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The ability to engineer stiffness and strength in any desired direction make composites an ideal 

material candidate for various applications when compared to their traditional isotropic 

counterparts. In spite of this, the ability to model the material response in composites has yet to be 

fully explored.  Composite research largely focuses on in-plane conditions and research involving 

modeling Mode III (out-of-plane shear) is limited.  Mode III occurs when adjacent sections of a 

plate are displaced in opposite out-of-plane directions, thus causing through-thickness tearing. 

Mode III can potentially lead to catastrophic failure for composite designs with inadequate out-of-

plane transverse properties exposed to excessive out-of-plane loads. This can be countered by 

overdesigning a structure, but at the cost of sacrificing efficiency. Hence it is necessary to have 

models to appropriately capture material behavior during loading for design and analytical 

purposes. Commercial finite element (FE) packages are available for simulating various loading 

conditions, but there has not been an assessment of their applicability for composites enduring 

Mode III.  This study aimed to evaluate the performance of a commercial finite element package, 

Abaqus, for modeling Mode III loading of edge notched Carbon Fiber Reinforced Polymer panels 

using previously conducted experiments as a metric. Six ply layups were considered and were 



 

 

composed of either 20 or 40 unidirectional plies.  For each thickness, 10%, 30%, and 50% zero-

degree panels were studied. Panels also included 45, -45, and 90 degree plies.  This investigation 

was divided into two studies: Evaluation of finite element analysis (FEA) prior to visible damage 

initiation and evaluation of FEA for progressive failure simulation. The first study utilized strain 

fields obtained from Digital Image Correlation (DIC) and load versus displacement profiles 

retrieved from experiments to evaluate elastic based FEA conducted with Abaqus/Standard. 

Abaqus/Standard was able to simulate strain fields roughly within 30% with the exception of small 

regions near the notch tip and predict the loads with a percent difference of 20%. The 50% zero-

degree panels was an exception in which large discrepancies occurred between experiments and 

FEA. The second study involved assessing Abaqus/Standard, Abaqus/Standard with the add-in 

Helius:MCT, and Abaqus/Explicit for simulating progressive failure analyses.  Experimentally 

obtained load versus displacement profiles, damage paths, and maximum loads were used as a 

metric to evaluate the solvers. It was found that the solvers were not able to predict the complete 

damage paths. However, Abaqus/Standard and Abaqus/Explicit were able to predict the maximum 

loads with a percent difference of 20%.  Helius:MCT experienced convergence failures using 

default settings.  Although accuracy and predictive capabilities were limited, the solvers were able 

to provide reasonable approximations for the material behavior.  
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Chapter 1: General Introduction 

The purpose of this study was to evaluate the built-in capabilities of a commercial finite 

element package, Abaqus, for modeling the material behavior of edge notched Carbon Fiber 

Reinforced Polymer panels loaded in Mode III (out-of-plane shear). The study conducted in this 

thesis is comprised of two manuscripts: i) Evaluation of Abaqus/Standard for Modeling Quasi-

Static Mode III Shear of Edge Notched Carbon Fiber Reinforced Polymer Panels Prior to the Onset 

of Visible Damage, and ii) Evaluation of Abaqus/Standard, Helius:MCT, and Abaqus/Explicit for 

Simulating Progressive Failure of Edge Notched Carbon Fiber Reinforced Polymer Panels 

Experiencing Quasi-Static Mode III Shear. 

The first study assessed the applicability of Abaqus/Standard for modeling Mode III shear 

prior to the onset of damage using elastic material properties. Experimentally obtained strain fields 

and load versus displacement profiles were used as a metric for evaluating finite element analyses.  

Strain fields were obtained from Digital Image Correlation and were directly compared to strain 

fields obtained from the finite element model. Experimental load versus displacement profiles 

were plotted against finite element analyses. The discrepancy between experimental and finite 

element analysis was highlighted and investigated.  The study revealed that elastic based finite 

element modeling conducted with Abaqus/Standard can provide reasonable approximations of 

strain fields and load displacement behavior prior to the onset of visible damage initiation. 

Irreversible changes occurring within the material may have caused the discrepancies between 

experimental and elastic based finite element analyses. 

The second study evaluated the built-in capabilities of Abaqus and the commercially 

available add-in Helius:MCT for simulating progressive failure of Carbon Fiber Reinforced 
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Polymer panels loaded in Mode III. Progressive failure analysis was conducted using the built-in 

Hashin Damage criteria with implicit and explicit integration techniques using Abaqus/Standard 

and Abaqus/Explicit respectively. Helius:MCT was interfaced with Abaqus/Standard to simulate 

progressive failure based on  Multi-continuum theory.  The complete load versus displacement 

behavior, the damage paths at maximum load, the damage path at the end of the analyses, and 

maximum load obtained from the experiments were used as a metric to evaluate the performance 

of each solver.  Although reasonable maximum load predictions were achieved using 

Abaqus/Standard and Abaqus/Explicit, neither solver was able to capture complete damage path.  

Helius:MCT encountered convergence failures using default settings; hence, further investigations 

would be necessary to improve solver performance. Abaqus/Standard and Abaqus/Explicit can 

provide acceptable estimates for progressive failure analyses of notched Carbon Fiber Reinforced 

Polymer panels experiencing Mode III; however, the study illustrated that accurate solutions were 

not achieved and that these solvers should not be implemented for purely predictive purposes. 

 

  



3 
 

 

Chapter 2: Evaluation of Abaqus/Standard for Modeling 

Quasi-Static Mode III Shear of Edge Notched Carbon Fiber 

Reinforced Polymer Panels Prior to the Onset of Visible 

Damage 

 

2.1 Introduction 

2.1.1 Motivation, Challenge, and Scope 

Mode III (out-of-plane shear) loading occurs in composite panels and is significant but has 

not been widely studied.  Mode III loading takes place when adjacent sections of a panel are 

displaced in opposite out-of-plane directions creating through-thickness shear or tearing as shown 

in Figure 2-1. This type of loading occurs in variety of composite structures in the aviation, 

aerospace, and automotive industries. Practical applications generally involve panels containing 

cutouts, e.g. holes and notches [1, 2]. These structures can be subjected to multiple loading 

conditions involving out-of-plane twisting and shear; hence, Mode III fracture development 

generates through-thickness shear at the vicinity of the cutout. For instance, the composite skin of 

an aircraft fuselage can be considered as a composite panel containing a notch cutout; this structure 

will endure Mode III loading near stiffening members, e.g. frames and stringers [3, 4, 5]. Mode III 

loading can also develop on the leading edge of a notched composite wing. The notched wing will 

be subjected to drag and lift forces; hence, this can be considered an edge notched composite panel 

experiencing Mode III loading during flight.  Likewise, a notch on the leading edge of a composite 

horizontal stabilizer endures Mode III loading due to similar out-of-plane forces.  A notched 

composite helicopter rotor blade will experience out-of-plane bending and twisting during lift; 

therefore, the rotor blade can be considered as a long, composite plate subjected to mixed mode 
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loading conditions. Mode III will occur due to the out-of-plane nature of these loads. Complexity 

is further increased due to the orthotropic nature of composites compared to their isotropic, 

homogenous counterparts. Accurate models predicting the stress and strain fields resulting from 

Mode III loading will allow improved designs of these components.  Currently a relatively large 

body of work exists describing the modeling of in-plane loading of composite panels [6–12]; 

however, minimal work exists related to isolated Mode III loading [13, 14]. 

 

2.1.2 Literature Review 

Composite panels experiencing Mode III loading endure the greatest stress concentration 

at the vicinity of the defect or cutout.  For notched panels, the stress concentration is localized at 

the notch tip during loading, thus causing damage to originate and develop in this region. The 

observation of strain fields can be used to determine the stress [5] and provide insight to the 

initiation and progression of the damage. In regards to modeling and simulation purposes, a review 

of different techniques that study stress, strain, and displacement fields for structures subject to 

Mode III loading is necessary.  

The work in [15] studied plate tearing for notched plexiglass, aluminum, and wood 

specimens. Plate tearing can be considered a form of Mode III. This study involved a photoelastic 

analysis conducted to observe crack tip fringe patterns. The photoelastic analysis was used to study 

the stress intensity factors associated with the plate tearing. Nondimensional stress intensity factors 

obtained from photoelastic data by analytical methods were plotted against nondimensional stress 

intensity factors obtained from finite element methods. The authors showed that the finite element 

analysis (FEA) using their proposed method, in conjunction with constant strain triangular 

elements, captured the stress intensity factors better than classical methods involving Kirchhoff’s 
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bending elements. The authors in [16] used three dimensional digital image correlation (DIC) to 

capture full-field deformations during mixed mode I/III loading of thin aluminum alloy specimens. 

DIC is a full-field optical method that uses a single camera or multiple cameras to measure 

displacements and deformations in a speckling pattern during loading by comparing camera 

images to a reference image. Using the full-field deformation measurements, the stable crack 

extension behavior was characterized for the aluminum alloy. Although the experiment was not 

modeled with finite element analysis, it was illustrated that digital image correlation (DIC) was an 

effective tool for capturing displacement and strain fields for out-of-plane warping motion [16]. 

Both [16] and [15] analyzed strain fields using optical techniques and can potentially be extended 

for notched composite laminates.  

The study conducted in [17] analyzed in-plane displacements, gathered from a digital 

speckle correlation method (DSCM), to determine the influence of Mode III fracture in 

carbon/bismaleimide laminated composite specimens with preset elliptical damage zones 

subjected to compression. DSCM is a method to obtain the whole field distribution of displacement 

and strain on a specimen by analyzing a speckled pattern before and after deformation. DSCM and 

DIC are fundamentally very similar; however, this study integrated a single camera for studying 

displacement and strain fields whereas other studies used a pair of cameras to capture three 

dimensional effects.  Using in-plane displacements, the authors were able to determine the 

influence of Mode III fracture on delamination and crack growth. As the specimen was loaded in 

compression, points on the surface of the preset elliptical damage zones would displace and there 

would be small displacements between two laminates. The authors stated that given the loading 

style and the positions and displacements of the points on the surface of the elliptical damage 

zones, a mixed mode fracture process can be recognized.  The mixed mode fracture was further 
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distinguished into Mode II and Mode III fracture.  A finite element method utilizing Nastran was 

used to simulate laminate deformations and delamination using two-dimensional plate elements 

which incorporates Mindlin plate theory. The Mode III energy release rates from the experimental 

specimens were also obtained. Although the effects of Mode III fracture appeared in a localized 

region on the surface edge of a defect during in-plane compression, this study did not consider 

Mode III as the primary form of loading on a specimen; that is, the adjacent sections of a specimen 

were not displaced in opposite out-of-plane directions to create through-thickness shear or tearing.  

To some extent, Mode III loading of composites has been partially explored [2] [18]. A 

study analyzing the cases of out-of-plane bending and twisting of graphite/bismaleimide plates 

with cutouts was conducted in [2]. Mode III appears in the out-of-plane twisting case, where the 

adjacent sections of a panel were displaced in opposite out-of-plane directions. The analyses 

involved both experimental and finite element (FE) investigations. Experimental specimens were 

loaded until failure. FEA was conducted using the STAGS program with linear material properties. 

The finite element model was constructed using transverse-shear deformable plate elements. The 

far-field moment as a function of shear strain was plotted for FEA and experimental specimens. 

The far-field moment versus far-field strain response of the laminates subjected to out-of-plane 

twisting was very nonlinear.  The linear response was able to provide reasonable predictions for 

small strains, but was not able to capture the nonlinear behavior of the experimental specimens. 

Although the study of [2] incorporated strains obtained from both FEA and experimental 

specimens for far-field moment investigations, this study did not directly compare strains between 

FEA and experiments throughout the test specimen. 

The authors in [18] examined the out-of-plane shear response of unidirectional and cross 

ply graphite/epoxy and glass/epoxy V-notched beam (Iosispescu) laminates.  Strain measurements 
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were obtained using conventional strain gages, moiré interferometry, and full section strain gages. 

A nonlinear material model was created with a user developed subroutine in Abaqus/Standard. 

