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 Identifying material characteristics of composites is important in designing any 

structural system. The aerospace industry relies on these material properties not only to 

design a functional aircraft, but also a safe and reliable one. Since carbon fiber 

composites are relatively new materials, little is known about its characteristics under 

certain loading conditions. The majority of previous research has been dedicated to in-

plane tension, bending, and shear loading. However, little to no research has been 

devoted to out-of-plane shear loading (Mode III) of notched panels. This document 

presents a novel approach to test and analyze panels loaded in Mode III. Literature 



 

 

provided some excellent inspiration for designing a feasible testing method. The 

proposed method consists of a testing fixture, as well as a testing procedure. One 

component of the testing fixture includes a hinged grip mechanism to apply load to the 

panel. The grips are clamped on each side of the notch and then loaded in opposite 

directions. The hinge gives the system a rotational degree of freedom and helps eliminate 

any unwanted damage near the grips. This creates high stress concentrations at the notch 

tip. To validate this testing method, six different ply layups were analyzed. Each ply 

layup was tested using six repeated specimens to show consistency between similar 

panels. The optical method, digital image correlation (DIC), provided a full-field strain 

measurement of the region of interest every two seconds throughout the test. Specific 

strain concentrations, secondary strain buildup, and early fracture patterns were extracted 

from the digital image correlation results. Along with strain patterns, applied load and 

grip displacement was recorded using the Bluehill® software. Information about the 

stiffness of the panel, maximum applied load, and work to maximum load was correlated 

with the number of 0-degree plies of each panel.  
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1   Introduction 

 Carbon fiber composites are becoming widely popular as a structural material due 

to its low weight and high strength. However, this relatively new material still has many 

unknown characteristics due to its anisotropic behavior. In the aerospace industry, carbon 

fiber has been used for years in small aircrafts, but just recently has been introduced as a 

primary structural component in large commercial jets. Carbon fiber offers characteristics 

such as high strength, corrosion resistance, and high thermal conductivity that give it 

advantages over most aluminum alloys [1]. However, carbon fiber is known to have a 

low shear strength quality. Material properties play an important role in the design of any 

composite structure. It is important to characterize the behavior of carbon fiber 

composites under certain loading conditions. Much of the previous experimental research 

of composites consists of in-plane tension, bending, and shear loading. However, there 

have been very little studies on Mode III fracture of carbon fiber panels. This research 

focuses on the development of an experimental method to test and analyze notched 

composite panels loaded in out-of-plane shear (Mode III).  

 Little is known about the strength and crack propagation characteristics in carbon 

fiber if the material becomes damaged. The term that characterizes a materials ability to 

retain applied loads after damage has occurred is known as damage tolerance [2]. 

Damage tolerance is important in aircraft design to allow for unexpected damage and still 

maintain the required strength. A material that is not damage tolerant could result in 

uncontrollable crack propagation and result in catastrophic disaster. 
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 In this experiment, the carbon fiber is manufactured into panels. The panel 

includes a notch to induce stress concentrations at a specified area of the panel. The notch 

size is determined by the approximate size of an engine rotor blade. Finite element 

techniques have been developed to predict the load vs. deflection relationship of the 

panels. However, the current model cannot prove accuracy since no baseline has been 

established. If the proposed testing method is deemed suitable, the results from the 

experimental research with serve as the baseline for the FEA models. 
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2   Literature Review 

 In this chapter, there are two major sections that relate to this research. The first 

section introduces the digital image correlation (DIC) method and applications in 

experimental mechanics. The second section discusses previous Mode III testing 

techniques. 

2.1   Digital Image Correlation 

  In experimental mechanics, many tools have been used over the year to gather 

important information. Tools like strain gages and extensometers have been used to 

obtain displacement and strain data. These traditional tools can provide accurate and 

useful information, however they are somewhat limited. Strain gages are permanently 

bonded on to the sample and require precise installation to provide accurate data. Strain 

gages do not work well in high displacement applications because the thin foil wire may 

fracture under extreme deflections. Along with strain gages, extensometers also have 

limitations in many applications. Extensometers work well in tension tests where the 

sensor can be clamped on to the specimen. They can provide very accurate strain 

measurements. However, applications involving bending pose problems for 

extensometers. In both methods, the sensor requires some type of contact with the 

specimen, which could damage the sample or skew the results in some way. 

 Optical techniques have become popular in experimental mechanics due to the 

advancement in computing technology. These methods use non-contact tools in order to 

obtain full-field displacements. Some of these techniques include photoelasticity, 
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holographic interferometry, speckle interferometry, the grid method, and digital image 

correlation [3]. Digital image correlation is the most common technique because it is 

applicable to a wide variety of applications and is relatively simple. DIC is a method that 

uses a single or multiple cameras to obtain a full-field displacement or strain. By using 

one camera, displacement fields can be found for an object moving in a plane. By using 

two cameras, a three-dimensional displacement field can be attained. In order to measure 

full-field displacements, the white light speckling method, or “speckling” is applied. This 

method is a numerical technique that uses camera images to measure displacements at 

different loading steps and then compares them to a reference image [4]. The speckling 

technique involves the application of a unique pattern of black dots on a white surface. 

The cameras can then access each pixel and assigns a grey value from a scale of 0-255. 

The DIC method uses subset windows, which contain multiple pixels, to create a unique 

pattern based on each pixel’s grey value. As the specimen deforms, the cameras track the 

subset window and a displacement field can be measured.  

 

Figure 1: Subset window of reference and deformed images 
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Deformed Image 

x 

y 

Displacement Vector 
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 The speckling technique is commonly performed using aerosol paint. Black 

aerosol paint is sprayed onto a flat white surface.  

 In either 2-D or 3-D applications, the cameras must be calibrated to obtain 

position and orientation parameters in order to synchronize the devices. Intrinsic 

parameters of the camera such as focal length, image center and lens distortion can all be 

attained after calibration [5]. 

 Although digital image correlation is a useful tool, it has some limitations. 

Applying a uniform and consistent speckle pattern is important in the DIC technique. 

This is somewhat difficult because the speckle is commonly applied manually. A non-

uniform speckle pattern can result in error during the correlation. The calibration of the 

cameras is also a source of measurement error. Poor calibration can result in the inability 

to track deformed images, which can result in fallout of the displacement field. Another 

source of error is the determination of the subset size. While choosing a small subset size 

can result in a high-resolution displacement field, the cameras may not be able to find a 

unique pattern inside each subset window. On the contrary, a large subset size can easily 

find a unique pattern in each subset section, but will result in a low-resolution 

displacement field. It is important to note each limitation in order to avoid error during 

the image correlation. 

2.2   Previous Mode III Testing Methods 

  While there is ample literature on experimental methods using DIC, there is very 

little research on experimental techniques of mode III fracture of large panels. Also, most 

studies consist of using isotropic materials like aluminum, steel, and plexiglass. Loading 
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anisotropic materials such as carbon fiber reinforced polymers in a Mode III fashion have 

not been explored thoroughly. However, similar techniques using isotropic materials 

could give useful insight to potential methods that may work for carbon fiber panels. 

 Jones and Subramonian executed some of the earliest studies on the topic in 1983. 

[6]. They invested the behavior of plexiglass, aluminum (2024-T3), and wood under 

Mode III loading. The specimens consisted of starter crack or edge notch. Figure 2 shows 

the set-up that Jones and Subramonian used in their experiment. The specimen is attached 

to rails and the rails are subjected to a coupling force. One rail is subjected to a clockwise 

force while the other is subjected to a counter-clockwise force inducing Mode III loading. 

They used a photoelastic method to measure the surface strains of the specimen. The 

results they obtained showed good similarities between the photoelastic method and their 

FEA analysis. 

 

Figure 2: Test Specimen and Fixture adapted from Jones and Subramonian [6] 

 

 Following in Jones and Subramonian’s footsteps, Sutton et al. have also explored 

Mode III loading of similar samples [7]. While the specimen geometry if fairly similar, 
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the testing method is quite different. Figure 3 shows a testing clamp used in the study. 

The clamp is securely attached to the specimen and loaded in either Mode I, Mode III, or 

a mixture of Mode I/III. The materials used in this study were thin-sheet ductile 

aluminum and steel. DIC was used to give full-field displacement fields of the area of 

interest.  

