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ABSTRACT 

Non-destructive testing methods often provide a key understanding of damage when 

examining carbon fiber-reinforced polymers (CFRP) without compromising their structural 

integrity. Yet the limitations of various accurate nondestructive testing (NDT) methods decrease 

the range of application within the commercial aerospace world due to the scale and complexity 

of parts post assembly. The study of this thesis investigated impact tests performed on T300 carbon 

fiber-reinforced polymer samples to understand if analysis by 2D digital image correlation (DIC) 

can be used to identify barely visible impact damage (BVID). The intent is that this process could 

allow monitoring of impact damage on an aircraft if baseline pre-impact images are available for 

those components. T300/epoxy plate samples were created through VARTM (Vacuum Assisted 

Resin Transfer Modeling), impacted following ASTM 7136 guidelines, and tested for residual 

compressive strength according to ASTM 7137 guidelines, to showcase the extent of damage. 

Strain of the pixels between images was calculated through DIC (Digital Image Correlation) from 

Correlated Solutions VIC 2D commercial software. A Lagrange tensor type was chosen for strain 

computation with a normalized squared differences criteria for correlation. The results provide a 

range of impact imagery via DIC on frontal (impacted) and posterior sides of the samples. By 

cross-referencing other NDT methods applied to impacted T300/epoxy at the same or similar 

energy levels and nearly identical manufacturing techniques, 2D DIC shows promising evidence 

that it could provide evaluation of damage from BVID on CFRPs. 
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CHAPTER 1 

INTRODUCTION, LITERATURE REVIEW, AND PRELIMINARY WORK 

1.1 Motivation 

The aerospace industry is a major sector in the U.S. economy and carbon fiber reinforced 

polymers (CFRPs) are used in many structural applications, including critical components such as 

fuselages and wings. Various defects that occur overtime can cause critical failures. Because of 

the expensive nature of aerospace components, we need nondestructive testing methods to evaluate 

occurrence of damage as well as its severity which could produce hazards.   

The research question of this study is if low-cost 2D Digital Image Correlation (DIC) with 

CFRPs can determine the presence of barely visible impact damage. It is commonly known that 

one considerable liability of composite structures is barely visible impact damage: an impacted 

surface may not exhibit visible proof of damage, but there may be substantial, visible damage on 

the opposite surface (in the form of matrix cracks and possibly even fiber damage). A standard 

inspection from a technician would most likely not find the defect and would require other NDT 

methods for confirmation. Even though a 3D DIC comes with a greater advantage, such as out-of-

plane displacements and strains captured (Flores et al., 2017), more affordable 2D DIC may 

provide a suitable baseline of damage by comparison with other nondestructive testing methods 

such as X-Ray Tomography, Thermography and Acoustic Microscopy. See Table 1 for a 

comparison of characteristics with these NDT methods. It is important to note that the cost of the 

setup does not include software.  
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Table 1: Comparison of characteristics with NDT methods  

 Cost of Setup  Setup 

Complexity 

Effort for 

Experimentation 

Knowledge 

Required 

2D DIC Low Low Low Medium 

3D DIC  Medium Medium Medium Medium 

X-ray 

Tomography 

High High High High 

Thermography Medium Medium High Medium 

Acoustic 

Microscopy 

Medium High High High 

 

In many cases of the commercial and defense sectors, rather outdated and non-consistent 

methods are used to investigate the structural integrity of CFRP aircraft parts. Currently, a 

commonly used NDT method is the “coin method” (Cawley and Adams, 1988), where a trained 

technician will use a coin or a digital hammer to lightly tap various panels on a plane's surface to 

detect defects. This is accomplished through listening for the distinction of acoustic resonance 

between the intervals of tapping. The process is said to be highly labor intensive in conjunction 

with the necessity of an experienced technician. The inaccuracy and inability associated with 

detecting various impacts, crushed honeycomb cores, delamination or other defects makes this 

methodology unreliable.  

CRFPs have different damage types, such as delamination between layers, matrix, and fiber 

damage. It is well known that impact damage may not be visible on a CFRP-impacted surface 

(Schimmer et al., 2019). 2D DIC methods may assist in detecting this type of damage. A potential 

scenario for the application of 2D DIC could be along the lines of a pilot of a Boeing 787 report 

that birds were seen near the aircraft during take-off and a possible impact may have occurred. 

Investigation of whether a strike to the aircraft occurred could be carried out with an image of the 

aircraft before any flight and an image of the aircraft after landing at its destination. With input 
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from the pilot of where the impact may have occurred, a technician could examine if a) a strike 

had occurred and if so b) determine whether the strike imposed a greater amount of damage than 

what is deemed safe by a regulator agency, and c) document the strike and closely monitored to 

see if the damage is increasing and would be deemed unacceptable by the Maintenance, Repair 

and Operations (MRO) team in charge of the aircraft.  