Solid continuum brick elements were used to construct the model. The nonlinear material model 

was developed using micromechanical FEA with another FE solver called WYO2D. WYO2D was 

specifically designed for micromechanical analyses of continuous fiber-reinforced matrices and 

was not applicable to the cross-ply specimen. Nevertheless, the material model based on the 

micromachinical model was used to adjust a simplified unit cell material model which interfaced 

with Abaqus. The material model used in Abaqus involved transversely isotropic fibers and a 

nonlinear elastic model for the matrix shear behavior based on a Ramber-Osgood form; thus a 

nonlinear material model was achieved in Abaqus/Standard. Both linear and nonlinear material 

properties were plotted against stress versus strain data obtained from the FEA. The linear material 

properties were able to predict shear strain behavior for small strains; however, the nonlinear 

material model was able to predict the shear strains throughout the analyses. The specimens 

encountered damage during loading, but the nonlinear material models were still able to predict 

shear strains. Although user defined subroutines were able to predict the material behavior, the 

built-in capabilities of Abaqus were not explored. 

The research in [2, 15-18] investigated displacement, strain, and stress fields of both 

homogeneous and composite structures experiencing Mode III effects induced by either in-plane 

or out-of-plane loading. These studies, however, did not consider isolated Mode III loading of 

notched composite panels. The study conducted in [19] investigated Mode III loading of edge-

notched carbon fiber reinforced polymer (CFRP) panels and used DIC to assess the strain fields in 

various loading increments. The DIC strain images were analyzed early in the loading stages since 

large fractures destroyed the speckle pattern needed for image processing. This study illustrated 
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the potential for FEA to predict strain fields, but comparisons between FEA and DIC for all ply 

layups were not conducted. Assessing the accuracy of FE models can be accomplished by directly 

comparing strain fields between FEA and DIC results. 

 

2.1.3 Contribution 

Models that can accurately predict stress and strain fields resulting from Mode III loading 

will allow for improved designs of composite structures. Accurate models will reduce the risk of 

overdesign and will promote improved efficiency. The ability to appropriately capture strain field 

behavior prior to visible damage initiation can help provide insight into material behavior prior to 

and after the onset of damage; thus, ultimately leading to better simulations for failure analyses. 

Abaqus/Standard is a commercial package that is commonly used for various simulations 

involving composites. Therefore, evaluating the capability of Abaqus/Standard for modeling this 

loading is necessary. The work presented in this paper is an extension from preceding research 

involving FEA and composites. The purpose of this paper is to evaluate the capability of the 

commercial FE package, Abaqus/Standard, to accurately predict notch tip in-plane principal strains 

and load versus displacement behavior for edge notched CFRP panels loaded in quasi-static Mode 

III shear prior to visible damage initiation using elastic material properties. The experimental data 

obtained from [19] is used as a metric to evaluate the solver’s performance. The comparisons are 

analyzed against DIC. The strain fields and load versus displacement profiles are assessed at the 

same loading for all experimental specimens. 

The paper is separated into the following sections. Section 2 discusses the methodology 

used for DIC and FEA comparisons. Section 3 discusses the results comparing notch tip in-plane 

principal strains. Section 4 concludes the paper with remarks on the accuracy of FEA. 
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2.2. Methodology 

2.2.1 Experimental Equipment and Setup 

The following describes the experimental setup. Testing was conducted using a 100 kN 

capacity Instron 5500R operating at a quasi-static displacement rate control of 25 mm/min ± 0.1%.  

Crosshead displacement and force magnitude was extracted every tenth of a second throughout 

loading. Position and load measurement accuracy was approximately 0.05% and 0.4% respectively 

[20]. Two steel hinged grips were used to induce loading on the CFRP panels. One side of the 

hinges was either attached to the fixed load-cell side or attached to the moving cross head side on 

the Instron’s standard platen mounting points. The other side of the hinges was a grip attached to 

a free-edge on the notched side of the panel. This allowed one of the grips to displace a side of the 

panel vertically while the other grip held the other side of the panel stationary. There were eight 

6.35 mm diameter holes for mechanical fasteners to attach the panel to the grips. The gripping 

surface on the panel and panel geometry is illustrated in Figure 2-2. 

Figure 2-2 shows that the panel geometry was 457 mm long, 254 mm wide, with a 101.6 

mm long edge notch.  The end notch width was 3.18 mm.   Each panel was composed of either 20 

or 40 unidirectional plies. For both 20 and 40 ply panels, three stacking sequences were studied: 

10%, 30%, and 50% zero-degree plies. Specific ply layups were proprietary.  Ply thickness was 

approximately 0.188 mm.  Ply orientations were 0, 45, -45, and 90 degrees. The 0 and 90 degree 

fibers were oriented perpendicular and parallel to the notch, respectively. 

Strain fields were evaluated with DIC in the region of interest (ROI) as indicated in Figure 

2-2.  This DIC method used two cameras positioned above the panel to capture the 3D surface.  

The ROI was coated with a white light speckle pattern. This region was imaged with both cameras 
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throughout loading.  Surface strain information was extracted by processing both camera images 

using the commercial software, VIC-3D, Correlated Solutions Inc. Uncertainty in strain 

measurements potentially varied between 150 to 200 micro strain [21-22]. The large crosshead 

and sample surface displacements that occurred during testing prevented fixing cameras in place.  

Fixed cameras were not able to maintain focus on the panel surface and the large displacements 

due to loading also would cause the ROI to move out of the working volume of the DIC cameras; 

hence, cameras were mounted on a vertically displacing slide where the displacement of the slide 

was linked to the crosshead motion.  It was determined in [19] that the notch tip displaced 

approximately half the distance of the crosshead; therefore, the displacement of the vertical slide 

moved at half of the loading rate. 

Cameras that were used in this analysis were Point Grey GRAS-50S5-C 2/3” 2448 x 2048 

pixel CCD’s. Kowa high-resolution close-focused lenses were also incorporated.  The Point Grey 

Software Development Kit was used for image acquisition software.  Rosco LED flat panel light 

sources were used to provide appropriate lighting conditions. Further details on experimental setup 

can be found in [4] and [19]. 

Strain field information was extracted from DIC prior to the onset of visible damage 

initiation. The displacement and load at visible damage initiation for all panels are summarized in 

Table 2-1. In the 40 ply panels, initial visible fracture occurred between 26 mm and 30 mm 

displacements. Initial fracture occurred in the 20 ply panels at roughly 45 mm displacements. The 

effect of this visible fracture on strain fields can be observed in Figure 2-3.  According to [19], 

large fractures can destroy the speckle pattern; since this study did not consider the onset of visible 

damage and the effects of small fractures on strain fields were minimal based on Figure 2-3, a 

destroyed speckle pattern was not a concern in this analysis. As seen in Table 2-1, visible fracture 
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occurred after 25 mm displacements for all ply layups. For the 40 ply, 50% zero-degree panel, 

visible fracture occurred at 26 mm; therefore, 25 mm is the largest displacement that does not 

endure visible fracture for all specimens. In order to consider strain fields at a common 

displacement for all ply layups prior to visible damage while still using the largest displacement 

possible, strain fields at a 25 mm crosshead displacement were obtained from DIC. 

DIC images were obtained for six test specimens per ply layup.  Not all ply layups were 

symmetric, therefore, half of the test specimens for each ply layup were loaded in a flipped 

orientation. This allowed for observations of any discrepancies between orientations.  Hence a 

distinction was made for a regular or flipped orientation.  An even or odd label was associated to 

each specimen to distinguish between regular and flipped orientations; that is, test specimens 1, 3, 

and 5 were loaded in the odd orientation and test specimens 2, 4, and 6 were loaded in the even 

orientation. The load versus displacement profiles exhibited the same behavior given a specific 

ply layup regardless of even or odd orientations. Strain fields, however, varied depending on even 

or odd orientation during loading. Hence given a ply layup, even orientations would look similar 

to one another and odd orientations would look similar to one another. In this analysis, the strain 

fields obtained from the odd orientation was selected for FEA comparisons.  The load versus 

displacement profiles were averaged for all six test specimen for each ply layup. The average load 

versus displacement profile was compared to FEA. 

 

2.2.2 Materials 

Simulation involved modeling the edge notched CFRP panels and the grips.  Since this 

analysis did not consider damage, only elastic material properties were considered. Material 

properties for the CFRP panels and grips are shown in Table 2-2 and Table 2-3 respectively [23]. 
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E1, E2, and E3 are the longitudinal, in-plane transverse shear, and out-of-plane transverse shear 

Young’s moduli, respectively. G12 is the in-plane shear modulus. G13 and G23 are the out-of-plane 

shear moduli. The major in-plane Poisson’s ratio is ν12.  The out-of-plane Poisson’s ratio are ν13 

and ν23. 

 

2.2.3 Finite Element Model 

The FE model for the composite panel was based on geometry illustrated in Figure 2-2.  

The available elements for modeling composites include solid, shell, and continuum shell 

elements. Each element has different strengths and weaknesses depending on application. Solid 

elements cannot appropriately model multiple plies through the thickness of a single element and 

severe aspect ratio limitations restrict element size to an excessively fine mesh.  Thin shell 

elements can be laminated but transverse shear deformations, γxz and γyz, are zero. Continuum shell 

elements can account for non-zero transverse shear deformations, can be laminated to model 

multiple plies through the thickness of an element, and can model thickness to capture grip and 

panel interaction [24]. Therefore, the continuum shell, 8 node, reduced integration element (SC8R) 

was selected to mesh the composite panel. Previous work in [13] and [14] for modeling progressive 

failure of CFRP panels experiencing Mode III shear selected a mesh based on a converged elastic 

solution; that is with damage disabled, the coarsest mesh that yielded a converged solution for 

notched tip stress was selected. The study indicated that 20 elements around the notch tip was the 

appropriate mesh density for modeling notched CFRP panels in out-of-plane shear [13, 14]. Hence 

this mesh density was used in this analysis. Using 20 elements around the notch tip resulted in an 

in-plane element size of approximately 0.545 mm by 0.737 mm for the smallest element. Using 

this element size for the entire model would have resulted in an unnecessary fine mesh; hence the 
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mesh density was made to gradually grow coarser away from the notch tip. This is illustrated in 

Figure 2-4. The smallest element size was the approximate dimensions of elements for a horizontal 

distance of 12 mm from the notch tip to point A.  A single bias seeding technique, a method to 

linearly vary element size, was used to gradually increase the element size to approximately 5.84 

mm by 7.12 mm over a horizontal distance of 45 mm from point A to point B. Element size was 

set to gradually increased again to approximately 17.78 mm by 6.35 mm over a horizontal distance 

of 170 mm from point B to C.  The in-plane dimension of the largest element was roughly 16.70 

mm by 9.53 mm. Although meshing would vary from one analyst to another, the dimensions 

depicted in point A, B, and C can serve as an outline for recreating the mesh used in this analysis.  

The purpose of the FEA was to investigate the panels’ response experiencing Mode III 

loading; therefore, grips were modeled only to implement the out-of-plane shear boundary 

condition. A general purpose, solid element was adequate enough to provide the appropriate 

resolution. Hence the solid continuum, eight node reduced integrated element (C3D8R) was 

selected to model the part. The grips were meshed such that each element was as large as possible 

while small enough to approximately be the same size and still capture the geometry of the part.  

Typical element size was approximately 10.53 mm by 6.35 mm by 6.35 mm (427 mm3).  Grips 

were attached to both sides of the panel using a tie constraint between interacting panel and grip 

surfaces. The interacting panel and grip surface is shown as the grip region in Figure 2-2. A tie 

constraint was used because it ties two surfaces together for the duration of a simulation without 

release and allows for the rapid change in mesh density between the grip and panel surfaces [25]. 

Figure 2-5 illustrates the assembly and boundary conditions in the finite element model. Boundary 

conditions were applied along a single edge on each grip. One grip was allowed to displace in the 
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z-direction (displaced grip) and the other was fixed (fixed grip) in the z-direction.  Both grips were 

allowed to rotate about the x-axis.  All other degrees of freedom were restricted.  

The load step was defined with nonlinear geometry enabled since large bending deflections 

and rotations may surface during loading. Field variables that were extracted from the FE model 

included load, displacement, and in-plane maximum and minimum principal strains. 