 

Figure 3: Testing fixture adapted from Sutton et al. in their mixed mode study [7] 

  

 The two methods introduced earlier include small specimen geometry. The size of 

the specimen is similar to the compact tension specimens used for testing in ASTM 

E1820 – 11. Sutton et al. also explored a mixed mode I/III loading on larger thin 

aluminum specimens [8]. In their study, they investigated the behavior of aluminum 

sheets subjected torsion and tension. Unlike the previous experiments, the specimens 

were gripped on the edges parallel to the crack. Although this study explores the 

behavior of the sheet subjected to tension and torsion, Mode I and Mode III fracture 

could be tested separately.  
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3   Methods 

 The previous chapter provides good inspiration and insight to effectively design a 

method to load the carbon fiber panels in pure Mode III. This chapter will discuss the 

implemented techniques to test the panel. The proposed method includes three major 

sections: (1) preparing the sample, (2) design of the fixture, and (3) designing a program 

to load the panel. Each step is described in detail in the subsequent sections.  

 

3.1   Preparing the Sample 

 The carbon fiber panels used in this study are manufactured from multiple uni-

directional carbon fiber plies. Each ply is .0074 inches thick. The panels in this study 

either have 20 plies or 40 plies. Every panel has a different orientation of plies to give it 

certain characteristics. The uni-directional plies are oriented in either the 0, 45, -45, or 90 

degree direction. The 0 degree direction is defined as the direction perpendicular to the 

crack. Six unique ply layups are used in this experimental study. Each panel is not 

considered a symmetric layup; therefore it is important to test both sides of the panel. The 

testing orientation could possibly be a factor in the results.  The samples are 18 inches 

long by 10 inches wide. The notch of each panel is 4 inches long and is .25 inches wide. 

The panel has 8 – ¼” holes near the edge to attach the grips to the panel. A sample panel 

with dimensions is shown in Figure 4. 
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Figure 4: A panel drawing with dimensions 

  

 The carbon fiber panels must be prepared correctly in order to obtain useful and 

accurate information from the digital image correlation. The first step is to define a 

region of interest (ROI). The ROI is defined as the area around the notch tip. This area 

will be subjected to the highest strains. The speckle pattern is applied to the ROI using 

flat white and flat black paint. Using glossy paint can cause reflection of the light, which 

could disrupt the correlation [9]. Before applying the paint, it is important that the ROI 

must be roughened to allow the paint to adhere better to the carbon panel. From previous 

testing, the paint chipped off of the panel easy due to the smooth surface. Once the 
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speckle paint is gone, the cameras cannot track the pattern. The ROI is roughened lightly 

with fine grit sandpaper (~320-Grit). It is important not to sand into the fibers. This could 

damage the material and skew the results. After the surface is abraded, white paint is then 

layered on to the panel. About three to four layers of white paint should be applied in 

order to get a pure white surface. Then a fine spray of black paint is added to give the 

sample a unique pattern that can be identified by the digital cameras. The majority of the 

black paint speckle should be small in order to get a high-resolution surface strain map. 

However if the speckle pattern is too small, it is very sensitive to defocusing. The 

speckles turn into a grey field when out of focus and the cameras cannot track the speckle 

pattern. The optimal speckle size is around 3-4 pixels. The black paint is applied after the 

white paint has fully dried. The colors may blend together if the white paint is not 

completely dry. This could result in a low quality correlation. 

 

 

3.2   The Design of the Testing System 

  One main problem in this experiment is how to design a fixture to hold the 

specimen, load the panel in a mode III fashion, and obtain a surface strain field using 

digital image correlation. There are two main features of the overall testing system: (1) 

the grips which hold the specimen, and (2) the camera fixture used to move the cameras 

to stay focused on the ROI. It is important to specify a coordinate system in order to 

identify certain directions. Figure 5 shows the coordinate system used in this study.  
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Figure 5: Coordinate system used to identify directions in space 

 

3.2.1   The Grips 

  The design of the grips is important to secure the panel and also allow for pure 

Mode III fracture at the notch. Three grip concepts were generated: (1) a clamped grip, 

(2) a hinged grip, and (3) a twisting end grip. Each generated concept was modeled in the 

finite element program, ABAQUS, to further evaluate the potential designs.  

      The clamped grip system is designed to have two grips clamped on to each side of 

the notch. One grip moves in the upward direction while the other grip moves in the 

downward direction. Figure 6 shows the projected motion of the clamped grip method.  

X 

Y 
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Y 
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Figure 6: An early concept involving a clamped grip system 

 

  The FEA results show that the clamped grip system creates an area of high stress 

around the notch tip. However, the model also shows high stress concentrations at the 

contact points of the grips. The clamps constrain the panel and create a high moment at 

the grips. This would create high stresses at the point of contact on the panel as well as in 

the grip mechanism. 

  This motivated the design of the hinged grip. The hinged grip system allows for 

rotation about the X-axis to eliminate high stress concentrations around the grip area. 

Figure 7 shows the projected motion of the hinged grip system.  

 

Figure 7: An early concept involving a hinged grip system 
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  The FEA results for the hinged grip system shows high stress concentration in the 

ROI and low stress at the grips. This method requires approximately 2,500 lbs. for 

failure. This method appears to be feasible for this experiment.  

  The third design concept is the twisting end grip, similar to the method used by 

Sutton et. al [8]. This method uses clamps at the ends of the panel and twists each end 

opposite of each other. When modeled in ABAQUS, this method shows high stress 

concentrations around the notch tip, but also shows high stress in each corner of the panel 

along the grips. The system also requires over 20,000 lbs. of twisting force in order to 

fracture the panel. This method is rejected due to stress concentrations at the grips. The 

hinged grip system was the accepted concept to further explore. 

  The grips were designed such that they can be used in an Instron 5500R. The 

grips and panel are secured into the Instron to test the sample. Using the Instron and 

Bluehill software, test data is extracted from each specimen. 

 

3.2.2   The Camera Fixture 

  The camera fixture is uniquely designed to obtain full-field strain measurements 

from the cameras. The main problem in designing the fixture is how to keep the cameras 

in focus on the ROI while the panel is being tested. The Instron 5500R tests the panel by 

keeping one grip stationary while pulling the other grip downward at a constant rate. The 

notch tip displaces approximately half the distance of the Instron’s crosshead. Taking this 

into account, one requirement for the fixture is that the cameras must move in the 

negative Z direction approximately one half the displacement of the crosshead. This will 
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keep the ROI in focus as much as possible. The notch not only moves in the Z-direction, 

but also moves slightly in the Y-direction. To keep the cameras focused on the notch tip, 

they must follow the ROI in both directions. Figure 8 below shows a picture of the fixture 

used to hold and move the cameras.  

 

Figure 8: Picture of the fixture including: wire, springs, and cameras 

 

 A wire is connected to an aluminum bar that is attached to the moving crosshead 

(1). The wire is then strung over a pulley, which is connected to the camera attachment 

(3), and then fixed to the stationary frame (2). Springs (5) are secured to the camera 

attachment and the frame to apply tension to the wire. The pulley, which is secured to the 

camera attachment, moves at exactly one half the distance of the crosshead. The cameras 
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are attached to a slider that can only travel in the Z-direction relative to the frame. This 

slider is attached to the bar with the pulley, so that the cameras also move half the 

distance of the crosshead. As the crosshead moves in the negative Z-direction, a roller 

pushes on a bar that helps rotate the cameras about the X-axis (4). The angle of the bar 

has been determined through the testing phase of the design. This allows the cameras to 

track the notch as it moves in the Y-direction. 

 

3.3   Setup and Testing Procedure 

 The testing and setup was performed at Oregon State University in the Materials 

Properties Lab. The Instron 5500R is used to apply load to the panels. The testing 

procedure is created using the Bluehill software. The Bluehill software is programmed to 

gather applied load and deflection data every tenth of a second. Since the goal is to create 

loading that acts in a static manner, it is important to move the crosshead at a slow rate. 

Using the software, the crosshead’s downward displacement rate is defined at 25mm/min. 

The next step is to load the grips into the Instron. The hinged grips are made from low 

carbon steel to allow for high loads. 



16 

 

      

Figure 9: A front view of a panel loaded in the hinged grip system (left) and a picture of 
the camera and lighting setup (right) 

 

  Figure 9 shows the grip setup in the Instron 5500R. One grip is attached to the 

stationary platen (1) and the other grip is attached to the moving crosshead (2). The 

section of the grip closest to the notch (3) has a degree of freedom to move in the X-

direction. This is designed to limit any unwanted Mode I loading if the holes are not 

exactly aligned. The panel is then loaded and clamped to the grips using 8 - ¼” bolts. 