 

1.2 Carbon Fiber-reinforced Polymers  

Carbon fiber-reinforced polymers (CFRPs) have enabled the advancement of various 

advanced aerospace structures due to their material properties in comparison to metallic materials, 

such as low weight, high stiffness, high strength, corrosion resistance, longer fatigue life, reduced 

maintenance, and retention of properties at high operating temperatures (Herakovich, 1998). In 

contrast to most metallic alloy materials based on aluminum, steel and titanium, CFRPs are not 

considered isotropic homogeneous materials. Instead, they are considered anisotropic 

heterogeneous viscoelastic materials whose properties also depend on manufacturing quality and 

processes, such as consistent fiber volume ratios, correct fiber orientation in ply layering, and 

human error that occur with the creation of the material (Elhajjar et al., 2019).  

In addition, CFRPs exhibit different behaviors as a result of the direction of the fibers in 

comparison to the direction of loading. The stacking of individual fiber layers create a laminate 

and may vary with orientation, thickness and stacking sequence which is to influence an optimal 

direction of loading, thus strengthening the material. The examination of surface and internal 

composite damage cannot be executed in the same manner as conventional metallic materials: an 

example such as crack propagation is an instance where fiber-reinforced polymer materials behave 
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in a stark contrast to metals. Tough metallic materials resist crack formation and propagation by 

yielding, but cyclic loading or impacting will further propagate the crack within the structure. 

CFRPs may reduce crack propagation through a combined mechanism of woven fibers interfering 

with the crack propagation, and a polymer matrix that can yield and provide fracture toughness 

(Ritchie, 1988).  

Aircraft structures typically contain laminates, with layers at varying fiber orientations 

and/or sandwich composites, with a thick core material (for example Kevlar honeycomb) between 

stiff skins, providing bending stiffness and impact resistance. An example of why different 

materials are used in composites would be that Kevlar provides excellent tensile properties at a 

lower cost than carbon fibers, but carbon fibers contain better compressive properties than Kevlar 

(Flores et al., 2017). Combining both into a composite attains the desired properties but is still 

economically viable with a large structure like an aircraft. Within this study we analyze just the 

monolithic laminate itself. Typically on an aircraft there would be composites with coatings such 

as paint or other additional layering materials. 

1.3 Digital Image Correlation  

 Digital Image Correlation (DIC) is a precise, non-contact, and non-interferometric 

optical method used for measuring the displacement/deformation of a structural element/material 

subjected to external loading (Chu et al., 1985). The idea of the DIC method is based on the 

principles of continuum mechanics (rigid body mechanics), where a digital camera captures 

consecutive images of a structure’s surface before and after the deformation of that structure. Once 

a series of photos are captured, they are analyzed through an in-house or commercial DIC software 

computer program. In the case of this study, a preliminary photo as well as a post impact photo 

would be compared to analyze deformation. An area of interest (AOI) is allocated to the DIC 
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program to analyze a specific portion of the comparative images, which in this case would be the 

impact site. To be able to correlation between the photos, the subset within the area of interest 

must contain distinctive features. These subsets of the images AOI are within a grid pattern 

comprised of square subsets to directly compare pixels. If the subset is large enough to include one 

grid intersection, the analysis can proceed without error. The user of the software can define 

selection criteria such as tensor type, image weighting, filter size of the subset and thresholds in 

acceptance of pixel matching confidence. In the case of this thesis, a commercial software, VIC-

2D by Correlated Solutions was chosen from the previous utilization of the software within 

ARCES research laboratory. Typically, researchers will apply a unique pattern or random 

speckles / dots to the surface through fine mists of spray paint; this is done usually with a white 

background and black dots (Spencer et al., 2021; Chu et al., 1985). This is to increase the surface 

roughness as well as give an unambiguous start and end pixel for the AOI. In most cases, whether 

the material is metal, ceramic or composite, a glossy or satin paint under intense lighting would 

show reflections of the speckle patterns which aid the software in effective correlation. A speckle-

free DIC method can also be used (Spencer et al., 2021), and was applied in the current thesis. 

Moreover, one paper (Niu et al., 2017) examined the DIC methodology using both a novel speckle-

free pattern, and a traditional painted speckle pattern, to accurately identify differences on the 

material between stages of the photographs. It was found that, in their case, the speckle-free pattern 

had a similar accuracy as the conventional DIC method. In some regards, they found the speckle-

free approach to be more accurate, because the traditional method would require layers of fine mist 

that would eventually build on the material and cause errors with image processing.  
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1.4 Preliminary Work 

 The research work started with the goal of applying DIC to 3D-printed samples made 

with a Fused Deposition Modeling (FDM) technique. The samples consisted of Polyethylene 

terephthalate glycol (PETG) polymer with chopped carbon fiber strands as reinforcement, to be 

studied with DIC in order to understand their bending and impact resistance. The reasoning 

behind this was that the literature considers this material combination as producing the highest 

tensile strength results for 3D-printed composites (Jiang et al., 2017; Mansour et al., 2018). The 

parameters regarding the print temperature, infill and pattern of print were adhered to as much as 

possible with the printer provided. The first samples were rectangular and approximately 200mm 

x 40mm x6.5mm (LWH) , and were subjected to four-point bending tests using ASTM D6272  

on a hydraulic testing machine (MTS 810). Based on the user’s testing choices and ASTM 

D6272, the material did not reach a significant deformation that could be easily identified by the 

DIC setup. Observing this issue created the motivation to see if plates made by this additively 

manufactured material would perform better under drop-weight impact and with barely visible 

damage, and whether DIC would be a useful technique. Multiple FDM samples of 95mm x 