 

2.2.4 Experiment and FEA Comparison 

 The ability to appropriately simulate strain fields can provide insight on the performance 

of FEA; therefore, in-plane maximum and minimum principal strain fields obtained from DIC 

analysis were used as a metric to evaluate FEA. In-plane strains were used because continuum 

shell elements used in this analysis assumes First Order Shear Deformation Theory where εzz=0 

[24].  Principal strains were selected for comparison because they provide the maximum and 

minimum strains that occur at a location.  Principal strains also fully describe the strain state with 

only compressive and tensile strains without shear strains.  The maximum shear strain can also 

describe the strain state; however, the maximum shear strain can be obtained with the principal 

strains. Therefore, it was deemed that utilizing in-plane principal strains for FEA validation was 

appropriate. Strain field comparisons were made in the ROI for all ply layups at a 25 mm crosshead 

displacement. A 25 mm displacement was selected to analyze strain fields because, according to 

[19], this was prior to the onset of visible fracture in the ROI for all ply layups.   

 The principal strains obtained from FEA for the first ply (bottom surface of the FE model) 

correlated well with strain fields obtained from the odd panels.  The strain fields obtained the 20th 

or 40th ply (top surface of the FE model) correlated well with the strain fields from the even panels. 
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Therefore, the strain fields obtained from the first ply were directly compared to the strain fields 

obtained from DIC images of the odd panels for this study. 

Strain field comparisons were accomplished by importing strain information into Matlab 

from DIC and FEA.  The percent difference between DIC and FEA strain data was obtained and 

plotted for discrete x and y coordinates within the ROI. Contour plots were used to graphically 

illustrate the difference between strain fields. The load versus displacement data from experimental 

results and FEA were also assessed to provide additional insight on the performance of FEA. 

Details of the comparison between experimental and FEA results are further elaborated in the 

Results and Discussion section of this paper. For all analyses, a positive percent difference between 

experiment and FEA represented that FEA over-predicted values and a negative percent difference 

represented that FEA under-predicted values. 

 

2.3 Results and Discussion 

2.3.1 DIC and FEA Strain Field Comparisons 

Figure 2-6 through Figure 2-29 illustrate the difference between DIC and FE maximum 

and minimum principal strains for all ply layups at a 25 mm cross head displacement. It can be 

observed that FEA and DIC strain contours are similar in shape. Although the percent difference 

between DIC and FEA is typically within 30%, large discrepancies between DIC and FEA strains 

exist for small segments in the ROI.  The locations of these discrepancies vary depending on ply 

layup. 

Figure 2-6 through Figure 2-9 compare the principal strains for the 20 ply, 10% zero-degree 

panel. Figure 2-6 and Figure 2-7 illustrate the DIC and FEA similarities for maximum principal 

strains. Figure 2-7 reveals that the largest discrepancy between DIC and FEA occurs at the notch 
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tip.  The percent difference between the FE model and DIC in this region is over 90%; nevertheless 

the percent difference improves to less than 20% when considering strains several millimeters 

away from the notch tip. Similar results are observed for minimum principal strain fields in Figure 

2-8 and Figure 2-9. 

Figure 2-10 through Figure 2-13 sumarize the DIC and FEA strain field comparisons for 

the 20 ply, 30% zero-degree panel.  Figure 2-10 and Figure 2-11 show that FEA captures the strain 

field for maximum principal strain throughout the majority of the ROI but the percent difference 

between DIC and FEA is over 90% at the notch tip.  For minimum principal strains, a large 

discrepancy between FEA and DIC surfaces near the left edge of the notch tip is seen in Figure 2-

12 and Figure 2-13.  The magnitude of the FEA predicted minimum principal strain is 

approximately 19,000% larger than DIC for a specific coordinate in this region. Computational 

accuracy drastically improves away from the notch.  

The 20 ply, 50% zero-degree panel strain field comparisons are illustrated in Figure 2-14 

through Figure 2-17. Figure 2-14 shows that the strain field for maximum principal strain is similar 

between DIC and FEA. Figure 2-15 reveals that the percent difference between DIC and FEA is 

approximately 94% and 146% at the notch tip and at a vicinity to the right of the notch respectively.  

Figure 2-16 and Figure 2-17 illustrate that the percent difference of the minimum principal strain 

exceeds 303,000% in a region near the left edge of the notch. The magnitude of the minimum 

principal strain obtained from DIC is in the order of 10-7 at this location, yet FEA predicts this 

strain to have a magnitude of 10-3. The difference in magnitude implies that FEA is not capturing 

the strain behavior in this area, although FEA accuracy drastically improves when considering all 

other regions in the ROI as seen in Figure 2-17. 
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The 40 ply, 10% zero-degree panel strain field comparisons are summarized in Figure 2-

18 through Figure 2-21.  Figure 2-18 shows the agreement between strain field contours for DIC 

and FEA maximum principal strains.  The largest deviation occurs near the notch tip as illustrated 

in Figure 2-19. Figure 2-20 shows the strain fields for minimum principal strain for DIC and FEA. 

Figure 2-21 reveals that FEA deviates from DIC minimum principal strain at the notch tip and at 

a region to the left of the notch with a percent difference of 90% and 115% respectively. The 

percent difference improves to less than 30% away from these regions. 

Strain field comparisons for the 40 ply, 30% zero-degree panel can be found in Figure 2-

22 through Figure 2-25. Figure 2-22 shows the similarities between DIC and FEA strain fields for 

maximum principal strain, but Figure 2-23 highlights a distinct region of discrepancy to the right 

of the notch.  In this region, the magnitudes of strain provided by DIC are drastically less than 

what was predicted by FEA. The percent difference for a specific coordinate exceeds 244,500%. 

A similar behavior is observed in Figure 2-24 and Figure 2-25 for minimum principal strains 

except the area of large discrepancy between DIC and FEA occurs in a region to the left of the 

notch. 

Figure 2-26 through Figure 2-29 portray the differences between DIC and FEA for the 40 

ply, 50% zero-degree panel.  Although the strain field for maximum principal strain seems similar 

in Figure 2-26, Figure 2-27 reveals a region of large DIC and FEA discrepancy to the right of the 

notch. For instance, the percent difference is approximately 409,000% at one coordinate location. 

The strain field for minimum principal strain shows a region of large DIC and FEA discrepancy 

to the left of the notch as observed in Figure 2-28 and Figure 2-29. This difference is minor when 

compared to the large DIC and FEA discrepancy region for maximum principal strain.  FEA strain 

predictions become more accurate when considering all other areas of the ROI. 
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2.3.2 Experimental and FEA Load versus Displacement Comparisons 

 Comparisons between experimental and FE load versus displacement data can be found in 

Figure 2-30 through Figure 2-35. The difference between experimental and FE loads are 

highlighted at a 25 mm crosshead displacement. Agreement between FEA and experimental load 

profiles varies depending on ply layup.  Figure 2-30 and Figure 2-31 show a percent difference of 

-6% - 2% and -4% - 1% when considering loads at a 25 mm displacement for the 20 ply, 10% 

zero-degree panel and the 20 ply, 30% zero-degree panel, respectively. The FE model for the 20 

ply, 50% zero-degree panel exhibits a percent difference between 23% - 26% considering the same 

displacement as seen in Figure 2-32. The FE model for the 40 ply, 10% zero-degree panel and 40 

ply, 30% zero-degree panel had percent differences ranging from 13% - 18% and 18% - 23% as 

highlighted in Figure 2-33 and Figure 2-34. When considering the 40 ply, 50% zero-degree panel, 

Figure 2-35 revealed a percent difference ranging between 30%-34% between experimental and 

the FE results. 

 

2.3.3 Discussion 

The FEA only included elastic properties and thus the material response involving 

softening or stiffness degradation was not considered. Although fracture was not visible at a 25 

mm crosshead displacement, the experimental panels were approaching the onset of visible 

damage initiation as listed in Table 2-1.  Prior to the onset of visible surface fracture, irreversible 

changes occurring within the material may have appeared in the form of localized 

micromechanical failures such as fiber breaking from tensile stresses and fiber kinking from 

compressive stresses. In addition to localized fiber failures, transverse stresses in the laminate can 
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cause the matrix and fiber interface to be prone to stress concentrations [26]. The stress intensity 

can result in plasticity in the ductile epoxy matrix. The accumulation of localized micromechanical 

fiber and matrix damage eventually leads to visible fracture. Initial visible fracture occurred in the 

40 ply panels between 26 mm and 30 mm whereas initial fracture occurred in the 20 ply panels 

around 45 mm. Hence, irreversible changes in the material may have accumulated more in the 40 

ply panels when compared to the 20 ply panels at a 25 mm displacement.  This may have caused 

the 40 ply panels to have significantly larger regions of DIC and FEA discrepancy when compared 

to the 20 ply panels.  These regions of discrepancy in the FE model imply that irreversible 

phenomena were significant before the onset of visible damage in the experimental specimens. 

This suggests that DIC and FEA discrepancy should improve if smaller displacements were 

considered.  

Figure 2-21 shows the 40 ply, 10% zero-degree panel’s contour plot representing the DIC 

and FEA discrepancy for minimum principal strain. A percent difference of approximately -115% 

was observed between DIC and FEA at a 25 mm crosshead displacement in the coordinate (-11, 

5).  If irreversible changes occurred inside the panel and caused this large discrepancy prior to a 

25 mm displacement, then the difference between DIC and FEA should improve considering 

smaller displacements. This behavior is illustrated in Figure 2-36 where the percent difference in 

minimum principal strain between DIC and FEA is plotted against various displacement 

increments for the 40 ply, 10% zero-degree panel at the coordinate (-11, 5). The FEA and DIC 

comparison also involved quantifying the variation of strain among test specimen at the specified 

coordinate for the discrete load increments.  This was accomplished by obtaining the minimum 

principal strains at this location using the three test specimens for the 40 ply, 10% zero-degree 

panel loaded in the odd orientation for discrete displacements: E2test 1, E2test 3, E2test 5.  The average 



20 
 

 

of these strains, E2avg, were then determined. Once the average minimum principal strain was 

obtained, the difference between the strains and the average strains, E2diff 1, E2diff 3, and E2diff 5 for 

tests one, three and five were calculated using Equation 1. 

E2diff 1 = |E2test 1 −  E2avg | 

E2diff 3 = |E2test 3 −  E2avg | 

E2diff 5 = |E2test 5 −  E2avg | 

1 

The average and standard deviation of E2diff 1, E2diff 3, and E2diff 5 were obtained. The average of 

the differences between each test specimen’s minimum principal strain and the average minimum 

principal strain was referred to as �̅�; that is �̅� = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(E2diff 1, E2diff 3, E2diff 5). The standard 

deviation of the differences between each test specimen’s minimum principal strain and the 

average minimum principal strain was referred to as s; thus, 𝑠 =

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(E2diff 1, E2diff 3, E2diff 5). Using a 95% confidence level, �̅�, s, and the 

population size, Equation 2 was implemented to determine the difference variation of minimum 

principal strain confidence interval, CI. It should be noted that the population size of N =3 was 

used since there were only three test specimens that had the same ply layup and were loaded in the 

same orientation. The degree of freedom, df, is calculated as N – 1; hence, df = 2. The confidence 

coefficient was determined using df  and N. 

CI =  �̅� ± t𝑑𝑓,𝛼/2 ∗
𝑠

√𝑁
 

𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑡𝑑𝑓,𝛼/2 = 2.920, 𝑓𝑜𝑟 𝑎 95% 𝑐𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙 [27] 

2 

Equation 2 determined the confidence interval for the difference variation between the test 

specimens’ minimum principal strain and the average principal strain. The difference variation of 

minimum principal strain was used to create an upper and lower bound for E2 using Equation 3. 
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The maximum variation of the confidence interval was used to define upper and lower bounds. 

The upper and lower bounds were used to construct the Error Bars seen in Figure 2-36. 

𝑈𝑝𝑝𝑒𝑟 𝐵𝑜𝑢𝑛𝑑 = 𝐸2𝑎𝑣𝑔 +  max (𝐶𝐼) 

𝐿𝑜𝑤𝑒𝑟 𝐵𝑜𝑢𝑛𝑑 =  𝐸2𝑎𝑣𝑔 − max (𝐶𝐼) 

3 

At displacements of approximately 8 mm to 16 mm, the percent difference between DIC 

and FEA was around 10% and the variation between test specimens were less than 30%.  At a 

displacement of approximately 20 mm, the percent difference became 46%. At displacements of 

25 mm and 30 mm the percent difference was greater than  98% and the variation between 

experiments increased dramatically. After 30 mm the percent difference profile changed direction 

and FEA began to increasingly over-predict the minimum principal strain. As seen in Table 2-1, 

visible fracture initially occurred at 30 mm for this ply layup. This suggested that the magnitude 

of percent difference was generally increasing until the onset of visible fracture.  Thus at smaller 

loads, the linear FEA was able to predict strain field with better accuracy when compared to larger 

loads.  At larger loads, the irreversible changes within the material caused increased discrepancy. 