  Once the panel is secured, the camera fixture can be setup. The cameras used in 

this study are Point Grey Research Model GRAS-50S5M-C. Figure 9 shows the camera 

setup used in the experiment. It is ideal to achieve a high quality snapshot with very little 

blur to the speckle pattern. In order to accomplish this, the region of interest must be 

exposed to a high intensity light source. This allows the cameras to have a very fast 

1 

2 

3 
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shutter speed. The light sources used in this experiment are two Rosco LitePad Axiom 

Model #2907030060000. The light sources are positioned about 6 inches away from the 

notch tip to allow for a fast shutter speed. A rule of thumb is that the shutter speed should 

be the inverse of the focal length in millimeters [5]. The focal length of the lenses are 

50mm, therefore the shutter speed used in the experiments are approximately 20ms. 

Another characteristic that influences the shutter speed is the f-stop or aperture. The 

aperture affects the amount of light received by the camera. The narrower the aperture, 

the less light that is let into the camera. However, when the aperture is narrow it gives a 

wide focus area. In order to get a high quality image, the focus area must cover the region 

of interest but also have a fast shutter speed. In this experiment, the f-stop is set to 

approximately 8. 

  When setting up the cameras, it is important that each camera accompanies the 

region of interest in the viewing window. The cameras are hardwired to a computer and 

then can be monitored using a software program called FlyCap. FlyCap allows the user to 

view the picture field and change settings of the cameras. The cameras can be easily 

focused directly onto the notch tip and shutter speed monitored.  

  Once the cameras are set to specifications, they must be calibrated in order to get 

efficient DIC data. Calibration is performed by using a specified calibration card and 

taking images of the card in different locations. Figure 10 shows an example of the 

calibration card layout. The calibration card in this experiment has the following 

properties:  
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Number of dots (Y): 10 Offset (Y): 3 

Number of dots (X): 13 Offset (X): 3 

Length (Y): 5     Length between dots: 3.0mm 

Length (X): 8 

 

Figure 10: A calibration card layout used in the experiments 

  

  The calibration card is moved in all 6 degrees of freedom throughout the region of 

interest. Twenty-four pairs of images are captured of the calibration card in different 

orientations. The calibration images are imported into a software program called VIC-3D. 

VIC-3D is a program that allows the user to view many different parameters of the 

deformed images such as full field displacement and strain. When VIC-3D has accepted 

the calibration images, the panel can start being tested.  

  Instron’s Bluehill software is used to control the Instron 5500R. It is decided that 

it is important to apply load to the panel in a near static fashion. This will eliminate any 

dynamic phenomenon that may occur during testing. In the software program, the 
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crosshead displacement rate is set to 25mm/min. The panels are tested until the maximum 

load has been reached and catastrophic failure has occurred. 

 After the test, all of the speckle images are imported into VIC-3D. Before 

preforming the analysis a few parameters must be set. First, the area of interest (AOI) 

must be defined. The rectangle tool is selected and used to specify an AOI. The AOI 

should include the area around the notch tip. The next parameters to be set are the subset 

size and the step size. The subset size defines the size of the squares in the grid. Each 

square of the grid is used to track the displacements of the speckle image. It is important 

that the subset size is large enough to include a unique pattern in each grid. If the subset 

size is too small it may not be about to track the speckle pattern. However, if the subset 

size is oversized, the uncertainty interval will be large. VIC-3D has a feature to suggest a 

subset size based on the speckle pattern to reduce the uncertainty. To be consistent from 

panel to panel, a subset size of 29 has been chosen. The step size is the last parameter to 

be set before the analysis can begin. The step size controls the pixel spacing or resolution 

of the analysis.  If the step size is defined as 1, every pixel is analyzed. Therefore a step 

size of 1 is computationally expensive. Due to the excessive amount of images captured, 

the step size in this experiment is chosen to be 7. The speckle images can then be 

analyzed in VIC-3D to obtain full-field strain measurements. 
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4   Results 

  A total of 36 experiments are run using this testing procedure. Six different panels 

with unique ply layups were tested and each type panel was tested 6 different times. Each 

type of panel has a specific ply layup to show different characteristics under loading. The 

layup is proprietary, so the layup and layup code cannot be disclosed. To distinguish 

between panels, they will be labeled by the percentage of 0-degree plies in the layup. The 

0-degree plies run perpendicular to the notch length.  

  Each ply layup is symmetric about the mid-line, so the ply orientation will be 

mirrored when the panels are flipped 180 degrees about the Y-axis. For example, a ply at 

a 45-degree orientation will transform to a -45-degree ply when flipped about the Y-axis. 

For this reason, the panel must be tested in both the regular and flipped position to show 

any similarities or difference between the orientations of the panels. The panels tested in 

the regular position are labeled as the odd numbered tests (1, 3, 5). The panels tested in 

the flipped position are labeled as the even numbered tests (2, 4, 6). 

  This chapter includes two sections. One section contains analysis of the data 

gathered by the Instron and the second includes data analysis gathered by the cameras. 

 

4.1   Load vs. Deflection Data 

  While the panel was being tested, the Instron gathered load and deflection data 

every tenth of a second. By plotting load vs. deflection will help characterize each panel. 

Figure 11 below shows the load vs. deflection curve for the first set of data (12 panels). 
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Figure 11: Load vs. Deflection graph for the first set of 12 Panels 

 

  Figure 11 shows the load vs. deflection for the first 12 panels tested. The graph 

shows many differences for the each types of panel. As expected, the 40 ply samples are 

able to withstand higher loads than the 20 ply samples. Like many load deflection curves 

for metals, the composite panels show a linear region at the start of the test, which can 

correspond with the stiffness of the panel. The panels with the 10% 0-degree and 30% 0-

degree plies show a relatively higher stiffness than the panel with 50% 0-degree plies. 

The graph also shows small variation between the load vs. deflection curves based on the 

different orientation of the panel. When the same layups are tested, the curves look 
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similar with small deviations due to possible defects in each of the panels and 

experimental error.  

  Figure 11 also shows information about the work done to each type of panel. This 

value can simply be found by integrating the load vs. deflection curve from 0mm to the 

deflection when the panel experiences maximum load. Looking at the 40 ply samples: the 

panels with 10% 0-degree plies show less work done to maximum load than the panels 

with a higher percentage of 0-degrees plies. Although the stiffness of the 10% 0-degree 

ply panels is high, it reaches its maximum load fairly quick (around 70mm deflection). 

Once major fracture occurs, the panels struggle to maintain strength to withstand its 

maximum load. However, the panels with 30% and 50% 0-degree plies show a much 

more work done to maximum load. These panels reach a maximum load well after the 

panel has experienced many fractures. For the first set of data, the panels with 30% and 

50% 0-degree plies have a similar work to maximum load value.  The same trends hold 

true for the 20 ply samples. The panels with 10% 0-degree plies reach their maximum 

load well before the panels with 30% and 50% 0-degree plies. This concludes that the 

10% 0-degree panels do not absorb as much energy when compared with the panels that 

have 30% and 50% 0-degree plies. Of the 20 ply samples, the 50% 0-degree ply panels 

show clearly that they have the most work done to maximum load. This was not clearly 

shown for the 40 ply samples where the 30% and 50% 0-degree panels absorb nearly the 

same energy to maximum load. 
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4.1.1   40 Ply Panels with 50% 0-degree Plies 

 This section discusses results from the 40 ply panels with 50% 0-degree plies. The 

load vs. deflection graph of this ply layup is shown in Figure 12. 

 

Figure 12: Load vs. Deflection graph for the 40 ply panels with 50% 0-degree plies 

 

 The graph shows little variation in the elastic region. The graph also shows that 

when the panel experiences early damage (~50-90mm of deflection) the variability 

between each test is small. However, once the panel exhibits heavy damage (greater than 

100mm), the behavior becomes unpredictable. Some panels exhibit large fractures around 

110mm of deflection, while other panels do not show this trend. Information about the 

maximum applied load, deflection at maximum load, work done up to maximum load, 
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and stiffness is shown in Table 1. Tests 1 and 6 reach maximum loading and major 

fracture at approximately 110mm of deflection. These panels then show a small attempt 

to recover strength until extreme failure occurs. Tests 2 and 5 also experience maximum 

loading and small failures at approximately 110mm of deflection. The panels never 

exhibit large failures until roughly 150mm of deflection. The panel in Test 3 experiences 

medium failures before 100mm of deflection but recovers strength before final failure. It 

exhibits maximum load at approximately 160mm of deflection. When compared with the 

other tests, the panel in Test 4 shows abnormal behavior in the heavy damage region. 

This panel does not experience large failures until nearly 150mm of deflection. Looking 

at Table 1, this panel reaches a maximum load of 6.10 kN; roughly 11% greater than the 

average. The panels in Test 3 and 4 show much higher work to maximum load when 

compared with the other test results. This is mainly due to larger maximum applied loads 

and the deflection at which the maximum load is reached. 