95mm x 5mm (LWH) were produced with various infill amounts and patterns that would in 

theory be able to absorb the energy of the drop-weight impact. It was quickly discovered that the 

carbon/PETG samples behaved in a brittle manner, shattering at energies as low as 5J, compared 

to composite samples made with traditional manufacturing methods. It is hypothesized that the 

chopped fibers, the potential lack of sufficient adhesion between fibers and polymer caused by 

the fast cure of an FDM composite, and the lower fiber volume ratio may all be reasons for the 

poor performance. To produce mechanically strong CFRP plates, they were manufactured with 

Vacuum Assisted Resin Transfer Molding instead of FDM, as described in the next Chapter.   
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CHAPTER 2 

EXPERIMENTAL PROCEDURES  

2.1 Manufacturing of T300/epoxy plates by VARTM 

 CFRP samples were created using T300 carbon plain weave layers (with one layer 

having [0/90] orientation), and Proset 125/237 epoxy/hardener. Figure 2 shows an overview of 

the VARTM (Vacuum Assisted Resin Transfer Modeling) process, a conventional out-of-

autoclave manufacturing process for fiber-reinforced polymer composites, where a polymer (resin) 

infiltrates a laminate of dry fabric layers, and is driven across the laminate through vacuum 

pressure. 

 

Figure 1: Sketch of a typical VARTM setup (courtesy of Dr. La Saponara) 

 

The process requires several expendable supplies to remove voids from the panel, ease the 

flow process and ease the removal of the part from the mold. For this thesis, a total of 9 samples 

were created from a 356mm x 356mm layup with 10 layers of T300/epoxy. The process began by 
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cutting out ten 356mm x 356mm plain weave T300 fabric sheets from a roll. The next step was 

layering them in their original [0/90] orientation onto a flat metal square plate which was larger 

than the T300 sheets. This metal plate was the mold, the shape that the composite would assume 

upon curing. The plate would eventually be inserted into a vacuum bag during the VARTM 

process, and its corners were covered with duct tape to decrease the likelihood of rupturing the 

vacuum bag. It was decided to have a surface texture on the composite plate, based on the 

hypothesis that it could replace the speckle pattern typically applied to the surface for DIC analysis 

(Figure 2). The surface texture was provided by strips of T300 applied randomly onto Teflon-

coated fiberglass.  

 

Figure 2: T300 fiber texturing during the preparation of the panel 

A 381mm x 381mm layer of Teflon-coated fiberglass layer prevents the sample from 

adhering to the vacuum bag after the resin has infiltrated the fabric and has fully cured. Two tubes 

were prepared on each end of the sample: one would allow the infiltration of the resin, the other 

the removal of air from the sample, which would also pull the resin across the entire sample.  

The tubes were further wrapped by breather cloth, an airy polyester-based material that is 

used to ease removal of air from the panel. It also absorbs excess resin and acts as a filter against 
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unwanted inclusions from the epoxy/hardener container. Duct tape was used to hold the tubing in 

place. The last layer applied to the top of the panel was a 381mm x 381mm layer of red mesh: the 

red mesh aided the resin to better infiltrate the sample, by channeling it. The setup was finally 

completely by inserting everything into the vacuum bag and sealing it appropriately with 

temperature-resistant tape.  

Testing of the sealant tape and the bag was a vital step in validating that the vacuum bag 

would work throughout the multi-hour VARTM process. This was tested by dry-running the 

vacuum without the presence of resin and using clamps to observe whether the pressure gauge 

attached to the vacuum pump had the expected reading.  

 

Figure 3: Initial VARTM bag setup and testing for leaks 

If a leak was noticed from the bag being refilled with air upon shutting off the vacuum 

pump, the sealant tape would be pressed down at locations thought to be the source of the leak 

from visual and audible indications. This process was repeated until the vacuum was maintained.  

A mixture of 428 grams of resin and 122 grams of hardener were combined for a total of 

550g of 125-237 LAM resin/hardener, according to the published ratio on the data sheet. This 
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amount was deemed to be sufficient for the volume of fabric to be infiltrated based on 

experience.  

After the resin and hardener were combined and stirred into a mixing pot, the pot was 

placed in a small vacuum chamber to degas the mixture for approximately 25 minutes. By 

placing it in the chamber, the air in the mixture rises to the surface into a film that can be easily 

removed. This process is done to prevent bubbles from encroaching into the CFRP matrix and 

weakening the material. Degassing of the mixture was possible due to the published pot life 

(working time prior to gelation, where the mixture becomes too viscous to move through the 

part) of 7 hours at 25 °C . The entire VARTM process took nearly 3 hours with the pump 

running the entire time, see Figure 4 for intermediate resin infiltration of the panel.  

 

Figure 4: Resin infiltrating the panel  

The tubes were clamped and the sample was moved to an oven (Yamato DKN-600 

convection oven). The entire curing process was completed with a two-step cure, the first being a 

14-hour cure time at 25°C and the second being an 8-hour cure time at 82°C. Once the sample 

completed its cure time, the bag was removed and the sample was checked for potential defects 
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and other imperfections such as voids which cause microcracks, delamination and fracturing 

(Dhimole, 2021). 