This behavior is expected to be representative for all ply layups. 

All FE models exhibited a 90% or more discrepancy from DIC for both principal strains at 

or around the notch tip.  FEA consistently underestimated strains in this region.  The notch can be 

considered a defect and can be treated as a stress concentration.  Stress accumulates to the greatest 

extent in this region which eventually leads to damage initiation and development; therefore, the 

notch endures intense stress and strain during loading. For ductile materials, a plastic zone 

develops around the edge of a defect.  The polymer matrix is tougher and more ductile than the 

brittle fibers; therefore the matrix may endure the effect of this plastic zone during loading at the 
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notch tip.  Elastic based FEA would not be able to capture this behavior.  Thus a large deviation 

between DIC and an elastic FE model is reasonable around the notch tip. 

Although there were areas with notable differences between DIC and FEA, both principal 

strains generally agreed within 20 to 30 percent throughout the majority of the ROI. Good 

agreement was also achieved for the contour shapes of the strain fields.  This suggests that the FE 

model was able to capture the strain field behavior for regions that were not affected by localized 

damage development and prior to the onset of visible fracture. 

At a 25 mm displacement, FE load versus displacement data showed agreement within 2% 

of experimental results for the 20 ply, 10% and 30% zero-degree panels.  Agreement was within 

20% for the 40 ply, 10% and 30% zero-degree panels for the same displacement.  For both 20 and 

40 ply panels, the 50% zero-degree FEA models exhibited the largest deviation from experimental 

results. For instance, the load prediction at 25 mm was 23% - 26% and 30% -34%  higher than 

experimental results for the 20 ply and 40 ply, 50% zero-degree panels respectively. The stiffness 

predicted by FEA was larger than experimental data for most models; however for the 40 ply, 50% 

zero-degree panel, this difference was significant. This discrepancy may have been due to 

softening in the material response activating prior to the 25 mm displacement.  If stiffness 

degradation occurred early on, it is reasonable that the FE model would predict a larger load than 

what had been observed from the experiments.  

 

2.4. Conclusion 

The ability to successfully model the stress, strain, and load versus displacement profile 

allows for improved designs using composites.  This promotes safe and efficient designs rather 

than overtly conservative structures. Although FEA has been used to successfully simulate in-
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plane loading, the applicability of FEA for modeling composites loaded in Mode III shear has not 

been assessed. The purpose of this study was to evaluate the ability of Abaqus/Standard to simulate 

strain fields and load versus displacement profiles for edged notched CFRP panels experiencing 

out-of-plane shear prior to the onset of visible damage initiation. The use of elastic material 

properties stemmed from the motivation for modeling a visibly undamaged material state.  

The primary conclusion drawn from this study was that FEA can capture the general strain 

field behavior using elastic material properties prior to the onset of damage initiation. Although 

this study was conducted for a loading prior to visible fracture, micromechanical damage 

mechanisms may have contributed to significant strain deviations between FEA and DIC, these 

deviations contributed to a minority of the ROI surface area. Although irreversible effects may 

have occurred prior to damage initiation, the FE model was able to appropriately simulate the 

strain field behavior throughout most regions in the ROI with a percent difference of 

approximately 30%. The load versus displacement profile was also acceptable for most models 

except the 50% zero-degree panels. This was partially due to material softening behavior occurring 

early on in the load versus displacement profile that was not accounted for in the FEA. 

Abaqus/Standard can be used to model Mode III shear of composites prior to the onset of 

damage initiation, but this needs to be approached with caution.  Although the material behavior 

for most ply layups were captured, the deviation between FEA and experimental results for the 

50% zero-degree panel is concerning. The limitation that was exposed in this study was that FEA 

did not achieve high accurate precision for modeling material behavior for composites loaded in 

Mode III shear; however, FEA can successfully provide a good estimate. Discrepancy between 

FEA and experimental results may be mitigated if the FE model considered damage and stiffness 

degradation.  Future work can extend this study for progressive failure simulation, investigate the 
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effect of material properties for modeling Mode III shear, or assess the applicability of explicit 

integration technique for this loading condition. 
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Table 2-1: Initial fracture displacement and load for all panels. 

Panel 

Initial Fracture 

Displacement 

(mm) 

Initial Fracture 

Load (N) 

20 Ply, 10% 0° 45 640 

20 Ply, 30% 0° 45 650 

20 Ply, 50% 0° 45 520 

40 Ply, 10% 0° 30 2180 

40 Ply, 30% 0° 27 1880 

40 Ply, 50% 0° 26 1530 

 

 

 

Table 2-2: Elastic material properties for CFRP [23]. 

E1 (GPa) 131.9 

E2 (GPa) 9.51 

E3 (GPa) 9.43 

G12 (GPa) 5.27 

G13 (GPa) 7.03 

G23 (GPa) 3.39 

v12 0.326 

v13 0.341 

v23 0.485 

  

Table 2-3: Elastic material properties for steel grips. 

E (GPa) v 

206.8 0.300 
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Figure 2-1: Mode III before and after loading. 

 

 

Figure 2-2: Panel geometry with gripping surfaces and strain field region of interest. All units in 

mm. 

 

 

Figure 2-3: Onset of fracture and damage initiation for the 40 ply, 50% zero-degree panel at a 26 

mm crosshead displacement. 



30 
 

 

 

 

Figure 2-4: In-plane mesh density, mesh around notch tip (left) and global mesh (right). 

 

 

 

Figure 2-5: Assembly and boundary conditions (center), fixed grip (left), displaced grip (right). 
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Figure 2-6: 20 ply, 10% zero-degree panel notch tip in-plane maximum principal strain (E1) for 

DIC (left) and FEA (right). 

 

 
 

Figure 2-7: 20 ply, 10% zero-degree panel notch tip in-plane maximum principal strain (E1) 

percent difference between FEA and DIC. 
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Figure 2-8: 20 ply, 10% zero-degree panel notch tip in-plane minimum principal strain (E2) for 

DIC (left) and FEA (right). 

 

 
 

Figure 2-9: 20 ply, 10% zero-degree panel notch tip in-plane minimum principal strain (E2) 

percent difference between FEA and DIC. 
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Figure 2-10: 20 ply, 30% zero-degree panel notch tip in-plane maximum principal strain (E1) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-11: 20 ply, 30% zero-degree panel notch tip in-plane maximum principal strain (E1) 

percent difference between FEA and DIC. 
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Figure 2-12: 20 ply, 30% zero-degree panel notch tip in-plane minimum principal strain (E2) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-13: 20 ply, 30% zero-degree panel notch tip in-plane minimum principal strain (E2) 

percent difference between FEA and DIC. 
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Figure 2-14: 20 ply, 50% zero-degree panel notch tip in-plane maximum principal strain (E1) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-15: 20 ply, 50% zero-degree panel notch tip in-plane maximum principal strain (E1) 

percent difference between FEA and DIC. 
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Figure 2-16: 20 ply, 50% zero-degree panel notch tip in-plane minimum principal strain (E2) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-17: 20 ply, 50% zero-degree panel notch tip in-plane minimum principal strain (E2) 

percent difference between FEA and DIC. 
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Figure 2-18: 40 ply, 10% zero-degree panel notch tip in-plane maximum principal strain (E1) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-19: 40 ply, 10% zero-degree panel notch tip in-plane maximum principal strain (E1) 

percent difference between FEA and DIC. 
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Figure 2-20: 40 ply, 10% zero-degree panel notch tip in-plane minimum principal strain (E2) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-21: 40 ply, 10% zero-degree panel notch tip in-plane minimum principal strain (E2) 

percent difference between FEA and DIC. 
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Figure 2-22: 40 ply, 30% zero-degree panel notch tip in-plane maximum principal strain (E1) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-23: 40 ply, 30% zero-degree panel notch tip in-plane maximum principal strain (E1) 

percent difference between FEA and DIC. 
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Figure 2-24: 40 ply, 30% zero-degree panel notch tip in-plane minimum principal strain (E2) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-25: 40 ply, 30% zero-degree panel notch tip in-plane minimum principal strain (E2) 

percent difference between FEA and DIC. 
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Figure 2-26: 40 ply, 50% zero-degree panel notch tip in-plane maximum principal strain (E1) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-27: 40 ply, 50% zero-degree panel notch tip in-plane maximum principal strain (E1) 

percent difference between FEA and DIC. 
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Figure 2-28: 40 ply, 50% zero-degree panel notch tip in-plane minimum principal strain (E2) 

field for DIC (left) and FEA (right). 

 

 
 

Figure 2-29: 40 ply, 50% zero-degree panel notch tip in-plane minimum principal strain (E2) 

percent difference between FEA and DIC. 

 

 



43 
 

 

 
Figure 2-30: 20 ply, 10% zero-degree panel load versus displacement comparison. 

 

 
Figure 2-31: 20 ply, 30% zero-degree panel load versus displacement comparison. 
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Figure 2-32: 20 ply, 50% zero-degree panel load versus displacement comparison. 

 

 

 

 
Figure 2-33: 40 ply, 10% zero-degree panel load versus displacement comparison. 
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Figure 2-34: 40 ply, 30% zero-degree panel load versus displacement comparison. 

 

 
Figure 2-35: 40 ply, 50% zero-degree panel load versus displacement comparison. 
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Figure 2-36: Percent difference versus displacement between DIC and FEA for minimum 

principal strain at coordinate (-11,5) for the 40 ply, 10% zero-degree panel contour plot. 
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Chapter 3: Evaluation of Abaqus/Standard, Helius:MCT, 

and Abaqus/Explicit for Simulating Progressive Failure of 

Edge Notched Carbon Fiber Reinforced Polymer Panels 

Experiencing Quasi-Static Mode III Shear 

 

3.1 Introduction 

3.1.1 Motivation, Challenge, and Scope 

The light-weight, high-strength, and high-stiffness characteristics of composites make 

them an ideal material for primary or secondary structural applications [1]. As the aerospace, 

automotive, and energy industries continue to move forward with composite technology, the need 

for understanding and predicting material failure becomes more critical. Commercial finite 

element (FE) packages are commonly used to model the material behavior of composite structures. 

A large volume of research exists for using FE modeling techniques to predict stress, strain, and 

damage behavior in composites under particular loads; however, modeling of progressive failure 

has been largely devoted to in-plane loading conditions [2]. In contrast, research in progressive 

failure for out-of-plane shear loading scenarios is severely limited. 

FE methods have been effectively used to predict the maximum load and material response 

of composites with and without defects under various in-plane loading conditions [3-8]. Some 

commonly explored loading conditions include in-plane opening (mode I) and in-plane shear 

(mode II).  In the in-plane loading scenarios, damage path behavior, delamination, maximum load, 

and material response were all successfully modeled using finite element analysis (FEA).  This 

was done by utilizing built-in solid and shell elements within various commercial codes. Modeling 

delamination was accomplished by either incorporating the virtual crack closure technique 

(VCCT) or cohesive zones (CZ).  In many situations, the built-in capabilities of commercial FE 
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software packages generally yielded accurate results when compared to experiments. Though the 

focus of many studies did not involve out-of-plane progressive failure modeling, the limited 

research in out-of-plane loading that does exist shows potential for FE analyses to capture this 

loading condition [9-12].  

Currently little research exists in the area of modeling progressive damage in composites 

under out-of-plane loading scenarios and, in particular, out-of-plane plate tearing induced by Mode 

III (out-of-plane shear) loading. Unlike in-plane loading, out-of-plane shear loading is further 

complicated by non-uniform strain through the thickness of a laminate [13].  When considering 

unidirectional plies, the orthotropic nature further increases the complexity of the material 

response as compared to isotropic materials. Various inter-lamina and intra-lamina mechanisms 

can affect damage propagation and material response of composites when subjected to out-of-

plane loading. In the context of out-of-plane shear, these failure mechanisms are not effectively 

captured by current FEA software packages.  Given these difficulties and limited research, little 

guidance is available for progressive failure modeling of composites experiencing Mode III shear 

with commercial finite element codes. This is problematic because out-of-plane shear fracture can 

lead to catastrophic failure in various structures. Out-of-plane shear can appear in any form of a 

crack exposed to forces causing out-of-plane tearing; for instance, the drag force created by air 

moving over a damaged/fissured wing can cause uplift within the crack and thus result in tearing.  