  

Table 1: Test Results for 40 Ply Panels with 50% 0-degree Plies 

 

 

Orientation
Test 1 Regular
Test 2 Flipped
Test 3 Regular
Test 4 Flipped
Test 5 Regular
Test 6 Flipped
Mean
Standard Deviation
Coefficient of Variation

Max load (kN)
5.55
5.34
5.12
6.10
5.39
5.32
5.47
0.34

6.18%

Deflection at 
Max Load (mm)

Work to Max 
Load (J)

119.0 306.50
115.3 338.50
163.0 558.20
148.3 529.80
116.0 345.14
109.2 315.00

128.47 398.86
21.80 113.69

16.97% 28.50%

Stiffness (N/m)
58.5E+03
55.9E+03
55.1E+03
56.3E+03
54.5E+03
54.4E+03
55.8E+03

1.5E+03
2.72%
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  Each panel shows a similar stiffness value for each test. Similar stiffness values 

conclude that the panels behave similarly in the linear portion of the load vs. deflection 

graph. 

4.1.2   40 Ply Panels with 30% 0-degree Plies 

 The results for this layup show similar trends that were described in the previous 

section. Figure 13 shows the linear region of the load vs. deflection graph is consistent 

throughout all six tests. The early damaged portion again is fairly consistent. Once the 

panels start exhibiting many failures (greater than 90mm of deflection), the behavior 

starts becoming somewhat unpredictable.  

 

Figure 13: Load vs. Deflection graph for the 40 ply panels with 30% 0-degree plies 
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Table 2 shows information about the maximum load, the deflection at maximum load, the 

work done up to maximum load, and the stiffness during the linear region. The work to 

maximum load and the deflection at the maximum load show high variability throughout 

all six tests. Looking at the graph, once the panels reach roughly 80mm of deflection, the 

panels start exhibiting many failures and recoveries. The applied load does not fluctuate 

much after 80mm of deflection. This causes the work to maximum load and deflection at 

maximum load to be very sensitive. 

 

Table 2: Test Results for 40 Ply Panels with 30% 0-degree Plies 

 

 

 The stiffness of the panel during the linear region is very consistent with the 

standard deviation calculated at approximately 3% of the average stiffness of this panel 

type. 

 

Orientation
Test 1 Regular
Test 2 Flipped
Test 3 Regular
Test 4 Flipped
Test 5 Regular
Test 6 Flipped
Mean
Standard Deviation
Coefficient of Variation

Max load (kN)
5.34
5.36
6.06
5.62
6.18
5.69
5.71
0.35

6.10%

Deflection at 
Max Load (mm)

Work to Max 
Load (J)

94.0 287.70
102.4 324.60
145.3 575.20
140.8 531.10
156.8 644.90
155.7 610.40

132.50 495.65
27.39 152.01

20.67% 30.67%

Stiffness (N/m)
69.5E+03
67.0E+03
69.8E+03
65.0E+03
67.7E+03
66.5E+03
67.6E+03
1.8E+03

2.73%
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4.1.3   40 Ply Panels with 10% 0-degree Plies 

 The results from this layup are shown in Figure 14 and Table 3. The figure shows 

consistency throughout the linear portion with the exception of one outlier. The panel in 

Test 2 experienced slightly lower stiffness when compared with the other panels. In fact, 

the panel in Test 2 experienced a stiffness nearly two standard deviations away from the 

sample mean. During the early fracture region, each test shows consistency between each 

of the panels. Between 60mm and 90mm of deflection, the panels exhibit roughly 

constant applied load. During this range, the majority of the panels exhibit first major 

fracture of more than 10% drop of the applied load. The panel attempts to regain strength, 

however progressive failures occur before the strength can be recovered.  

 

Figure 14: Load vs. Deflection graph for the 40 ply panels with 10% 0-degree plies 
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 Looking at Table 3, the panels experience similar maximum applied loads with a 

coefficient of variation of approximately 3%. All of the panels experience maximum 

applied load in the constant load region (60mm to 90mm). This is a fairly small region 

when compared with the previous layups. The coefficient of variation for the deflection at 

maximum load is roughly 9%. For this layup, the work to maximum load is more 

consistent throughout all six tests when compared to the previous experiments.  

 

Table 3: Test Results for 40 Ply Panels with 10% 0-degree Plies 

 

 

 As stated earlier, the panels exhibit similar stiffness in the linear region except for 

a single outlier. Possible reasoning for outlier could be error in the measurement system 

or possible defects in the panel. 

4.1.4   20 Ply Panels with 50% 0-degree Plies 

  This section includes compiled results of the data gathered from the 20 ply panels 

with 50% 0-degree plies. As shown in Figure 15, the linear region of the load vs. 

Orientation
Test 1 Regular
Test 2 Flipped
Test 3 Regular
Test 4 Flipped
Test 5 Regular
Test 6 Flipped
Mean
Standard Deviation
Coefficient of Variation

Max load (kN)
3.89
4.16
4.11
4.02
4.28
4.15
4.10
0.13

3.24%

Deflection at 
Max Load (mm)

Work to Max 
Load (J)

74.1 177.90
69.2 157.80
76.2 191.90
63.7 142.90
83.5 228.00
74.6 187.20

73.55 180.95
6.68 29.55

9.09% 16.33%

Stiffness (N/m)
72.1E+03
66.4E+03
73.3E+03
71.6E+03
73.7E+03
71.4E+03
71.4E+03
2.6E+03

3.65%
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deflection graph is once again consistent throughout all six tests. Table 4 shows that the 

coefficient of variation of the stiffness, or slope of the linear region, is roughly 3%. The 

early damage region expands from 60mm to 110mm of deflection. The majority of the 

panels experience many small failures during this section, however the applied load still 

increases. For Tests 1, 2, 4, and 6 the first major fracture occurs at a deflection of roughly 

120mm. Tests 3 and 5 exhibit major fracture around 145mm. After this major fracture, 

most of the panels regain strength and finally reach a maximum load at approximately a 

deflection of 160mm. The panel in Test 5 is the only panel that does not recover 

maximum strength after experiencing first major fracture. 

 

Figure 15: Load vs. Deflection graph for the 20 ply panels with 50% 0-degree plies 
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  Table 4 shows some quantitative results produced using the load vs. deflection 

data. For this layup, the maximum applied load did not fluctuate much throughout all six 

tests. Also, the deflection at the point of maximum load only had a coefficient of 

variation of approximately 8%. This shows that most of the panels reached a maximum 

load near the same deflection. The amount of work done up to the maximum load still 

shows some inconsistencies throughout each test. Since this parameter is sensitive to the 

deflection at which the panel reaches the maximum applied load is the reasoning for the 

erratic results. 

 

Table 4: Test Results for 20 Ply Panels with 50% 0-degree Plies 

 

 

4.1.5   20 Ply Panels with 30% 0-degree Plies 

 The results for this layup are shown in Figure 16 and Table 5. Looking at the load 

vs. deflection graph, it shows almost an identical response for the linear region of all six 

tests. This is verified in Table 5, where it is shown that the coefficient of variation for the 

Orientation
Test 1 Regular
Test 2 Flipped
Test 3 Regular
Test 4 Flipped
Test 5 Regular
Test 6 Flipped

Standard Deviation
Mean

Coefficient of Variation

Max load (kN)
1.75
1.86
1.93
1.69
1.74
1.80
1.80
0.09

4.85%

Deflection at 
Max Load (mm)

Work to Max 
Load (J)

160.5 147.80
165.6 159.70
178.0 188.20
156.6 143.60
141.2 121.80
169.7 170.20

161.93 155.22
12.59 22.97

7.77% 14.80%

Stiffness (N/m)
13.7E+03
13.7E+03
14.2E+03
14.7E+03
14.6E+03
14.6E+03
14.3E+03

468.6E+00
3.29%
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stiffness of the panels is around 5%. In the early damage stage, the panels experience 

many small failures, but still are able to withstand an increasing load despite the small 

fractures. All six tests do not vary much in behavior in the early damage region. Once the 

panels reach roughly 100mm of deflection, they exhibit the first major fracture. After this 

point, the panels can never regain the strength they had before the major failure. All six 

tests show this same trend and show somewhat predictable behavior during the region 

after major fracture. 