A wet tile saw was used in order to cut the 9 samples used within the experiments. Even 

though a 356mm x 356mm sample was created, it was known that imperfections would occur 

around the outer perimeter of the sample (see Figure 5, with cured post-VARTM sample and the 

tile saw sample preparation, and Table 2 for sample measurements).  

     

Figure 5: As-manufactured T300/epoxy panel and preparation of the panel for tile saw cuts  

Table 2: Dimensional Measurements of T300/epoxy samples 

Length [mm] Width [mm] Thickness [mm] 

96.01 ± 0.77 95.98 ± 0.49 2.27 ± 0.00 

 

2.2 Impact testing  

Impact testing of the T300/epoxy samples was accomplished using an instrumented 

impact tester (Instron 9250G). The ASTM D7136 standard was followed when performing the 

impacting of all samples. The machine was calibrated before testing. Once this was completed, 

the sample was placed into the fixture compatible with its geometry (see Figure 6). The first 
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round of impacts for 8 samples were done at a nominal impact energy equal to 10 J, with a 

50.8mm hemispherical impactor (also named “head” in the plots), hitting the sample at the center 

of the sample. A second round of impacts was done for 4 of the samples, again at 10 J energy, 

but this time with a 25.4mm diameter cylindrical impactor. It was hypothesized that the second 

impact would show changes in the residual compression tests of the samples impacted twice, and 

could further highlights the benefits of DIC.  

 

Figure 6: Impact testing setup with the CFRP panel inside the fixture 

 

Other papers utilized various levels of energy (10J being the most common) with 

T300/polymer coupons or variations of T300, which produced both barely visible and visible 

impact damage, for example Symons, 2000, Loyola et al., 2012, Schimmer et al., 2019. With 

respect to these published works and this thesis, there were differences. The differences consisted 

of ply thickness or number of layers: 2mm in Loyola et al., 2012, Schimmer et al., 2019; 21 layers 

in Symons et al., 2000, versus this thesis (2.3mm thickness, 10 layers). In Schimmer et al., 2019, 

an impactor of 8mm diameter head is used, instead of the 26mm and 51mm impactors used in the 



13 
 

experiments of this thesis. Finally, Loyola et al. (2012) used Proset 117LV/237 resin instead of 

Proset 125/237 (Loyola is a former graduate student of Dr. La Saponara’s and many of the 

techniques and equipment were the same). These sources show that a 10 J nominal impact energy 

produced barely visible impact damage, while also preventing noise within the data with respect 

to the load cell capacity of the impactor. With this equipment and its nominal energy capacity of 

180 J, data acquired for impact energies lower than 10 J appear to be noisy. Figure 7 shows impact 

load and energy curves for the first preliminary sample tested. The peak of the energy curve is the 

actual impact energy experienced by the sample, while the steady-state value is the energy 

absorbed by the sample. 

 

Figure 7: Impact load and energy curves of sample 1  
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2.3 Digital Image Correlation Setup 

The DIC equipment consisted of a Mako G-503B, a 1/2.5-inch monochromatic 5-

megapixel CMOS sensor camera equipped with an Edmund Optics 25mm fixed focal length lens 

to capture 16-bit TIFF type images via ethernet cable to the selected image software (Vimba 

Viewer by Allied Vision). The camera was attached to an orthogonal mounting setup which 

clamped to a table and connected to the camera (mounted vertically) through a universal adapter 

mounting bracket. Two T slot aluminum rails were used as a guide to where to place each plate 

sample as seen in Figure 8. They were mounted together with a 90° bracket and were mounted to 

the table with a C clamp. On the larger of the two T slot aluminum rails was a ruler to provide a 

scale in the photos. Next to the camera was a 150 W halogen light source which was clamped to 

large aluminum blocks to prevent any movement. The light source incorporated two alligator arm 

style attachments which were aimed in a manner to prevent any shadows from forming during the 

image capturing. This consideration was made because the greyscale pattern that the DIC software 

uses is extremely sensitive to changes in light, shadows, etc.  

 

Figure 8: Experimental setup to acquire Digital Image Correlation  
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It was important to replicate the location of baseline and post-impact photos with the 

highest accuracy possible to remove the error of rigid body translation and rotation. This was, 

achieved through mounting the setup further with various clamps and weights to mitigate apparatus 

movement between the photos. The setup was isolated and bare to reduce the likelihood of human 

error of contact with the apparatus. The VIC-2D software can remove some rigid body motion in 

cases where photos are within an acceptable margin. The image correlation from the pixel 

grayscale pattern requires photos to be within a small margin. The rigid body removal feature was 

tested (on samples 1-4 and preliminary sample), but did not affect the post-processing strain 

computation enough to be considered significant within the data captured with the variables 

discussed with Section 2.2. Within this study rigid body rotation was not used for the CFRP plates 

as an additional feature with the DIC analysis as it did not provide any improvement in detecting. 

BVID. 