FE analysis should take out-of-plane shearing into consideration due to its severe implications.  

Without proper modeling techniques, optimizing a design becomes inherently risky; however, 

over-designing leads to excessive costs and a lack of efficiency. 



49 
 

 

3.1.2 Literature Review 

Experimental characterizing and computational modeling of out-of-plane shear damage 

remains a difficult task [14, 15]. Much of the available literature on out-of-plane shear pertains to 

isotropic materials, such as metals or plastics. Other works focus on determining out-of-plane shear 

fracture toughness values experimentally but do not delve into investigating the effectiveness of 

modeling damage and failure using finite element models. The limited studies that do focus on 

modeling out-of-plane shear utilize FE methods to optimize experiments rather than to determine 

maximum failure loads and damage propagation. The ability of certain experimental 

configurations to produce a predominately Mode III fracture is assessed by determining the energy 

release rate of the loaded specimen using FE methods [14-18]. To the authors’ knowledge, no 

studies exist which effectively evaluate current FE methodologies for capturing damage 

propagation and ultimate load behavior in damaged composite plates loaded in out-of-plane shear. 

Plenty of relevant research does exist; however, in regards to FE modeling of damaged composites 

exposed to in-plane loading. To this end, it is important to address existing FE methodologies prior 

to investigating effective ways of modeling out-of-plane shear in composites.  

Many FE methods used for structural analysis and design involve capturing the maximum 

load and damage path behavior for a given set of material properties, geometries, and loading 

conditions. One of the most commonly studied loading scenarios is in-plane tension. The material 

response and damage behavior for composites subjected to this damage mode can be modeled 

using implicit solvers. This solver utilizes an iterative procedure in order to advance the FE 

solution; for a non-linear analysis, this is typically accomplished by using the Newton-Raphson 

technique [19]. In-plane tension can also be captured by explicit solvers.  In contrast to the implicit 

solver, the explicit solver employs a central difference rule to integrate equations corresponding 
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to linear dynamic equilibrium; this is done by using kinematic conditions at one time increment to 

determine the kinematic conditions in the next time increment [3, 19]. Both techniques can be 

effectively implemented to capture maximum load and damage path of various composite 

specimens subjected to tension [3-5, 7, 20, 21]. Like in-plane tension, compression is also a 

common loading scenario.  Particularly, authors of [22] conducted research on axial compression 

of composite tubular specimens; they simulated this loading by implementing an explicit solver. 

Within the limited research of composites subjected to of out-of-plane loading, out-of-plane 

bending has been investigated. Research has shown that both implicit and explicit solvers have 

been effective in capturing this damage mode [9, 10, 21].  Among both in-plane and out-of-plane 

loading conditions, interlaminar stresses can often result in ply delamination within composite 

specimens. To further refine FE models, implementation of delamination modeling techniques has 

become prevalent. The most popular and effective delamination modeling techniques are the 

Virtual Crack Closure Technique (VCCT) and cohesive zone methodology (CZM) [13, 23, 24]. 

During a review of the studies simulating these various loading conditions, common themes can 

be found for implicit and explicit solvers. Studies have found that the implicit solver tends to be 

computationally efficient for static analyses with simpler loading scenarios while the explicit 

solver can work well when excessive deformations and complex loading configurations are present 

[3, 9]. Out-of-plane loading, and progressive failure modeling in general, becomes more complex 

with geometric and material non-linearity that occurs when loading increases beyond first-ply-

failure [2, 10]. These complications often lead to convergence difficulties with implicit solvers 

and/or numerical instabilities with explicit solvers. New methods and software such as 
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Helius:MCT1, which uses multi-continuum theory (MCT) to model progressive failure in 

composite structures, have been developed to address the weaknesses present in implicit solvers. 

Helius:MCT has shown good correlation with experimental results for a variety of loading 

situations, some of which include uniaxial and multi-axial loading as well as out-of-plane bending 

[25, 26]. The effectiveness of various modeling techniques in FE analyses is often investigated by 

comparing the results of the analyses with experimental findings. Experimental comparisons work 

well for in-plane loadings and out-of-plane bending; however, little experimental research exists 

on out-of-plane shear and experiments which isolate this damage mode. 

Even if one did have a well devised FE model, there are few experimental results in the 

literature to validate against. The authors in [27] conducted experimental and finite element 

analyses of the out-of-plane shear response for unidirectional and cross ply V-notched laminates. 

Graphite/epoxy and glass/epoxy specimens were assessed. FEA was conducted in Abaqus with 

solid continuum elements and a user developed subroutine was incorporated to implement a 

micromechanical based nonlinear material model.  This study focused on analyzing nonlinear 

material behavior and thus the results could not be directly extended to progressive failure analysis. 

Of the other experimental studies that do exist, many are focused on using the edge crack torsion 

test (ECT). ECT induces out-of-plane shearing in a laminate by subjecting the composite specimen 

to torsion and inducing edge delamination [28]. Some of the experimental studies are also purely 

focused on isotropic materials and are of limited use when considering a composite [29]. Authors 

of [30] used digital image correlation to observe the behavior of thin, ductile aluminum samples 

exposed to either Mode I, Mode III, or a combination of Mode I/Mode III loading. Research 

                                                           
1Helius:MCT V5.0 was used in this analysis. Recently, Firehole Technologies (the makers of 

Helius:MCT) was acquired by Autodesk, Inc. Helius:MCT has been renamed Simulation 

Composite Analysis (SCA)  
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conducted in [31] also investigated the effect of Mode III loading on larger aluminum alloy 

samples, concluding that no current simulation methodologies are available for the accurate 

prediction of Mode I/III fracture.  In regards to composites, various testing apparatuses have been 

contrived in order to determine Mode III fracture toughness; finite element (FE) models have been 

created to aid in the proper configuration of the tests and/or the reduction of the data [14, 15, 17, 

18, 32, 33]. Authors of [34] implemented the ECT test to study the influence of fiber volume on 

Mode III fracture toughness. Research conducted in [17] also used the ECT test in order to induce 

Mode III cracks and created a finite element model of their experimental set-up. Although the ECT 

is a common test, several studies opposed the use of the ECT because of the inconsistent results it 

yields and the questionable predictions of Mode III fracture initiation [15, 18, 33]. Although ECT 

considered a form of Mode III loading, ECT did not involve out-of-plane tearing which created 

through-thickness shear. The majority of the studies that experimentally investigated Mode III 

fracture used FE analyses to select proper experimental geometries and to determine viable data 

reduction methods. The majority of the finite element models were not used to determine ultimate 

material failure and damage propagation; therefore, convergence difficulties of the finite element 

models were not present. Modeling composites using FE methods, in general, has posed 

difficulties and has shown success only under certain circumstances. The information gathered 

from the literature review serves as a foundation for the modeling of out-of-plane shear damage in 

notched CFRP panels.      

 

3.1.3 Contribution 

Prior work indicated that Abaqus/Standard, Abaqus/Standard with Helius:MCT, and 

Abaqus/Explicit were able to successfully model material response and damage paths for 
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composite specimens; therefore, this prompted an investigation on these solvers’ performance for 

out-of-plane, progressive failure modeling.  Particularly, the purpose of the study was to evaluate 

the built-in capabilities of Abaqus/Standard, Abaqus/Standard with Helius:MCT, and 

Abaqus/Explicit for modeling progressive failure of notched, CFRP panels loaded in quasi-static 

Mode III shear. Mode III shear in this study considered adjacent sections of a panel being displaced 

in opposite out-of-plane directions to through-thickness shear or tearing. The finite element 

analysis was based on previous experiments conducted by Froemming [35].  The load versus 

displacement data and damage paths were extracted from the FE solutions and were compared 

against experimental results; this was used to evaluate the solvers’ performance. This paper will 

cover the following:  (i) the methodology used in constructing and validating finite element 

models, (ii) results comparing the finite element analysis (FEA) with experimental data, and (iii) 

concluding remarks on the effectiveness of each solver. 

 

3.2 Methodology 

3.2.1 Experimental Specimens 

The geometry of each panel was as follows: the notch size was 101.6 mm with a 3.18 mm 

end radius. The panels were all 457 mm long by 254 mm wide. Each panel was either 20 or 40 

plies thick. For each thickness, three laminate stacking sequences were studied: 10%, 30%, and 

50% zero-degree plies. Ply thickness was approximately 0.188 mm. Along with zero-degree plies, 

the carbon fiber reinforcement was oriented at 45, -45, or 90 degrees. Specific ply layups were 

proprietary. The orientation of the zero-degree plies was defined as the direction perpendicular to 

the notch.  Typical panel geometry can be seen in Figure 3-1. Steel grips were attached on both 
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sides of the notch. There were eight 6.35 mm diameter holes to attach the grips to the panel as seen 

in Figure 3-1. Grips are illustrated in Figure 3-2.  

For each ply layup, six test specimens were damaged until failure.  Load versus 

displacement data from these six test specimens were obtained for FEA comparisons. Since the 

ply layups were not symmetric, half of the test specimens for each ply layup were loaded in a 

flipped orientation to observe any discrepancies; therefore panel orientation was distinguished by 

either a regular or flipped orientation; i.e. an even or odd label was assigned to each test specimen. 

For each ply layup, the six test specimens exhibited the same load versus displacement behavior 

despite even or odd orientations.   Damage paths were also similar between even and odd 

orientations except for damage paths occurring in angles other than 0 (or self-similar damage 

paths), 90, or 180 degrees from the notch. If damage occurred for a particular angle other than 0, 

90 or 180 degrees from the notch in one orientation, the damage occurred in the opposite angle for 

the opposite orientation.  For example, if damage occurred in one location but with an angle of 45o 

for the even orientation, the damage would occur in the same location but with an angle of -450 

for the odd orientation. Furthermore, damage paths at the bottom surface of the even panels were 

very similar to damage paths at the top surface of the odd panels given a specific ply layup. 

Additionally, the damage paths at the bottom surface of the odd panels were very similar to the 

damage paths of the top surface of the even panels given a specific ply layup. Due to the evident 

similarities between even and odd panels, the damage paths from the even panels were directly 

compared to the FEA. 

Delamination was mainly observed in the experimental specimens around the top and 

bottom surfaces of the 90 degree plies; however, delamination also occurred to a lesser extent 

around the other plies. Figure 3-3 shows the delamination behavior on the edge of a 40 ply, 50% 
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zero-degree panel.  It can be observed that delamination occurred with both fiber and matrix 

damage. In order to account for delamination in the FEA, the two most prominent delaminations 

for each ply layup were noted to create delamination surfaces in the FE models of the composite 

panels.  Zero delamination surfaces, one delamination surface, and two delamination surfaces 

resulted in FE models with a single element layer, two element layers, and three element layers 

through the panel thickness respectively.  The specific locations of delamination surfaces were not 

explicitly stated since the ply layups were proprietary. 

 

3.2.2 General Finite Element Model 

The finite element model aimed to reflect only the panels’ material response subjected to 

the mode III displacement; hence grips were modeled to solely implement the out-of-plane shear 

boundary conditions.  A general purpose, solid element was acceptable for providing this level of 

detail. They were represented with continuum, 8 node, reduced integration elements (C3D8R). 

The grips were discretized such that the elements were similar in size and still captured the basic 

geometry shown in Figure 3-2. Typical element size for the grips was approximately 10.53 mm by 

6.35 mm by 6.35 mm (427 mm3).  The grips were made to interact with the grip region on the 

panel surface highlighted in Figure 3-1.   

In contrast to the grips, the panels were modeled with more refined techniques in order to 

appropriately conduct progressive failure simulations. Panel geometry was based on Figure 3-1. 

Evaluating the built-in capabilities for Abaqus restricted element selection.  Progressive failure 

analysis in Abaqus is conducted with the Hashin Damage model. In order to implement the Hashin 

Damage model, Abaqus becomes limited to only shell, continuum shell, and 2-D plane stress/strain 

elements [36]. Solid elements were not available for the Hashin Damage model. Thickness was 
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necessary in the model to simulate the grip and panel interaction. The continuum shell element 

modeled thickness better than the shell and the 2-D plane stress/strain elements [37]; therefore, the 

continuum shell, 8 node, reduced integration element (SC8R) was selected for Abaqus/Standard 

and Abaqus/Explicit.  