 

Figure 16: Load vs. Deflection graph for the 20 ply panels with 30% 0-degree plies 
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from the mean. The coefficient of variation of the maximum applied load is 

approximately 4%. The deflection at which the panels reach maximum load is very 

consistent in 5 of the 6 tests. Test 6 seems to be an outlier, drifting roughly 2 standard 

deviations from the mean. The coefficient of variation for the deflection to maximum 

load is approximately 5%. The work to maximum load is consistent again throughout 5 of 

the 6 panels with Test 6 being the outlier of almost 2 standard deviations. Including Test 

6 results, the coefficient of variation is approximately 11%. Excluding Test 6 results, the 

coefficient of variation would be roughly 6%. Even including the results from Test 6, 

shows that this layup shows very consistent test results for all parameters. 

 

Table 5: Test Results for 20 Ply Panels with 30% 0-degree Plies 

 

 

4.1.6   20 Ply Panels with 10% 0-degree Plies 

 The results for this layup are presented in this section. Figure 17 shows the load 

vs. deflection graph created by the data gathered by the Instron 5500R. Five of the six 

Orientation
Test 1 Regular
Test 2 Flipped
Test 3 Regular
Test 4 Flipped
Test 5 Regular
Test 6 Flipped

Coefficient of Variation

Mean
Standard Deviation

Max load (kN)
1.48
1.54
1.54
1.46
1.53
1.64
1.53
0.06

4.07%

Deflection at 
Max Load (mm)

Work to Max 
Load (J)

99.5 73.80
102.5 80.50
102.5 80.70
96.8 70.80

101.7 80.30
113.2 97.10

102.70 80.53
5.59 9.11

5.45% 11.31%

Stiffness (N/m)
18.4E+03
18.8E+03
19.2E+03
19.1E+03
19.0E+03
19.1E+03
18.9E+03

281.3E+00
1.49%
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panels show consistent results in the linear region of the load vs. deflection graph. Test 4 

shows lower stiffness in the early portion of the test. This behavior is similar to Test 2 in 

Figure 14. Error in the measurement instrument or defects in the specimen could be a 

possible reason for the low stiffness. During the early damage region the panels behave in 

a consistent manner. Each panel exhibits many small failures, but still gains strength 

despite these fractures. Between the ranges of 80mm to 100mm of deflection, the panels 

experience a major fracture that results in at least a 10% drop in applied load. However, 

the magnitude of this drop in applied load varies. The panels from Tests 1, 2, 4, and 6 

show a drop in load of over 25%. The panels from Tests 3 and 5 do not exhibit drops in 

applied load of over 25% in this region. These panels only experience 15-20% drops in 

load during the first major fracture. 
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Figure 17: Load vs. Deflection graph for the 20 ply panels with 10% 0-degree plies 

 

 Looking at Table 6, the average maximum load for this layup is approximately 

1.26 kN with a coefficient of variation of roughly 4%. All of the panels reach the 

maximum applied load between 79mm and 93mm. This is a range of 14mm which is a 

small range compared with the other layups. The work done up to the maximum load also 

shows to be fairly consistent. The coefficient of variation is roughly 12%, which is lower 

than most other layups. Once again the stiffness parameter is very consistent even with 

the outlier data from Test 4. 
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Table 6: Test Results for 20 Ply Panels with 10% 0-degree Plies 

 

 

4.1.7   Comparing the Data from All Experiments 

  The results presented in sections 4.1.1 through 4.1.6, helped show the variability 

in panels with the same composite layup. Some ply layups showed high variability in the 

material parameters, while some panels were very consistent throughout all six tests. This 

section will focus on analyzing and comparing all of the panels to distinguish differences 

between different ply layups. Figure 18 shows a graph of max load versus the percent of 

0-degree plies.    

 

Orientation
Test 1 Regular
Test 2 Flipped
Test 3 Regular
Test 4 Flipped
Test 5 Regular
Test 6 Flipped
Mean
Standard Deviation
Coefficient of Variation

Max load (kN)
1.29
1.21
1.26
1.25
1.20
1.34
1.26
0.05

4.00%

Deflection at 
Max Load (mm)

Work to Max 
Load (J)

89.1 56.70
82.0 49.40
92.0 60.60
84.7 49.70
79.3 46.70
92.9 62.90

86.67 54.33
5.53 6.67

6.39% 12.27%

Stiffness (N/m)
18.0E+03
18.3E+03
18.0E+03
17.6E+03
18.3E+03
18.3E+03
18.1E+03

279.0E+00
1.54%
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Figure 18: Maximum load vs. the percent of 0-degree plies for all of the panels 

 

The graph shows the maximum load data for both the 20 and 40 ply panels. As 

expected, the 20 ply samples experience a maximum load lower than the 40 ply samples. 

Looking at the 20 ply samples, as the percent of 0-degree plies increase; the maximum 

applied load also increases. This trend acts in a linear fashion with a fairly small variance 

between samples. The graph shows this trend between 10% and 50% 0-degree plies. 

Further testing would have to be performed to conclude if the linear trend continues for 

panels with greater than 50% 0-degree plies. 

 The 40 ply samples show a different trend than the 20 ply samples. The graph 

shows more of a parabolic trend with an optimal maximum between 30% and 50% 0-
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degree plies. However, the variability between similar panels is larger than the 20 ply 

samples.  

 Figure 19 shows the trend between the stiffness of the elastic region and the type 

of panel. The panels with 40 plies and 10% of those plies are 0-degrees, show the highest 

elastic stiffness. As the percent of 0-degree plies increase, the elastic stiffness tends to 

decrease. This happens in a quadratic fashion with the maximum around 10% 0-degree 

plies. The panels with 20 plies show a slightly different trend. The panels with 30% 0-

degree plies show the highest stiffness values while the panels with 10% 0-degree plies 

show a marginally lower stiffness value. Like the 40 ply samples, the panels with 50% 0-

degree plies show the lowest elastic stiffness. Again the stiffness for the 20 ply samples 

shows a quadratic trend with an optimal maximum between 20% and 30% 0-degree plies. 

The variability between elastic stiffness values is low for both the 40 and 20 ply samples. 
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Figure 19: Stiffness of the panel vs. the percent of 0-degree plies 

 

Another characteristic that is important to acknowledge is the amount of work 

done to maximum load. It is important to characterize how much energy the panels can 

absorb before catastrophic failure occurs. Figure 20 shows how each layup varies in the 

amount of work done to maximum load. The 20 ply samples show that as the number of 

0-degree plies increase; the work to maximum load also increases. This happens in a 

quadratic trend opposed to a linear trend. The variability between similar samples is 

lower than the samples with 40 plies.  

 The 40 ply samples show large variability in the amount of work done to 

maximum load, especially the samples with 30% and 50% 0-degree plies. The 40 ply 
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panels with 30% 0-degree plies exhibit consistent load vs. deflection behavior (Figure 

14). At first glance it looks like most of the panels show similar magnitudes for the work 

done up to the maximum load. The panels reach the maximum load or close to the 

maximum load around 90-100mm of deflection. The panel then experiences fracture and 

recovering for the next 50mm of the test. During this time, the applied load is relatively 

constant. Some panels reach their maximum early while other panels reach their 

maximum load later in the test. Since, the work parameter is very sensitive to where the 

panels experience their maximum load, explains the variability between similar ply 

layups. 

 

Figure 20: Work done to maximum load vs. the percent of 0-degree plies 
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4.2   Digital Image Correlation Data 

 The previous section (4.1) detailed results from data gathered from the Instron 

5500R. The data was dissected to present material parameters such as: maximum load, 

the deflection at maximum load, the work done up to maximum load, and the stiffness of 

the panel. This section presents results generated using the digital image correlation 

method. DIC presents data about strain concentration, early fracture areas, and fracture 

patterns. The images are usually analyzed in the early portion of the experiment due to 

large fractures that destroy the speckle pattern. The software VIC-3D, uses the captured 

images to measure a strain field inside the region of interest. Subsequent sections will 

present full-field strain measurements between similar layups and then go into detail of 

comparing the different layups to one another. 

 

4.2.1 DIC Results for the 40 Ply Panels with 50% 0-degree Plies 

 This section provides DIC analysis of 40 ply panels with 50% 0-degree plies. 

Each set of images is analyzed at a certain point throughout the test. A load vs. deflection 

graph is shown in Figure 21 to help identify the specific points where the images are 

analyzed. 



41 

 

 

Figure 21: The load vs. deflection graph for the 40 ply panels with 50% 0-degree plies. 
The labels designate the points where DIC was performed. 

 

 The first set of images are presented measuring full-field principal strain at 8mm 

of deflection. The images are shown in Figure 22. At 8mm of deflection, the panels are 

first developing strain concentration, which could help predict the behavior further along 

in the test. The images labeled 1, 3, and 5 are panels tested in the regular position while 

the images labeled 2, 4, and 6 are tested in the flipped position. The strain magnitude 

range is fixed for all 6 panels. By using a fixed scale for strain, the panels can be easily 

compared to one another. Figure 22 shows that the panels tested in the regular position 

show lower strain concentrations around the notch tip than the panels tested in the flipped 
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orientation. The images also show moderate strain buildup (green region) below and 

slightly to the left of the notch.  