 

2.4 Digital Image Correlation (DIC) Capturing and Processing 

 Pictures were captured in two different manners for the DIC setup, see Figure 9. The first 

type was taking photography using the sample placed on the table while against the 90° portion of 

the T slot 90°, while the second was placing the sample within the 90° portion of the T slot. This 

was done for the photos of both the front as well as back impacted samples. For a comparison 

between baseline and post-impact photos, there is a total of 8 photos: 4 pre-impact and 4 post-

impact photos.  
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Figure 9: Capturing images with sample outside (right) and inside (left) the T slot fixture  

 

Figure 10: Post impact image capturing outside with front side (right) and back side (left)  

 

Figure 11: Focal plane of an object (plate) (Sutton, 2009) 

The reason for placing the sample both on the table and the insert of the T slot is to offset 

any displacement from the impact. While a sample that is placed on the bottom of the T slot (flat 
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on the table) may change the focal plane from photo to photo (see Figure 10 and Figure 11) from 

an impact in the form of a mound shape, placing the sample inside the T slot allows for the focal 

plane to remain the same. Impacting a sample would create a mound shape deformation which, 

when capturing the post impact photo, would change the field of depth for that specific photo. 

When testing preliminary samples, it was found out that placing the sample on a flat surface after 

impacting resulted in tilting of the sample because of this deformation. Since the area of interest 

with impacting would not reside near the edges of the impact, placing the sample in the T slot 

accomplished fixing two problems that would regularly cause errors or appear less accurate: the 

first is that the original focal plane of impact would not be changed; the second is that by inserting 

the sample into the T slot, the sample would essentially be floating except for two edges, thus 

eliminating the tilting of the sample as observed when the sample was placed flat on the table after 

impact. Both types of photos (inside and outside) were captured to confirm these assumptions as 

only the preliminary sample provided insight to this matter. Utilizing only 1 sample was not 

sufficient enough (in terms of population size) to confirm the result of the observation. 

Because the square specimens are built from plain weave, with quasi-isotropic properties, 

it can be justified that within the strain equations seen for composites, the stiffness in the two 

directions is the same, i.e., Exx = Eyy, allowing for a simplification of the in-plane strain analysis 

to be the same as metallic material (Herakovich, 1998). Through the program, a set of displacement 

maps for the surface are created and strain fields can be evaluated from the pictures (Sutton et al, 

2009; Sierakowski et al, 2011). A Lagrange tensor type was selected to calculate the strain fields, 

to allow for potentially large strains caused by impact (Sutton et al, 2009). The selection criteria 

for the correlation of images was the normalized sum of squares differences method. This was 

chosen because this criterion is unaffected by scale in lighting (intensity, reflectivity, and 



18 
 

brightness of lighting) which provided more flexibility in lighting errors within photo capturing; 

other methods such as squared differences and zero-normalized squared differences are both 

effected by lighting manipulations. Additionally, a Gaussian distribution provides a compromise 

between spatial and displacement resolution. (Sutton et al, 2009). 

 

1. C =  FTF 

2. E =  
1

2
(C − I) 

3. χ
NSSD

2
=  ∑ w(x) (

∑ HiGi

∑ Gi
2 Gi − H)

2

 

 

where   

  Eq1 - F is the deformation gradient tensor  

  Eq 2 - E is the (baseline) strain tensor  

  Eq 3 - G is the reference image post-impact (pixels) 

  Eq 3 - H is the reference image pre-impact (pixels) 

  Eq 2 - E is the (baseline) strain tensor  

  Eq 3 - χNSSD
2 is the Normalized Sum of Squares Differences  

  Eq 3 - w(x) is the weighted Gaussian subset   

Moreover 
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where:  

  Eq 4 - E1 is the major principal strain  
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  Eq 4 and 5 - Exx is the strain in the x direction 

  Eq 4 and 5 - Eyy is the strain in the y direction  

  Eq 4 and 5 - Exy is the shear strain  

Eq 5 - E2 is the minor principal strain 

Processing the image on the VIC 2D program included choosing an AOI that would 

conservatively cover where the impact had occurred on the sample (see Figure 12): the red 

highlight over the specified area is considered the AOI, with the yellow grid being the subset of 

the image examined. Other image processing options included choosing various local filter sizes, 

a maximum of confidence margin, consistency threshold and matchability threshold.  

Table 3: Settings used for DIC Analysis 

 Local Filter Size 

[pixels] 

Maximum of 

confidence 

margin 

Consistency 

threshold 

Matchability 

Threshold. 

Values  15 0.05 0.02 0.1 

The local filter enabled the calculated strains to be smoothed, to produce a clear strain 

field that is both accurate as well as void of noise from insignificant errors. Other variables are 

optimized to create a statistical confidence region, which was produced through the covariance 

matrix of the correlation; if the data exceeded the threshold, insignificant subsets would be 

removed.  
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Figure 12: Digital Image Correlation AOI and Grid layout   

 

2.5 Residual Compression Testing Setup 

The ASTM standard D7137/D 7137M standard describes an uniaxial residual compression 

test, which is performed on symmetric (evenly distributed ply layers) laminated plates, which have 

been previously damaged through out-of-plane loading indentation or drop-weight impact using 

ASTM D7136/D7136M. The purpose of these tests was to show a correspondence between the 

DIC results and the compressive residual strengths of the impacted samples. This is done by 

vertically loading the top of the fixture onto the top of the sample, while the rest of the fixture 

holds the sample in place. Residual compression testing must be done until a failure point is met 

by the sample or else it is considered unusable for data. 
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Figure 13: Residual compression fixture with sample (sample is 95mm x 95mm) 

The sample was secured into the fixture shown in Figure 13. Bolts around the fixture were 

securely fastened with an Allen wrench. Only one side of the fixture was loosened to allow the 

insertion of a new sample between compression tests to minimize the variation between samples.  

