(λ) is defined as the apparent 
intensity for each color (c = R,G,B), then the total intensity of each color reflected through the 
photoelastic sheet will be 
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π(λ)*sin λ
λR
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⎝ ⎠∫  

 
and similar expressions for G,B where R,G,B are the intensities of each component of the RGB 
image [C-2].  The values of Ic are shown graphically in figure C-2. 
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Figure C-2.  RGB Intensities Used to Create Photoelastic Color Scale 

From these intensities, one can calculate and RGB trio for the apparent color at each retardation 
value, as shown in figure C-3. 
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RGB intensities vs Retardation
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Figure C-3.  RGB Intensities 

The color map can be used by the visualization software, which allows the FEA data to be 
displayed as a photoelastic image. 
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