 

 

Figure 22: The full-field principal strain measurement for the 40 ply panels with 50% 0-
degree plies at 8mm of deflection 

 

 The second set of principal strain images are shown in Figure 23. This set of 

images are analyzed at a deflection of 26mm. The panels tested in the flipped direction 

(2, 4, and 6) show first fracture just to the right of the notch in the 0-degree direction. 

These panels also show slightly higher principal strain around the notch than the panels 

tested in the regular orientation. The panels tested in the regular direction show minimal 

signs of fracture. All of the panels still show moderate strain buildup in the southwest 

quadrant of the ROI. 
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Figure 23: The full-field principal strain measurement for the 40 ply panels with 50% 0-
degree plies at 26mm of deflection 

 

 The next set of images are analyzed at a deflection of 62mm and are shown in 

Figure 24. At this point of the test, all of the panels have experienced many failures 

throughout the test. The odd numbered tests start to show major fracture along the -45-

degree direction. The panels tested in the flipped position show major fracture just to the 

left of the notch. These panels also show fracture in the 0-degree direction just to the 

right of the notch. All of the panels show secondary strain buildup in the southwest 

region of the ROI. 
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Figure 24: The full-field principal strain measurement for the 40 Ply Panels with 50% 0-
degree plies at a deflection of 62mm 

 

4.2.2 DIC Results for the 40 Ply Panels with 30% 0-degree Plies 

 This section includes results from DIC of the 40 ply panels with 30% 0-degree 

plies. Figure 25 shows the load vs. deflection graph with the specific points at which the 

images were analyzed. 
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Figure 25: The load vs. deflection graph for the 40 ply panels with 30% 0-degree plies. 
The labels designate the points where DIC was performed. 

 

 Figure 26 shows the principal strain field for the 6 panels tested at a deflection of 

8mm. The odd numbers tested in the regular position and the even numbers tested in the 

flipped position. The values of principal strain range from 0 in the purple region to .004 

in the red region. The panels tested in the regular position show higher strain around the 

notch tip when compared with the panels tested in the flipped orientation. Moderate strain 

buildup occurs mostly right below the notch tip and does not favor any one side. 
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Figure 26: The full-field principal strain measurement for the 40 ply panels with 30% 0-
degree plies at a deflection of 8mm 

 

 The next set of images is analyzed at a deflection of 27mm and is shown in Figure 

27. At this state, the panels have experienced their first fracture. The panels tested in the 

regular orientation show high strain areas in the 90-degree direction directly below the 

notch tip. However, first fracture has occurred slightly to the right of the notch in the 0-

degree direction. For the panels in the flipped orientation, the high strain areas are below 

the notch tip as well. The first fracture occurs in the -45-degree direction. Both test 

orientation shows moderate strain buildup directly below the notch tip. 
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Figure 27: The full-field principal strain measurement for the 40 ply panels with 30% 0-
degree plies at a deflection of 27mm 

 

 Figure 28 shows the DIC analysis at a deflection of 42mm. At this moment many 

failures have occurred. The panels tested in the regular orientation show crack 

propagation along the 0-degree direction along with fractures below the notch tip. The 

panels tested in the flipped position also show fracture along the 0-degree direction. 

These panels also exhibit more predominant failures in the -45-degree direction. Both 

panels tested in the regular and flipped position still show moderate strain buildup below 

the notch tip. It is important to note that this point of the experiment is fairly early on the 

load vs. deflection curve. The DIC images show major damage, which cannot be 

determined by the load vs. deflection graph. 
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Figure 28: The full-field principal strain measurement for the 40 ply panels with 30% 0-
degree plies at a deflection of 42mm 

 

4.2.3 DIC Results for the 40 Ply Panels with 10% 0-degree Plies 

 This section presents DIC results from the 40 ply panels with 10% 0-degree plies. 

Figure 29 shows the load vs. deflection graph and the specific points where the images 

were analyzed. The first set of images is analyzed during early strain buildup, the second 

set is analyzed at first visible fracture, and the third set is analyzed after many failures 

have occurred.  
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Figure 29: The load vs. deflection graph for the 40 ply panels with 10% 0-degree plies. 
The labels designate the points where DIC was performed. 

 

 Figure 30 shows the full-field principal strain measurement at a deflection of 

8mm. The panels tested in the regular orientation consistently show higher strain values 

than the panels tested in the flipped position. The panels in both orientations show high 

and moderate strain buildup directly below the notch tip. 

 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

5 

0 20 40 60 80 100 120 

Lo
ad

 (k
N

) 

Deflection (mm) 

Load vs. Deflection 
40 Ply Panel with 10% 0-degree Plies 

Test 1 

Test 2 

Test 3 

Test 4 

Test 5 

Test 6 

1 

2 

3 



50 

 

 

 

Figure 30: The full-field principal strain measurement for the 40 ply panels with 10% 0-
degree plies at a deflection of 8mm 

 

 The second set of images are analyzed when the panels first experience visual 

fracture. Figure 31 shows the full-field principal strain measurement at a deflection of 

30mm. The panels tested in the regular position show small fractures just below the notch 

tip. These failures have occur in the +45-degree direction. The panels tested in the flipped 

position show fractures in the southwest corner of the notch tip and occur in the -45-

degree direction. The magnitude of the principal strain of these panels once again is 

lower than the panels tested in the regular position. The panels tested in both the regular 

and flipped orientation show moderate strain buildup below the notch tip. 
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Figure 31: The full-field principal strain measurement for the 40 ply panels with 10% 0-
degree plies at a deflection of 30mm 

 

 The last set of images are analyzed in the heavy damage region of the experiment. 

Figure 32 shows the full-field principal strain measurement at a deflection of 67mm. At 

this point the panels have experienced many failures and are close to the maximum 

applied load. The panels tested in the regular position show fractures in the +45-degree 

direction along with the 0-degree direction. Tests 1 and 3 show further crack propagation 

than Test 5. Looking back at the load vs. deflection graph, Test 5 shows a slightly higher 

applied load at a deflection of 67mm. This shows that the panel in Test 5 could be 

slightly more resistant to fractures. 
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 The panels tested in the flipped position (2, 4, and 6) show many failures along 

the -45-degree direction along with a crack in the 0-degree direction. Many of the failures 

occur on the sides of the notch. There are very few fractures just below the notch tip. 

These panels also show moderate strain buildup below the notch tip. 

 

 

Figure 32: The full-field principal strain measurement for the 40 ply panels with 10% 0-
degree plies at a deflection of 67mm 

 

4.2.4 DIC Results for the 20 Ply Panels with 50% 0-degree Plies 

 This section presents DIC results for the 20 ply panels with 50% 0-degree plies. 

Figure 33 shows the load vs. deflection curve with labels specifying the deflection where 

the panels are analyzed. Label 1 specifies the first set of images analyzed during early 

strain buildup. Label 2 specifies the second set of images analyzed when the panels first 
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experience first fracture. Finally, Label 3 specifies the last set of images analyzed when 

the panels exhibit many failures. 

 

Figure 33: The load vs. deflection graph for the 20 ply panels with 50% 0-degree plies. 
The labels designate the points where DIC was performed 

 

 The first set of images are analyzed at a deflection of 8mm and the principal strain 

field is shown in Figure 34. The panels oriented in the regular position all show 

consistent strain patterns, with the highest magnitude of strain in the southwest corner of 

the notch tip. These panels also show moderate strain buildup below the notch tip and 

also to the left of the notch. 
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 The panels tested in the flipped position show a similar principal strain field as the 

panels tested in the regular position. These panels do not show much of a difference in 

strain magnitude between the two orientations. The panels tested in the flipped position 

show moderate strain buildup in the southwest region. 

 

 

Figure 34: The full-field principal strain measurement for the 20 ply panels with 50% 0-
degree plies at a deflection of 8mm 

 

 The second set of images are analyzed when the panels have or are close to 

experiencing first fracture. Figure 35 shows the set of images analyzed at a deflection of 

45mm. The panels tested in the regular orientation show high principal strain around the 

notch tip. Tests 1 and 3 show fracture along the 0-degree direction. However, Test 5 has 

yet to show any signs of failures. Again these panels show moderate strain buildup in the 

southwest quadrant of the region of interest. 
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 The panels tested in the flipped position show high principal strain in the left 

corner of the notch tip. Test 2, 4, and 6 show almost identical strain fields and once again 

show moderate strain buildup in the southwest region of the area of interest. These panels 

have yet to experience fracture unlike the panels tested in the regular position. 