Within the lower portion of the fixture, metal slats were placed for the sample to be sufficiently 

secure. The fixture was then gripped into a hydraulic testing machine (MTS 810).  The sample was 

then compressed to its failure point at the selected displacement rate. When the sample was 

removed, it was marked along the site of failure to determine the mode of failure described through 

the ASTM standard. 

Not knowing what the point of failure would be, sample 2 was used for preliminary tests, 

to gauge the appropriate maximum load setting on the MTS for the samples. It was at this stage 

where the estimation of failure was thought to be approximately 30kN of force or less. The rest of 

the samples were compressed at the rate 1mm per minute.  After the residual compression testing, 

the samples were measured with calipers to determine how much the sample had deformed in 5 

locations.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

3.1 Preliminary Testing of CFRP Panels 

After the creation of the CFRP samples, preliminary testing with the DIC setup and the 

impact tester were performed to validate whether the surface texture would require the addition of 

a speckle pattern for the DIC analysis. The preliminary testing of one individual CFRP sample 

showed that the surface roughness of the material was sufficient to use in actual testing without 

the need of a speckle pattern. The DIC highlighted the presence of damage on the surface opposite 

of the impacted surface. The images depict strain of the pixels in the x- [Exx] (Figure 14) and y-

axes [Eyy] (Figure 15), while the shear strain [Exy]  is in Figure 16. Other images include the 

first [E1] (Figure 17) and second principal strain [E2] (Figure 18Error! Reference source not 

found.), and the principal strain angle [Gamma] (Figure 19). The preliminary DIC results 

indicated that a confidence interval [Sigma] of at least 95% was achieved for the correlation of the 

pixels from before and after images of the impact test as shown in Figure 20 and statistics of 

[Sigma] in Table 4. This confirmed that the digital image correlation was successful with this 

apparatus. It should be noted that the highest values of [Sigma] were the points (red as indicated 

by color scale) where the analysis was least confident in its correlation between images. These 

higher uncertainty areas were around the impact site, and resulted in barely visible impact damage 

on the back of the plate sample.  
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Figure 14: Preliminary strain results Exx for impacted/ front (left side) and back (right 

side) surface.  

 

Figure 15: Preliminary Eyy results for front (left side) and back (right side) surfaces 
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Figure 16: Preliminary Exy results for front (left side) and back (right side) surfaces 

 

Figure 17: Preliminary first principal strain (E1) results for front (left side) and back (right 

side) surfaces 
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Figure 18: Preliminary second principal strain [E2] results for front (left side) and back 

(right side) surfaces 

 

Figure 19: Preliminary strain angle [Gamma] results for front (left side) and back (right 

side) surfaces 
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Figure 20: Preliminary Sigma results for front (left side) and back (right side) surfaces 

For the back side of the preliminary sample (see Figure 14-Figure 20), a circular AOI was 

required because of the highlighting from a grey marker between impacting the sample and 

capturing the image post-impact. The AOI should not contain anything unknown (such as this 

highlight) within the analyzing stage. From this point forward highlighting was only utilized to 

mark sample numbers and corners at the top border before the sample was impacted to avoid the 

issue of a limited AOI size. 

Table 4: Preliminary Pixel result statistics of Confidence Interval [Sigma]  

 Front side impact Back side impact 

Max [Sigma] 4.99e-02 4.97e-02 

Average [Sigma] 2.00e-02 ± 6.50e-03 2.16e-02 ± 7.71e-03 
 

3.2 Impact Damage  

Impacting occurred at the sites shown in Figure 21. All 8 plate samples (as well as the 

preliminary one) were impacted once at the center of the plate (red circle) at an energy level of 

10J with a 51mm head. Plate samples 5 and 6 were impacted a second time with the smaller 

diameter 26mm diameter head, and off center (blue site in Figure 21). Finally, plate samples 7 
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and 8 were impacted a second time as well with the smaller diameter head, but this time at the 

green site (Figure 21). All impacts were at the same nominal energy level, 10 J. Sample 

thickness measurements were taken with calipers at 5 different locations post impact within 

Figure 21 and shown within Table 5. 

 

Figure 21: Impact locations (not to scale) and post-impact thickness measurement locations  

Table 5: Pre-and post-impact thickness measurements  

 Post-Impact 

Thickness 1 

[mm] 

Post-Impact 

Thickness 

[mm] 

Post-Impact 

Thickness 3 

[mm] 

Post-Impact 

Thickness 4 

[mm] 

Post-Impact 

Thickness 5 

[mm] 

Samples 1-8 

first impact  

2.56 ± 0.09 2.51 ± 0.09 2.34 ± 0.07 2.52 ± 0.05 2.55 ± 0.05 

Samples 4-8 

second 

impact 

2.60 ± 0.13 2.72 ± 0.17 2.72 ± 0.28 2.71 ±0.14 2.59 ± 0.10 
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Table 5 shows that the post impact thickness was increased between the first and second 

impact. This is also true between the preliminary average thickness (2.27mm) of all samples in 

Table 2.   