Unlike Abaqus/Standard and Abaqus/Explicit, Helius:MCT is not limited to only shell or 

plain stress elements for progressive failure simulation. Helius:MCT can also implement solid 

elements as well; however, solid elements cannot appropriately model multiple plies through the 

thickness of a single element. This problem can be addressed by using multiple elements through 

the thickness of the composite panel, but the element size becomes restricted by severe aspect ratio 

limitations; that is, a solid element should not have the other two dimensions larger than 10 times 

the thickness. This forces the use of a very fine mesh which results in a computationally expensive 

solution. Continuum shell elements do not exhibit aspect ratio problems and can be laminated with 

multiple plies through the thickness. Due to the severe aspect ratio limitations involved with solid 

elements, continuum shell elements were deemed more appropriate. Hence SC8R was also used 

with Helius:MCT. 

Once element type was selected, an appropriate finite element discretization needed to be 

obtained for the panel. The conventional approach for mesh selection is based on continuously 

refining a mesh until a solution converges; however if damage is activated, continuously refining 

the mesh will yield diverging solutions [11]. In order to choose an appropriate element size, a 

method pioneered in [13] was implemented. With damage disabled and considering only linear 

elastic displacement, the coarsest mesh that yielded a converging value for stress at the notch tip 

was selected for progressive failure analysis.  This was determined to be 20 elements around the 

notch tip [11, 12]. The approximate in-plane dimensions of the elements around the notch tip was 
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0.545 mm by 0.737 mm. Using the same element size throughout the entire model would have 

resulted in an unnecessarily fine mesh and an excessively long computation time; therefore, the 

mesh was constructed such that it was finest around the notch tip and gradually coarser away from 

the notch. At a horizontal distance of 57 mm from the notch tip, element size was approximately 

5.84 mm by 7.12 mm.  At a horizontal distance of 225 mm from the notch tip, element size was 

roughly 17.78 mm by 6.35 mm.  The largest in-plane dimension of an element was approximately 

16.70 mm by 9.53 mm. A single element through the thickness of the panel was initially 

implemented; however, multiple elements through the thickness were incorporated for exploring 

delamination layers. The finite element discretization used for this analysis is illustrated in Figure 

3-4. 

After meshing each part, the grips were attached to both sides of the panel and boundary 

conditions were incorporated. The parts were constrained by implementing a tie constraint between 

the interacting surfaces for the panels and grips. A tie constraint was selected because it ties two 

surfaces together throughout a simulation without release. Tie constraints also allow for rapid 

change in mesh density between two surfaces.  Therefore, a tie constraint was deemed appropriate 

for constraining the grip and panel surfaces. The boundary conditions were as follows: A fixed 

grip held one side of the panel stationary. The other side of the panel was attached to a grip which 

was displaced in the z-direction (out-of-plane direction). The grips were fixed such that there was 

no displacement in the x and y directions (in-plane directions); however, both grips were allowed 

to rotate about the x-axis. All other degrees of freedom were restricted. The moving grip was 

displaced typically between 150-250 mm depending on the ply layup. Final assembly and 

boundary condition for the finite element model can be seen in Figure 3-5. 
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 Abaqus/Standard and Abaqus/Explicit both implement Hashin Damage for progressive 

failure analysis.  Hashin damage strengths and energies were specified along with elastic properties 

during material property definition. The Virtual Crack Closure Technique was also incorporated 

in both Abaqus/Standard and Abaqus/Explicit for exploring delamination.  A summary of material 

properties required for Abaqus/Standard and Abaqus/Explicit can be found in Table 3-1. Actual 

material properties are proprietary, and are not explicitly stated. Helius:MCT implements multi-

continuum theory as described in [38]. Unlike Abaqus/Standard and Abaqus/Explicit, multi-

continuum theory determines the behavior of the composite based on the behavior of its constituent 

parts.  The stress and strain within the composite are calculated for the fiber and matrix based upon 

the volume of each constituent; hence it is necessary to specify material properties accordingly.  

Table 3-2 below highlights the material properties that need to be specified for Helius:MCT. As 

with Abaqus/Standard and Abaqus/Explicit, actual material properties are proprietary and are not 

explicitly stated. Table 3-1 and Table 3-2 portrays the similarities and differences among the 

solvers from the perspective of material properties. Many of the material properties specified for 

Helius:MCT and Abaqus were similar; but, the differences among the solvers were not negligible.  

It became necessary to define and implement solver specific criteria for each method. Each solver 

required a unique set of properties that needed to be specified during the loading step definition. 

Nonlinear geometry was enabled for all solvers since large bending deflections were expected. 

 

3.2.3 Finite Element Analysis Specific to Abaqus/Standard 

Progressive failure analysis conducted in Abaqus/Standard incorporates the Hashin 

damage model.  According to the failure criterion presented by Hashin, there are two primary 

failure modes: a fiber mode and a matrix mode. Both primary modes can be further subdivided 
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into tensile and compressive modes: tensile fiber mode, compressive fiber mode, tensile matrix 

mode, and compressive matrix mode. Damage is initiated when the failure relationships described 

by Hashin are satisfied with respect to each mode. The stress a composite material endures is 

represented by a nominal stress tensor, {𝜎}, and an effective stress tensor, {�̂�}. The nominal stress 

is the stress the material would endure if there is no damage.  The effective stress is the stress the 

material would endure if damage is present. The damage variables for fiber damage, matrix 

damage, and shear damage are df, dm, and ds respectively.  When a damage variable is zero, the 

composite material has no damage and thus has full load carrying capability; this implies that the 

effective stress and nominal stress are equal.  When a damage variable is greater than zero but less 

than one, the composite has reduced load carrying capability; thus, the effective stress is less than 

the nominal stress.  Finally when a damage variable is one, the composite is fully damaged and 

has no load carrying capability. Depending on the sign of the effective stress in the fiber direction, 

�̂�11, fiber damage can be subdivided into dft, damage due to fiber tension and dfc, damage due to 

fiber compression.  Depending on the sign of the effective stress in the matrix direction, �̂�22, matrix 

damage can be further subdivided into dmt, damage due to matrix tension and dmc, damage due to 

matrix compression. This is further illustrated in Equation 1.  It should be noted that Hashin 

damage defines shear damage as a combination of fiber and matrix damage variables.  

 

 
𝑑𝑓 =  {

𝑑𝑓𝑡 𝑖𝑓 �̂�11 ≥ 0

𝑑𝑓𝑐 𝑖𝑓 �̂�11 < 0
 

𝑑𝑚 =  {
𝑑𝑚𝑡  𝑖𝑓 �̂�22 ≥ 0
𝑑𝑚𝑐 𝑖𝑓 �̂�22 < 0

 

𝑑𝑠 = 1 − (1 − 𝑑𝑓𝑡)(1 − 𝑑𝑓𝑐)(1 − 𝑑𝑚𝑡)(1 − 𝑑𝑚𝑐) 

(1) 
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After the initiation of damage by a failure mode, at least one of the three damage variables becomes 

nonzero.  This allows the Abaqus solver to calculate a damaged stiffness matrix which represents 

a nonlinear softening behavior. The FEA code uses the strain in a given iteration to determine the 

damage variables and effective stresses. This process is repeated in each time increment until 

complete material failure is achieved. All damage variables can be extracted from FEA and the 

damage path can be simulated. 

The built-in Hashin damage model incorporated viscous regularization in order to counter 

convergence difficulties accompanied with Abaqus/Standard [36].  A viscosity coefficient for each 

of the four damage modes in Hashin theory needed to be specified: fiber tension (ηft), fiber 

compression (ηfc), matrix tension (ηmt), and matrix compression (ηmc). If the viscous coefficients 

were too large, the FE solution may converge but the predicted material response would not be 

representative of reality; conversely, if the viscous coefficients were too small, the implicit solver 

would encounter convergence failures. For this analysis, the viscous coefficients for the damage 

modes were all set to the same value; that is, ηft = ηfc = ηmt = ηmc.  A convergence study with the 

40 ply panels was conducted in order to determine the appropriate values for these coefficients. 

The viscous regularization coefficients were systematically reduced until the maximum load 

predicted by the implicit analysis varied by on average, approximately 3% for the three 40 ply 

panels. The outcome of the convergence study resulted in ηft = ηfc = ηmt = ηmc = 0.0005. 

The Abaqus User Manual recommended the pure stiffness approach form of hourglass 

control for reduced integration elements undergoing quasi-static loading; this also involved scaling 

the default hourglass stiffness to mitigate element deformation.  There were three different 

coefficients that could be scaled: hourglass scaling factor for displacement (ss), rotational 

(sr),  and out-of-plane displacement  (sw) degrees of freedom. The default value for these 



61 
 

 

coefficients was one.  Abaqus User Manual recommended scaling these factors between 0.2 and 

3.0 [36]. The recommended range for hourglass stiffness scaling did not yield converging implicit 

solutions for several models.  This prompted the need to drastically increase the scaling factors.  

In order to choose an appropriate value, another convergence study was implemented using the 40 

ply panels. The hourglass scaling factors were increased until the maximum load predicted by the 

implicit analysis varied by on average, approximately 3% for the three panels. The outcome of the 

convergence study resulted in ss = 60, sr = 60, and sw = 1. 

 Once viscous regularization and the pure stiffness approach was implemented, progressive 

failure analysis was conducted with Abaqus/Standard. Initially, analyses with a single element 

layer through the thickness were conducted; multilayer models with delamination modeling were 

also explored using the Virtual Crack Closure Technique.  Damage variables that represented fiber 

and matrix damage were also obtained from the FEA. Since the damage variable for damage shear 

(referred to as DAMAGESHR to represent the shear damage variable in Abaqus) incorporated 

fiber tensile, fiber compressive, matrix tensile, and matrix compressive damage, it was selected to 

represent the overall damage path and propagation for Abaqus/Standard. 

 

3.2.4 Finite Element Analysis Specific to Abaqus/Standard with Helius:MCT 

The Helius:MCT software package was used in the pursuit of a finite element solution of 

higher accuracy. Helius:MCT is a composites analysis program which ties directly into the 

Abaqus/Standard finite element software. It has been determined that under a variety of situations, 

the use of the Helius:MCT software can result in quicker and more accurate solutions as compared 

to the standalone Abaqus package [26, 39-41]. Helius:MCT embodies Multicontinuum Theory, 

which differs from Abaqus/Standard because it determines the behavior of the composite based 
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upon the behavior of its constituent parts. The constituent parts in the current study are carbon 

fiber and epoxy resin, each with its own unique characteristics. For a more thorough presentation 

of the Helius:MCT solver basics, consult the theory manual [38]. Figure 3-6 provides a broad 

overview of how Helius:MCT is incorporated into the Abaqus/Standard software.  

Helius:MCT was implemented by formatting the Abaqus/Standard input file in accordance 

with the Helius:MCT User’s Guide [42]. The user guide instructions were followed to obtain a 

general Helius:MCT input file. Table 3-3 summarizes the changes implemented. Helius:MCT 

input files were created for each of the laminate configurations. All of the configurations were 

analyzed with a set of fiber and matrix post-failure stiffness (instant degradation) values. The 

instant degradation values are proprietary. All solver specific controls were set to the default values 

generated by Helius:MCT. After constructing the model, analyses involving a single element layer 

through the panel thickness were conducted.  

Multi-element layer models were also explored using cohesive zones. The cohesive zones 

were incorporated in order to simulate areas of potential delamination; they were added with the 

instruction of the Abaqus/Standard User’s Manual [36] and by observing how they were inserted 

into the input file of a previous Helius:MCT study which utilized cohesive zones. A COH3D8 

element was used for the cohesive zone layers. Element properties were inserted via the 

Helius:MCT Cohesive Material Creator; see the User’s Guide for more details [42]. Once all 

models were constructed, load versus displacement data and damage variables were obtained from 

the FEA.  Like Abaqus/Standard, Helius:MCT damage variables are used to illustrate damage in 

the composite specimen. However, Helius:MCT utilizes a different set of damage variables to 

represent fiber and matrix damage.  The Helius:MCT damage variable SDV1 was selected to 
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represent damage path behavior since SDV1 incorporated fiber tensile, fiber compressive, matrix 

tensile, and matrix compressive damage. 