 

 

Figure 35: The full-field principal strain measurement for the 20 ply panels with 50% 0-
degree plies at a deflection of 45mm 

 

 The last set of images are analyzed at a deflection of 72mm. Figure 36 shows the 

full field strain measurement after many failures. The panels tested in the regular position 

show fractures along the +45-degree and 0-degree directions. The strain field shows high 

principal strain near the fractures in the +45-degree direction. Tests 1, 3, and 5 all show 

similar strain patterns, which include two areas of high strain near the notch tip. 
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 The panels tested in the flipped position show fractures along the -45-degree 

direction. At this point only a few failures have occurred and show moderate strain 

buildup in the southwest quadrant of the region of interest. 

 

 

Figure 36: The full-field principal strain measurement for the 20 ply panels with 50% 0-
degree plies at a deflection of 72mm 

 

4.2.5 DIC Results for the 20 Ply Panels with 30% 0-degree Plies 

 This section presents DIC results for the 20 ply panels with 30% 0-degree plies. 

Figure 37 shows the specific points on the load vs. deflection graph where the images are 

analyzed. The label 1 is at a deflection of 8mm and is during early strain buildup. Label 2 

is at the point at which the panels is close to or have experienced first fracture. Finally 

label 3 designates the set of images analyzed after many failures have occurred. 
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Figure 37: The load vs. deflection graph for the 20 ply panels with 30% 0-degree plies. 
The labels designate the points where DIC was performed 

 

 The first set of images are analyzed at a deflection of 8mm. The full-field 

principal strain maps are shown in Figure 38. The panels tested in the regular position (1, 

3, and 5) do not show a consistent strain field. The panel in Test 3 shows a lower 

magnitude of principal stain than the other two panels. It is unknown why there are 

inconsistencies in the strain field but is noted and will be evaluated later.  

 The panels tested in the flipped position do show similar principal strain fields. 

The highest magnitude of strain occurs in the bottom left corner of the notch tip. 

Moderate strain buildup occurs a few millimeters below the notch tip. 
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Figure 38: The full-field principal strain measurement for the 20 ply panels with 30% 0-
degree plies at a deflection of 8mm 

 

 The second set of images are analyzed at a deflection of 45mm. At this point the 

panels are close to or have experienced first fracture. Figure 39 shows the principal strain 

field at a deflection of 45mm. The panels tested in the regular position show somewhat 

similar strain fields despite the inconsistency during early strain buildup. The panel in 

Test 1 not only shows high strain at the notch tip but also in a second position just below 

the notch tip. The panels in Tests 3 and 5 also show strain concentrations a few 

millimeters below the notch tip although the magnitude is not as high as the panel in Test 

1. It is apparent that failure has occurred in each of these panels. 
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 The panels tested in the flipped position still show areas of high strain in the left 

corner of the notch tip. These panels have yet to show any sign of fracture. The moderate 

strain buildup occurs just below the notch tip. 

 

 

Figure 39: The full-field principal strain measurement for the 20 ply panels with 30% 0-
degree plies at a deflection of 45mm 

 

 The last set of images are analyzed after many fractures have occurred. Figure 40 

shows the principal strain field at a deflection of 63mm. The panels tested in the regular 

position show fracture in the 0-degree and positive 45-degree direction. The panels also 

show some moderate strain buildup in the southwest quadrant. 

 The panels tested in the flipped position show failures in the negative 45-degree 

direction. On the surface, these panels only show smaller fractures than the panels in the 

regular position. The panels in the flipped position show moderate strain buildup just 

below the notch tip. 
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Figure 40: The full-field principal strain measurement for the 20 ply panels with 30% 0-
degree plies at a deflection of 63mm 

 

4.2.6 DIC Results for the 20 Ply Panels with 10% 0-degree Plies 

 This section presents DIC results for the 20 ply panels with 10% 0-degree plies. 

Figure 41 shows the specific locations on the load vs. deflection graph where the images 

are analyzed. The first label designates the point during early strain buildup, the second 

label specifies the location of first fracture, and the third label is located in the heavier 

damage region. 
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Figure 41: The load vs. deflection graph for the 20 ply panels with 10% 0-degree plies. 
The labels designate the points where DIC was performed 

 

 The first set of DIC images show the full-field principal strain measurement 

presented in Figure 42. These images are analyzed during early strain buildup at 

deflection of 8mm. The panels tested in the regular position show the highest principal 

strain just below the notch tip. The panel in Test 5 displays a higher magnitude of 

principal strain than the panels in Tests 1 and 3. It is unknown why the panel in Test 5 

exhibited such high strains but has been noted and will be evaluated later. 

 The panels tested in the flipped position show lower magnitudes of strain than the 

panels tested in the regular position. Theses panels exhibit high strain in the lower left 
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corner of the notch tip. The panels also show moderate strain buildup just below the 

notch tip. 

 

 

Figure 42: The full-field principal strain measurement for the 20 ply panels with 10% 0-
degree plies at a deflection of 8mm 

 

 The second set of images are analyzed around the first fracture point. Figure 43 

shows the full-field principal strain measurement at a deflection of 57mm. The panels 

tested in the regular position show high strain just in the lower left corner of the notch tip. 

The panels in Test 1 and 3 also show high strain and fracture in the southeast quadrant. 

This fracture occurs in the +45-degree direction. 

 The panels tested in the flipped position show high strain along the -45-degree 

direction. Each of these panels shows a similar strain field when compared with one 

another. Moderate strain buildup occurs a few millimeters below the notch tip. 
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Figure 43: The full-field principal strain measurement for the 20 ply panels with 10% 0-
degree plies at a deflection of 57mm 

 

 The last set of images show the principal strain field after many failures have 

occurred. Figure 44 shows the DIC images for principal strain at a deflection of 74mm. 

The panels tested in the regular position show many fractures below the notch tip. Each 

of these panels show similar fracture patterns with the crack progressing in the 90-degree 

direction.  

 The panels tested in the flipped position shows further progression of the crack in 

the negative 45-degree direction. These panels once again show moderate strain buildup a 

few millimeters below the notch tip. 
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Figure 44: The full-field principal strain measurement for the 20 ply panels with 10% 0-
degree plies at a deflection of 74mm 

 

4.2.7 Comparing the DIC Data from all Experiments 

 The previous sections presented DIC results from each different ply layup. The 

purpose was to show similarities and difference between similar panels. The results 

showed that varying the test orientation was the major factor in differences in the 

principal strain field. 

 This section will compare the different ply layups to one another to distinguish 

similarities and differences between the different panels. Since test orientation showed to 

be the major factor in the variation of the strain field, two panels were selected from each 

layup. The two panels consist of one panel in the regular test position and one panel in 

the flipped position. Due to the large differences in strain magnitude, the panels with 40 
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plies are only compared to other 40 ply panels and the panels with 20 plies are only 

compared to other 20 ply panels.  

 Figure 45 shows the principal strain field for the first set of 40 ply panels at a 

deflection of 8mm. The highest principal strain areas occur near the notch tip. The panels 

with 30% and 10% 0-degree plies tested in the regular orientation show the highest 

principal strain of the six types of panels. The panel with 10% 0-degree plies tested in the 

flipped orientation shows the lowest principal strain around the notch tip.  

 The panel with 50% 0-degree plies shows a lower magnitude of principal strain 

when tested in the regular orientation. The other two panels show the opposite trend. This 

may be caused by a  negative 45 degree ply on the top of the panel with 50% 0-degree 

plies. All of the other panels have a 45-degree ply on the top of the panel. 
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Figure 45: The full-field principal strain measurement for the 40 ply panels at a deflection 
of 8mm 

 

 For the panels with 50% 0-degree plies, the moderate principal strain region 

occurs slightly to the side of the notch. For the other panels, the moderate strain region is 

mostly co-linear with the notch. 

 Figure 46 shows the digital image correlation results for the 20 ply panels at a 

deflection of 8mm. The panels tested in the regular orientation show the highest principal 

strain near the notch tip. All three panels tested in this orientation exhibit similar 

magnitudes of principal strain. The panels tested in the flipped orientation show the 

lowest principal strain. Each of the 20 ply panels has a 45-degree ply on the top of the 

panel. The trend still holds true that when there is a 45-degree ply on the top of the panel, 
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the panel experiences higher principal strains near the notch tip compared with a negative 

45-degree ply on the top of the panel.   