All 9 tested samples showed BVID on both the impacted surface and posterior side, but 

with  BVID on the back side being more pronounced with a visible cross shape that is further 

identified in Figure 22 with grey highlight. The “T” shaped cross was expected as the with the 

[0/90] orientation of the ply layup within the laminate would fail along the fibers and not in the 

45°- or 60°-degree orientation (Schimmer,.F. et al,2019) (Ge et al, 2022) (Grabi et al, 2022) . 

     

Figure 22: Close-up of sample 1 impacted surface (left) and back surface (right): the silver 

marker was added post impact to aid visualization against black textured surface.  

 Further impacting samples with a smaller diameter head on the second round of testing 

produced a larger “T” shaped cross. This could be the result of the impact from a more 

concentrated impact area, further delamination or other damage modes accrued from the 

previous impact.  

 

3.3 DIC Analysis  
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All post-processing of the plate samples (preliminary sample, and eight test samples) 

produced a confidence interval of greater than 95%, meaning that the correlation of all images was 

reasonably correct and the strain estimated through VIC-2D was statistically acceptable. The DIC 

processing results showed that a link between the damage observed on the surface of the studied 

material could indeed be detected using DIC within this study. A paper (Loyola et al., 2012) with 

a T300/epoxy  plate sample with the same impact energy 10 J, similar thickness (2mm in 

comparison to the 2.3mm within this study) and the same manufacturing technique produced a 

damage feature with both X-ray CT and thermography that is similar to the images produced by 

DIC in this thesis. One difference is the type of epoxy resin, a low-viscosity polymer, Proset 

117LV instead of the available Proset 125 of this study. The hardener is the same, Proset 237. The 

published mechanical properties appear higher (up to 15%) for the 117LV/237 combination. This 

could mean that the T300 plates with Proset 125/237 epoxy could have lower impact resistance 

with respect to the T300 plates with Proset 117LV/237 epoxy. With the 10 J impacts, Loyola et al. 

(2012) observed in their X-ray CT scan a “T” cross , which was also visible on the thermography 

images. The DIC analysis produces a similar shape (see Figure 23 and Figure 24). 
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Figure 23: Sample 6: images taken with sample inside the T slot: (left) E1 plot for impacted 

surface and (right) E2 plot for back surface  

 

Figure 24: Thermography (left) and X-ray CT (right) of T300/epoxy plate sample impacted 

at 10 J (Loyola et al., 2012) 

Indication of impact location was best observed to be the plot of the first principal engineering 

strain (E1) for the impacted surface, and the plot of the second principal engineering strain (E2) 

for the back side (see Figure 23), when the sample is positioned inside the T slot. This “T” shaped 

cross observation is also demonstrated by acoustic microscopy (also known as C-scan) of T300 

carbon/epoxy plates (La Saponara, 2018) as shown in Figure 25.  
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Figure 25: Through-the-thickness Acoustic Microscopy image of T300/epoxy plate sample 

impacted at 20 J (La Saponara, 2018) 

More often than not, the DIC analysis when the sample was located outside the T slot 

(“outside” images) was shown to be less accurate in terms of providing a clear visual indication 

of the impacted site than the DIC images when the sample is located inside the T slot (“inside” 

images). It can also be observed that “outside” photos typically had a lower statistical confidence 

interval than their “inside” counterparts (see Table 6. )  

Table 6: Comparison of Inside and Outside Confidence Intervals  

 Inside Images [Sigma] Outside Images [Sigma] 

 

Averages 0.022 ± 0.01 0.027 ± 0.01 

 

As stated with the preliminary results, it would most likely be due to the focal plane 

being undisturbed between pre- and post-impact captured images. Clear examples of this can be 

seen such as first (E1) and second principal strain (E2) as well as the confidence interval (sigma) 

for sample 2 (see Figure 26, Figure 27, and Figure 28). The focal plane being aligned between 

both images allows the correlation to properly depict what is expected from impacting. 
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Figure 26: E1 for sample 2 impacted surface: (left) inside and (right) outside the T slot  

 

Figure 27: E2 for sample 2 impacted surface: (left) inside and (right) outside the T slot 
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Figure 28: Sigma for sample 2 impacted surface: (left) inside and (right) outside the T slot 

 

After the second impact of samples 5, 7 and 8, the visual results were not as clear with 

respect to those of samples impacted in the center. All samples with this second impact still came 

within the 95% confidence interval to show correlation. It is thought that this deviation could 

result from the further warpage of the sample from the initial impact (whether it be a front or 

back side images), and this would create a less accurate comparison for the DIC analysis (see 

Appendix C). The further warpage could be caused from delamination or other failure modes. 

The attempt was to create the largest AOI possible but in some cases, smaller sizing of 

AOI was needed because of the settings and thresholds that were assigned. The difference of the 

AOI sizes were observed within the size of the data captured. 