 

3.2.5 Finite Element Analysis Specific to Abaqus/Explicit 

Abaqus/Explicit used the same progressive failure methodology as Abaqus/Standard. That 

is, the Hashin Damage model was used to simulate damage development until complete material 

failure. The same strengths and energies that were used to implement Hashin Damage in 

Abaqus/Standard were used in Abaqus/Explicit. 

In contrast to Abaqus/Standard, Abaqus/Explicit needed to implement a dynamic, explicit 

time integration.  To make this procedure quasi-static, the correct time period of the step needed 

to be selected.  This was done by incrementally increasing the total time period until a quasi-static 

solution was achieved; that is, kinetic energy of the system needed to be less than 10 percent of 

the internal energy throughout the majority of the analysis [43].  Previous work showed that 8.00 

second time period satisfied the kinetic energy criteria [12].  In order to evenly and smoothly 

distribute loading throughout the time period, a smooth amplitude definition was utilized [36]. 

 As with Abaqus/Standard, viscous regularization was incorporated with Hashin Damage 

and the pure stiffness approach of hourglass scaling was included in the analysis.  The same 

viscous regularization coefficients used in Abaqus/Standard were also implemented in 

Abaqus/Explicit; that is, ηft = ηfc = ηmt = ηmc = 0.0005.  The pure stiffness approach form of 

hourglass stiffness control was incorporated to mitigate effects of severe element deformation; 

however, severe element deformation was also alleviated by utilizing a larger time period.  Since 

an 8.00 second time period was utilized, Abaqus/Explicit did not require as much hourglass scaling 

as Abaqus/Standard. It was determined that the appropriate values for hourglass scaling factors 
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were ss = 10, sr = 10, and sw = 1 for the explicit analysis. Excessively increasing the 

hourglass scaling factors beyond this point would cause the FE solution to prematurely fail. 

 One of the major issues that surfaced with Abaqus/Explicit was excessively long run times.  

For an 8.00 second time step, the critical stable time increment was approximately 7.9 E -7 

seconds; since the explicit solver was conditionally stable, the critical time increment could not be 

exceeded [44]. This resulted in analysis times exceeding over 110 hours for a 20 ply model. A 110 

hour run time was not considered feasible. Using multiple processors was an option to reduce run 

time. Unfortunately, using multiple processors did not produce consistent solutions in Abaqus. It 

was observed that if one were to run the same model twice with multiple processors, the FEA 

would yield varying maximum loads. For instance, a 60% difference was observed when using 

three CPUs versus one CPU with Abaqus; hence multiple processors were not incorporated in this 

analysis. Mass scaling was another option to reduce solution run time.  In order to implement mass 

scaling, the stable time increment needed to be specified.  If this value was too large, the kinetic 

energy of the system would increase; thus, the solution would cease to be quasi-static.  The stable 

time increment was systematically decreased while carefully monitoring the kinetic energy of the 

system. Previous work illustrated that implementing mass scaling with a stable time increment of 

5E-6 seconds reduced run time to less than 30 hours and still maintained the appropriate kinetic 

energy restrictions [12]. Therefore, mass scaling with a stable time increment of 5E-6 seconds was 

utilized for Abaqus/Explicit.  

Once the FE solution completed, numerical instabilities appeared as high frequency 

oscillations in the load versus displacement data.  Implementing filtering techniques could be used 

to mitigate the high frequency noise.  This analysis implemented the Abaqus built-in, second order 

Butterworth filter. The Butterworth filter involved selecting the appropriate cut-off frequency. 
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Initially, Abaqus load and displacement data was filtered with 1000 Hz.  The load versus 

displacement data were then post filtered with systematically decreasing cut-off frequencies.  

Previous work illustrated that 10 Hz was the appropriate cut-off frequency for filtering [12]. This 

was utilized for the rest of the analysis.  

After the explicit solution was appropriately filtered for the single element layer model, 

delamination with VCCT was also explored for multi-element layer models. Finally, load versus 

displacement data and damage paths were extracted from all explicit models. The damage 

variables used in Abaqus/Explicit were the same as those used in Abaqus/Standard; therefore, the 

damage shear variable was selected to represent the overall damage path behavior for the 

Abaqus/Explicit analysis. 

 

3.2.6 Validating FE Models with Experimental Specimen 

For this study, FEA solutions were considered to be successfully completed if the FE 

solution exhibited a clear maximum load in the load versus displacement profile. Validation of the 

FEA techniques involved comparing load versus displacement behavior, local damage path 

predictions around the notch tip at maximum loads, global damage path prediction at the end of 

the analyses, and maximum loads with results from [35].   

A representative test specimen for each ply layup was used to evaluate FEA damage paths. 

Damage paths near maximum load were obtained from Digital Image Correlation (DIC) camera 

images.  Cameras were originally set to focus on a region near the notch tip; however for several 

ply layups, large displacements during loading caused cameras to lose focus and fail to capture 

images for damage paths at maximum load.  For the tests that the cameras lost focus, the last 

appropriate image captured by the camera was used to compare damage paths with FEA. For DIC 
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images, damage path images at only the top most surface was available. For the even orientation 

panels, this corresponded to the 20th and 40th ply or the top most surface of the 20 ply and 40 ply 

FE models.  Damage paths at the end of the analyses were also compared to the final damage paths 

of the experimental specimens for each ply layup. This allowed for comparing both the top and 

bottom surfaces of the FE models with the top and bottom surface of the experimental specimens. 

The variable, damage shear, was used to represent damage for Abaqus/Standard and 

Abaqus/Explicit. The damage variable, SDV1, was used to represent damage for Helius:MCT.  

These variables were used to represent damage because both damage shear and SDV1 variables 

represent fiber and matrix damage. DIC damage paths were compared to the damage variables on 

the top surface of the FE models whereas the final damage paths from the top and bottom surfaces 

of the experimental specimen were compared to the damage variables on the top and bottom 

surfaces of the FE models. These damage variables were used to construct contour plots for each 

solver.  In the damage path contour plots, the panel is represented by a black surface with a white 

notch.  Damage is plotted on a gray scale where the damage variable values ranges from zero to 

unity.  Zero represents undamaged material and unity represents a fully damaged material.  This 

is the case for the damage shear variable used in Abaqus/Standard and Abaqus/Explicit; however, 

the SDV1 damage variable in Helius:MCT ranges from one (undamaged) to three (damaged). 

Therefore, the SDV1 damage variable was normalized to appear on a zero to unity gray scale. This 

was done in order to directly compare the Helius:MCT SDV1 variable with the Abaqus/Standard 

and Abaqus/Explicit damage shear variable. Afterwards, maximum loads from the six test 

specimens for each ply layup were averaged and compared to the FEA predicted maximum loads. 
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3.3 Results and Discussions 

3.3.1 Load versus Displacement and Damage Path Comparisons near the 

Notch Tip at Maximum Load for Single Element Layer Analyses 

 Figure 3-7 through Figure 3-18 illustrate the load versus displacement and damage path 

comparisons between experimental specimens and FEA using a single element layer through the 

thickness FE model. The solvers generally captured the linear portion of the experimental load 

versus displacement profile. Disagreement from experiments began to occur during stiffness 

degradation. It can be seen that similar damage paths near the notch tip and at maximum loads 

were predicted by Abaqus/Standard and Abaqus/Explicit when compared to Helius:MCT; 

however, notable discrepancy occurred when FE models were compared to experimental damage 

paths.  

 All three solvers captured the linear portion of the load versus displacement profile for the 

20 ply, 10% zero-degree panels as seen in Figure 3-7. The maximum loads predicted by 

Abaqus/Standard and Abaqus/Explicit occurred near the experimental maximum loads; on the 

other hand, neither solver exhibited the progressive loss of strength as observed in the experiments.  

Both Abaqus/Standard and Abaqus/Explicit showed a sudden loss in the load carrying ability soon 

after maximum load was reached. Helius:MCT encountered a convergence failure prior to a clear 

maximum load occurring in the load versus displacement profile. Convergence failure in 

Helius:MCT was due to excessive element deformation. All three solvers showed the existence of 

some self-similar damage formation at the notch tip as seen in Figure 3-8; however, the self-similar 

damage in the experiments was more prominent when compared to FEA. Damage was also 

observed 45° counter clockwise from the notch in the experiments. None of the solvers captured 

this phenomenon. All three solvers also predicted damage to the right of the notch. This damage 

did not occur in the experiments. 
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 Clear maximum loads were obtained for all three solvers for the 20 ply, 30% zero-degree 

panel as seen in Figure 3-9; however, Abaqus/Standard over predicted the material response to a 

greater extent than Abaqus/Explicit and Helius:MCT.  Abaqus/Standard and Abaqus/Explicit 

predicted a sudden loss in load rather than a progressive one as observed in the experiments. This 

behavior was not observed in Helius:MCT. That is, the load loss with increased displacement 

occurred more gradually when compared to Abaqus/Standard and Abaqus/Explicit. Figure 3-10 

illustrates that the damage path in the experiments occurred 45° counterclockwise from the notch, 

self-similar to the notch, and 90° clockwise from the notch. All three solvers predicted damage 

paths self-similar to the notch and 90° clockwise from the notch; however, none of the solvers 

captured the damage path that occurred 45° counterclockwise from the notch.  

 As seen in Figure 3-11, Abaqus/Standard, Helius:MCT, and Abaqus/Explicit predicted a 

load versus displacement profile with greater stiffness than what was observed in the experiments 

for the 20 ply, 50% zero-degree panel. Helius:MCT encountered a convergence failure due to 

excessive element deformation but Abaqus/Standard and Abaqus/Explicit successfully completed. 

The FE models in Abaqus/Standard and Abaqus/Explicit encountered material failure at lower 

displacements than the experiments. Figure 3-12 shows that the damage paths which occurred in 

the experiments were to the left and self-similar to the notch. Similar damage paths can be observed 

for all solvers to some extent. The solvers additionally predicted damage propagation to the right 

of the notch.  As seen in Figure 3-12, the damage path to the right of the notch was not observed 

in the experiments. 

 Although the linear region of the experimental load versus displacement profile for the 40 

ply, 10% zero-degree panel was better approximated using Helius:MCT when compared to 

Abaqus/Standard and Abaqus/Explicit, Helius:MCT was not able to exhibit a clear maximum load 
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before encountering a convergence failure as seen in Figure 3-13. Convergence failure in 

Helius:MCT was due to severe element deformation.  Unlike Helius:MCT, Abaqus/Standard and 

Abaqus/Explicit did complete successfully. Damage paths for this ply layup can be seen in Figure 

3-14. Damage paths in the experiment occurred 45° counterclockwise from the notch, self-similar 

to the notch, and 90° clockwise from the notch.  Abaqus/Standard and Abaqus/Explicit captured 

the damage paths self-similar to the notch and 90° clockwise from the notch; however, only 

Helius:MCT captured the damage path occurring at 45° counterclockwise to the notch. 

 The linear region predicted by Abaqus/Standard, Helius:MCT, and Abaqus/Explicit were 

similar to one another for the 40 ply, 30% zero-degree panel as seen in Figure 3-15; however, the 

solvers predicted a stiffness that was slightly larger than that which occurred in the experimental 

specimens. Figure 3-15 illustrates that although Abaqus/Standard and Abaqus/Explicit completed 

successfully, Helius:MCT failed to converge before obtaining a clear maximum load due to 

excessive element deformation.  The load versus displacement profile obtained from 

Abaqus/Standard and Abaqus/Explicit predicted a sudden loss in load carrying ability. This 

behavior was unlike the progressive strength loss observed in the experiments. The solvers also 

predicted material failure at a displacement of approximately 30-70 mm less than what had 

occurred in the experimental specimens.  Figure 3-16 compares the damage path from experiments 

and FEA for this panel. The damage path occurred 45° counterclockwise from the notch, 90° 

counterclockwise from the notch, self-similar to the notch tip, and 90° clockwise from the notch. 

The solvers captured the self-similar and perpendicular damage paths; however, none captured the 

damage path that was 45° counterclockwise from the notch. 