 

 

Figure 46: The full-field principal strain measurement for the 20 ply panels at a deflection 
of 8mm 

 

 The moderate strain regions of the 20 ply panels show a similar trend like the 40 

ply panels. The panels with 50% 0-degree plies show moderate strain off to one side of 

the notch where the other panels experience moderate strain in line with the notch. 

 The next set of DIC images represent the panels during the initial fracture stage. 

Figure 47 shows the principal strain field of the 40 ply panels at a deflection of 28mm.  
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Figure 47: The full-field principal strain measurement for the 40 ply panels at a deflection 
of 28mm 

 

 These images not only give information about the high strain areas but also start 

to show the surface fracture pattern. The panels with negative 45-degree plies on the top 

of the panel (50% REG, 30% FLIP, 10% FLIP) begin to fracture parallel to the fiber 

orientation. Once again the panels with 50% 0-degree plies show high principal strain 

below the notch tip and show moderate strain in the southwest quadrant. The panel with 

30% 0-degree plies tested in the regular position shows the highest strain magnitude 

below the notch tip. 

 The next set of images include the principal strain field for the 20 ply panels 

during the initial fracture stage. Figure 48 shows the strain field at a deflection of 45mm. 

The 20 ply panels behave similarly to the 40 ply panels at the initial fracture stage. The 
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panels with a negative 45-degree ply on the top surface (50% FLIP, 30% FLIP, and 10% 

FLIP) show high strain in the negative 45-degree direction. The panels designated as 30% 

REG and 10% REG not only show high strain at the notch tip, but also a few millimeters 

below the notch. The panels with 50% 0-degree plies show moderate strain buildup in the 

southwest quadrant. 

 

 

Figure 48: The full-field principal strain measurement for the 20 ply panels at a deflection 
of 45mm 

 

 The last two sets of images are analyzed during the heavy fracture region of the 

experiment. Figure 49 shows full-field principal strain measurements for the 40 ply 

panels at a deflection of 58mm. The panels with a negative 45-degree ply on the top 

surface (50% REG, 30% FLIP, 10% FLIP) show fractures along the negative 45-degree 

direction. Of these three panels, the panel designated as 30% FLIP shows the most 
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damage. Each panel also shows fracture along the 0-degree direction. The panels with 

50% 0-degree plies still exhibit moderate strain buildup to the left of the notch, while the 

other 4 panels still experience moderate strain buildup below the notch. 

 

 

Figure 49: The full-field principal strain measurement for the 40 ply panels at a deflection 
of 58mm 

 

 The last set of images include the principal strain field for the 20 ply panels. 

Figure 50 shows the principal strain analysis for the 20 ply panels at a deflection of 

74mm. After many failures, the panels continue to show fracture patterns along with 

areas of moderate and high strain. The panels with a negative 45-degree ply on the top 

surface (50% FLIP, 30% FLIP, 10% FLIP) exhibit fracture along the same direction. Of 

these three panels, the panel designated as 10% FLIP shows the largest crack. All three 

panels also still exhibit moderate strain buildup below the notch. 
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 The panels with a positive 45-degree ply on the top surface (50% REG, 30% 

REG, 10% REG) have a more complex fracture pattern. The panel 10% REG shows the 

largest crack propagation and trends in the 90-degree direction. The 50% REG panel 

shows the least crack propagation with a small crack in the positive 45-degree direction 

along with a large crack in the 0-degree direction. Both the 50% REG and 30% REG 

panels exhibit moderate strain buildup on the left side of the notch. 

  

 

Figure 50: The full-field principal strain measurement for the 20 ply panels at a deflection 
of 74mm 

 

 Another important characteristic to note is the point of initial fracture. Once 

fracture occurs, irreversible deformation can affect the material characteristics such as 

strength and stiffness. Table 7 displays information about the point where the panels 

experience initial fracture. 
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Table 7: Initial fracture characteristics from DIC results 

 

 The table shows the deflection at which the panel experiences initial fracture, the 

applied load at this instance, and what is the percentage of the of the maximum load at 

initial fracture. The initial fracture deflection is found using the digital images captured 

by the cameras. This point is hard to distinguish by the load vs. deflection curve because 

the early damage is usually small. Therefore, the DIC method provides a way to identify 

the initial failure of the panel. From the data in the table, a comparison between the 

percent of maximum load and the panel type is shown in Figure 51. The obvious trend 

shows that as the percent of 0-degree plies decrease, initial fracture happens further away 

from the maximum applied load. The 20 ply panels show more of a linear trend than the 

40 ply panels. The purpose of this graph is to show that the majority of the panels exhibit 

initial fractures at loads that are less than 50% of the maximum applied load. 

 

Panel Type
Initial Fracture 
Deflection (mm)

Initial Fracutre 
Load (kN)

Percentage of 
Max Load

40 Ply Panel with 50% 0-degree Plies 26 1.53 28.0%
40 Ply Panel with 30% 0-degree Plies 27 1.88 32.9%
40 Ply Panel with 10% 0-degree Plies 30 2.18 53.2%
20 Ply Panel with 50% 0-degree Plies 45 0.52 28.9%
20 Ply Panel with 30% 0-degree Plies 45 0.65 42.5%
20 Ply Panel with 10% 0-degree Plies 45 0.64 50.8%
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Figure 51: The applied load at initial fracture compared with the maximum applied load 

 

4.2.8 Comparing DIC measurements with FEA models 

 The previous sections (4.2.1 – 4.2.7) presents the data gathered by the DIC 

technique. This data includes information about strain concentrations, initial fracture 

points, and early fracture patterns. It is important to be able to validate the data collected 

from digital image correlation. Previous attempts to model the panel in ABAQUS have 

given verification to the DIC results. Figure 52 shows the experimental and FEA 

principal strain field for a 20 ply panel with 50% 0-degree plies tested in the regular 

position.  
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Figure 52: Comparison of experimental strain field (left) and the FEA strain field (right) 
at a deflection of 40mm 

 

 The FEA model shows the behavior of the panel during the elastic region, and 

does not predict strain fields after damage has occurred. When the panel experiences 

fracture, the FEA model becomes more complex. However during the elastic region, the 

predicted strain field from the FEA model is very similar to the experimental results. This 

helps validate the testing method and results. 
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5 Conclusions 

 The purpose of this study was to design an acceptable testing method to load and 

analyze large carbon fiber panels in a pure mode III fashion. Previous studies on mode III 

fracture provided inspiration for the development of a suitable method. Three grip 

concepts were detailed further in ABAQUS to test for suitability. The hinged grip system 

was deemed suitable after FEA results showed the majority of the stress around the notch 

tip. The design also comprised of a unique camera fixture that aided in the capture of 

digital images throughout the entire experiment. These images were used in the digital 

image correlation method to provide full-field strain measurements.  

 The Bluehill software provided load and deflection data outputted from the 

Instron 5500R. This data was used to generate a load vs. deflection curve throughout the 

entire experiment. From the load vs. deflection curve, many different panel 

characteristics could be identified including: the maximum applied load, the deflection at 

maximum load, the work done to maximum load, and the panel stiffness in the elastic 

region. These characteristics were used to show consistency between similar ply layups 

along with identifying differences between different ply layups.  

 Panels with similar ply layups show a lot of consistency in the maximum applied 

load parameter and the stiffness of the panel. However, the work done to maximum load 

value shows a lot of variation between similar ply layups. The variation in this parameter 

is large mainly because the work done to maximum load is highly dependent on the 

deflection at the maximum load. Since the maximum load occurs in the highly damaged 

region, it becomes harder to predict where the maximum load will occur. 
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 The proposed testing method also provides data using digital image correlation to 

obtain a full-field strain measurement. The digital image correlation analysis shows strain 

characteristics, initial failures, and fracture patterns. It is important to point out that the 

DIC results show that initial failures occur far before the panel has reached maximum 

load. The initial fractures appear to also occur during the linear portion of the load vs. 

deflection curve. The initial fractures are hard to identify by looking at the load vs. 

deflection graphs because the failures are somewhat small. However, they can be easily 

recognized using DIC. 
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6 Future Work 

 Now that a consistent baseline has been attained, the future research shifts to the 

computational finite element side. A finite element model will help predict the load vs. 

deflection curve throughout the entire experiment. Elastic and damage regions will be 

modeled to help characterize the mechanical properties of each lay-up. By generating a 

model that accurately predicts the behavior of the panel can eliminate the need for 

experimental testing. However, additional experimental testing may be needed to fully 

develop the finite element model. 

 Further experimental testing could include studies on detecting sub-surface 

damage within the panels using X-ray instrumentation. Delamination of plies happens 

because of buckling in composites. These separations of plies are hard to model using 

FEA software. Identifying when and where this damage occurs, could further progress 

the accuracy of the current FEA models. 
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