3.4 Testing of Residual Compressive Strength  

 The residual compressive strength testing showed that the extent of the damage within 

the carbon fiber between impacts did not completely compromise the integrity of the structure. 

This can be observed through the maximum load of sample 5 (which was impacted twice) being 



34 
 

able to take the highest load of all the samples, including those who were impacted only once. 

Compression testing can be shown through static compression plots as seen with Figure 29. 

 

Figure 29: Static compression plot for sample 6 

The after-impact compressive strength was calculated as FCAI =  
PMax

A
  according to 

ASTM D7137. Three out of four samples which took a second impact (5, 6, and 7) were observed 

to have a higher ultimate strength than samples 1, 3, and 4. Sample 2 was removed from the 

analysis because the failure point was not reached on first compression of the plate, meaning that 

the sample could not adhere to the standard. This aspect is important because the strain impact in 

this case was not as detrimental to the structure but could still be identified through DIC analysis. 

During manufacturing, local defects such as resin pockets, voids or changes in fiber waviness 

during the infiltration process could be possible, leading to particular samples being stronger, 
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and to data scatter. On the other hand, the data in Table 4 has a coefficient of variation COV 

equal to 10%, which is deemed an acceptable engineering error. 

Table 7: Ultimate compressive strength of samples.  

Sample 2 is removed as explained in the text.  

Sample Ultimate Strength (MPa) 

1 -2.31 

3 -2.41 

4 -2.45 

5 -2.79 

6 -2.46 

7 -2.57 

8 -2.00 

All of the samples fractured within the required time of 1-10 min at the crosshead 

displacement rate of 1mm/min, as per ASTM D7137 standard. Within the setup of the residual 

compressive strength test, it was noticed that most of the samples failed due to “LGM” mode 

(shown in Figure 30 and Figure 30). Sample 7 was the only sample to fail in “LDM” mode and 

along the second impact site (see Figure 30 and Figure 30).  
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Figure 30: Acceptable failure modes LDM and LGM from ASTM D7137 

    

Figure 31: Sample 3 front (left) and sample 7 back (right) 

A baseline for unimpacted samples was unfortunately not available due to the limited 

number of CFRP samples produced, which were prioritized for DIC work. The second round of 

impacting and image capturing was able to quantify the presence of damage between impacts as 

well as confirm that DIC was able to detect off-center impacts. Even though the indications were 

not as clear (in a visual sense and not a statistical), the DIC technique was still able to 

accomplish impact detection. An improved experimental setup would be to perform all of the 
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testing with a larger quantity of samples, understanding that VARTM is labor intensive and 

variations in samples from the same lot may occur. Nonetheless, the number of impacting 

samples used was deemed acceptable by ASTM D7136. This thesis work could not find a clear 

connection between residual compressive strength values after a 10 J impact (seen with the 

BVID on the samples) and DIC image.     
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CHAPTER 4 

CONCLUSIONS AND FUTURE WORK 

 

We provided a proof-of-concept that the applied 2D DIC setup could identify the 

presence of barely visible impact damage in CFRP structures with reasonable accuracy, as the 

correlation between images achieved the 95% confidence interval between pre- and post-impact 

photography for the 10J impact energy level. The DIC analysis in comparison with X-ray CT, 

Thermography and Acoustic Microscopy produced comparable results on very similar samples 

(Loyola et al., 2012). While it may be debated whether the extent of the damage could be 

captured with 2D DIC, this experimental work also confirmed that the low-cost 2D DIC 

apparatus utilized was able to capture damage from barely-visible impacted samples without the 

use of speckle patterns.  

While this 2D methodology shows promise of determination of impact, future work is 

needed to evaluate the extent of damage at a direct comparison with the NDT methodologies 

instead of cross comparison with similar studies. This would allow a more comprehensive 

approach to detect variations between the methodologies instead of trying to account for 

deviations with engineering judgement. Another aspect for future work would be assessing the 

DIC results with impacts of CFRP plates at different energy levels. This could determine if the 

damage seen within the analysis is replicated with NDT at higher energy levels which produce 

visible impact damage.   

 A limitation with the study was the inability to modify image scales and replicate the size 

of the AOI among all samples. This would aid future studies to numerically compare and 
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quantify extent of damage. Another limitation was the amount of data that could be exported, 

this required the data to be averaged from sets of 5 pixels in both the x and y directions.   
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Appendix A – Impact Testing Results 
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Appendix B – Residual Compressive Results 
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Appendix C – Digital Correlation Results 

Sample 1 – First Impact 10J – 2 in diameter head with center impact  
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Sample 2 – First Impact 10J – 2 in diameter head with center impact  
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Sample 3– First Impact 10J – 2 in diameter head with center impact 
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Sample 5 – First Impact 10J – 2 in diameter head with center impact  
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Sample 6 – First Impact 10J – 2 in diameter head with center impact  
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Sample 8 – First Impact 10J – 2 in diameter head with center impact 
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Sample 5 – Second Impact 10J – 1 in diameter head with lower right impact 
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Sample 6 – Second Impact 10J – 1 in diameter head with lower right impact 
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Sample 7 – Second Impact 10J – 1 in diameter head with bottom left impact 
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Sample 8 – Second Impact 10J – 1 in diameter head with bottom left impact 
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