 Figure 3-17 shows that the linear regimes predicted by the solvers were stiffer than what 

had occurred in the experimental specimens for the 40 ply, 50% zero degree panel. Helius:MCT 
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failed to converge due to severe element deformation. Abaqus/Standard and Abaqus/Explicit 

completely successfully, but predicted a sudden loss in load carrying ability 50 to 80 mm prior to 

material failure in the experimental specimens. Figure 3-18 shows that damage in the experimental 

specimens predominantly occurred to the left of the notch in an angle of 135° counterclockwise 

from the notch. Damage also occurred perpendicular and to the right of the notch.  

Abaqus/Standard and Abaqus/Explicit captured this behavior whereas the damage path predicted 

by Helius:MCT did not. 

 

3.3.2 Final Damage Path Comparisons for Single Element Layer Analyses 

 Figure 3-19 through Figure 3-24 show the final damage path comparisons for all ply layups.  

FEA final damage path predictions for both the top and bottom surface of their corresponding 

experimental specimens are illustrated. Unlike the damage path around the notch tip at the 

maximum load, each solver predicted inconsistent results and none were able to fully represent the 

final experimental damage path. Although Helius:MCT was not able to exhibit a clear maximum 

load or material failure for most models, the last frame prior to convergence failure was used for 

comparisons. 

 The final damage paths for the 20 ply, 10% zero-degree panel are shown in Figure 3-19. 

Abaqus/Standard and Abaqus/Explicit were similar to one another but neither solver was 

representative of the experimental specimens.  Helius:MCT seemed to capture some of the angular 

damage paths better than Abaqus/Standard and Abaqus/Explicit; nevertheless, it was not able to 

predict the angular damage paths to the same extent as observed in the experiments. 

 Figure 3-20 shows the final damage path comparisons for the 20 ply, 30% zero-degree 

panel.  In the experimental specimens for both the top and bottom surface, self-similar damage 
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was very prominent.  None of the solvers effectively captured this behavior. The top and bottom 

surface had very distinguishable damage paths 45 degrees and 135 degrees counterclockwise from 

the notch tip respectively. Although there are some angular damage paths predicted by each solver, 

this behavior was not effectively captured by the FEA. 

 The 20 ply, 50% zero-degree panel had damage propagating 90 degrees counterclockwise 

and 90 degrees clockwise from the notch tip for the top and bottom surfaces respectively as seen 

in the experimental specimens found in Figure 3-21.  The top surface also exhibited fracture 45 

degrees counterclockwise from the notch.  The solvers were not able to simulate the angular 

damage paths but they were able to correctly simulate some of the damage perpendicular to the 

notch.  Abaqus/Standard better modeled the perpendicular damage paths when compared to 

Abaqus/Explicit. Abaqus/Explicit excessively over-predicted the damage perpendicular to the 

notch for the bottom ply. Helius:MCT showed potential for correctly simulating the damage paths, 

but convergence failure prevented obtaining any further data. 

 Figure 3-22 shows that the experimental specimens for the 40 ply, 10% zero-degree panel 

had damage 45 degrees and 135 degrees counterclockwise from the notch for the top and bottom 

plies respectively.  Both sides of the specimen had self-similar damage propagation. Helius:MCT 

was able to simulate experimental damage paths better than Abaqus/Standard and Abaqus/Explicit.  

Abaqus/Standard and Abaqus/Explicit incorrectly predicted excessive damage perpendicular to 

the notch; however, Abaqus/Standard and Abaqus/Explicit were able to appropriately model some 

of the self-similar damage paths. 

 For the 40 ply, 30% zero-degree panel, the top surface exhibited damage 45 degrees 

counterclockwise, 90 degrees counterclockwise, and 90 degrees clockwise from the notch as seen 

in Figure 3-23.  The bottom surface exhibited damage 135 degrees counterclockwise and 90 
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degrees clockwise from the notch.  Both surfaces had some self-similar damage propagation. 

Abaqus/Standard and Abaqus/Explicit were able to model some of the perpendicular and self-

similar damage paths; nevertheless, neither Abaqus/Standard nor Abaqus/Explicit were able to 

successfully model the complete angular damage paths.  Helius:MCT showed damage 

development in the correct angles, but it did excessively predict damage paths perpendicular to the 

notch at the top surface. 

 Figure 3-24 shows the damage paths for the 40 ply, 50% zero-degree panel.  The 

experimental specimens show damage propagating 90 degrees counterclockwise and 90 degrees 

clockwise from the notch for the top ply. The bottom ply shows damage 90 degrees clockwise and 

45 degrees counterclockwise from the notch.  Some angular damage paths appear on the top 

surface as well. Abaqus/Standard captures some of the damage from the experimental specimens; 

however it over-predicts damage perpendicular to the notch in the bottom ply.  Helius:MCT shows 

potential for capturing the angular damage paths, but the lack of convergence prevented obtaining 

more information.  Abaqus/Explicit captured the angular damage and damage perpendicular to the 

notch better than Abaqus/Standard and Helius:MCT. 

 

3.3.3 Maximum Load Comparison 

 Comparison between FEA predicted maximum loads and average experimental maximum 

loads were used as a metric to evaluate each of the solvers’ performance.  FEA and average 

experimental maximum loads are summarized in Table 3-4. The percent difference between FEA 

and experimental maximum loads are highlighted in Table 3-5. It should be noted that a positive 

percent difference represents that FEA over-predicted the maximum load and a negative percent 

difference represents that FEA under-predicted maximum loads. Abaqus/Standard predicted 
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maximum loads with a percent difference of approximately 20%. Except for the 50% zero-degree 

panels, Abaqus/Standard generally over predicted the maximum loads. Helius:MCT was only able 

to predict the maximum load for the 20 ply, 30% zero-degree panel. This percent difference was 

within -9.25%.  No clear maximum load was observed for all other panels using Helius:MCT. 

Abaqus/Explicit consistently predicted maximum loads within a percent difference of 

approximately 20%. Except for the 10% zero-degree panels, the maximum loads for the 30% and 

50% zero-degree panels were under predicted.  

 

3.3.4 Summary of the Multiple Element Layers through the Thickness Models 

 Two and three element layer models with delamination were explored with 

Abaqus/Standard, Helius:MCT, and Abaqus/Explicit.  It was found that although delamination 

was initiated, many of the FE models failed to converge before a clear maximum load was obtained 

for Helius:MCT and Abaqus/Standard using Cohesive Zones and VCCT methods respectively.  

For Helius:MCT, convergence failures generally occurred in the linear portion of the load 

versus displacement profile and prior to any significant damage development; therefore, results 

from these simulations could not be effectively compared to experimental specimens. 

Convergence failures that occurred with Helius:MCT, using the Instant Degradation technique, 

was consistently due to excessive element deformations.  This forced the time increment for 

solving the equations of equilibrium to substantially decrease until convergence failure was 

encountered. 

Some of the multilayer models with VCCT completed successfully with Abaqus/Standard, 

however, many did not. For several models, severe element deformation was the root of 

convergence failures. Hourglass scaling was increased to ss = 80, sr = 80, and sw = 1 to aid 
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with convergence, but models still failed to exhibit a clear maximum load. The message files also 

pointed to the need for increasing viscous damping or energy release cutback tolerance to help 

promote convergence.  Viscous damping was controlled by a viscosity parameter. This parameter 

is similar to the viscous regularization coefficients used with Hashin Damage; that is, it helps 

promotes the tangent stiffness matrix of the softening material to be positive definite for small time 

increments. This value was ranged between 0.0001 and 0.001 whereas the default value is zero 

[45]. Although changing this value did promote convergence for some FE models, no single value 

provided consistent convergence for all ply layups.  Increasing the viscosity parameter beyond 

0.001 did not aid with convergence. The default value for energy release cutback tolerance is 0.2 

[45].  This parameter was incrementally varied to 3.0.  Increasing the tolerance past 3.0 did not 

produce more FE models with clear maximum loads. As with increasing the viscosity parameter, 

some of the models converged whereas some did not; however no single value resulted in 

consistent clear maximum loads for all ply layups.  The viscous regularization coefficients used 

for Hashin Damage were also successfully incremented in order to produce a FE model that 

exhibited a clear maximum.  Viscous regularization coefficients were varied between 0.0001 and 

0.001. Although this method did work for some models, not all models exhibited a clear maximum.  

It was ultimately observed that a multilayer model with VCCT may or may not exhibit a clear 

maximum based on the location of the delamination interface, the number of delamination 

interfaces, the values for hourglass scaling, the values for energy release cutback tolerance, the 

values for the viscous damping parameters, and ply layup.  No single method resulted in a clear 

maximum load for all ply layups. The inconsistency for these parameters and the lack of 

convergence for most ply layups resulted in inadequate comparisons between FE models and 

experimental specimen.  
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One ply layup was explored for delamination modeling using Abaqus/Explicit.  This FE 

solution completed successfully; however, the solution suffered from excessive noise in the load 

versus displacement profile, excessive element deformation, and increased run times. Even after 

implementing filtering, hourglass scaling, and mass scaling to counter these issues, the results did 

not yield FE solutions with improvement compared to the single element layer through the 

thickness models; therefore, this avenue for Abaqus/Explicit was not further investigated.  

Multiple elements through the thickness of the panel were explored to promote element deletion; 

however, analyses run time increased dramatically and excessive nodal deformations and rotations 

surfaced.  The inclusion of VCCT and multiple layers for element deletion did not provide 

successful results as compared to the single element layer models for Abaqus/Explicit; hence they 

were not further pursued. The excessive issues with Abaqus/Explicit combined with the 

convergence failures from Abaqus/Standard and Helius:MCT reinforced the conclusion that 

Abaqus was not able to consistently and accurately simulate delamination behavior for notched 

CFRP panels loaded in out-of-plane shear. 

 

3.3.5 Discussion 

 The general behavior of the experimental load versus displacement profile involved an 

initial linear region, stiffness degradation due to damage initiation and development, a clear 

maximum load, a progressive decrease in strength and stiffness with increased displacement (i.e. 

strain softening), and finally material failure.  The FE solutions provided by Abaqus/Standard, 

Helius:MCT, and Abaqus/Explicit were generally able to capture the linear region; however, 

capturing the behavior for damage development, maximum load, and strain softening required 

various techniques to obtain reasonable solutions. Abaqus/Standard and Helius:MCT both 
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encountered convergence difficulties during damage development.  Abaqus/Explicit encountered 

numerical instabilities resulting in high frequency oscillations in the load versus displacement 

profile. In order to obtain a clear maximum load, excessive hourglass stiffness scaling and the use 

of viscous regularization technique was used in Abaqus/Standard. Along with these methods, the 

Butterworth filter and mass scaling were incorporated in Abaqus/Explicit to achieve a clear 

maximum load. These techniques introduced computational parameters and methods that were not 

based on physical material behavior; nevertheless, if FE solutions were able to capture maximum 

load, the percent difference from experiments was within 20%. Although the complete damage 

behavior was not simulated, the solvers were able to model significant aspects of the damage path 

near the notch tip at maximum load. The final damage path was not accurately simulated by any 

of the solvers.   The complications encountered were directly related to the respective algorithms 

for each solver. 

 Abaqus/Standard utilizes an implicit technique for FEA.  For nonlinear analyses, this is 

accomplished by using a Newton-Raphson scheme on a set of nonlinear equations which 

encompasses nodal displacements, internal forces, external loads, and inversion of the tangent 

stiffness matrix [19]. Implicit solvers encounter singularity issues if the determinant of the tangent 

stiffness matrix becomes zero during stiffness degradation. If this occurs, matrix inversion would 

involve dividing by zero and the FE model would fail to converge. Convergence failures due to 

this singularity can be mitigated by introducing viscous regularization. Implicit solvers also 

encounter numerical difficulties during analyses involving large element deformation [4].  In order 

to alleviate severe element distortion in Abaqus/Standard, the default hourglass stiffness 

parameters were scaled well beyond the recommended range. The introduction of viscous 

regularization and hourglass stiffness scaling did allow for the single element layer models to 
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complete successfully; however, convergence failures were still encountered for the two element 

layer and three element layer models with delamination. Hence, viscous regularization and 

hourglass scaling techniques were shown to be limited in their applicability. Implementing these 

methods should also be used with caution. Viscous regularization and hourglass scaling both 

involve computational parameters that are not material properties. Introduction of these methods 

in the FE model includes variables that are not part of the physics of the system.  If used 

improperly, the FE model can predict misleading solutions. Although the maximum load obtained 

from Abaqus/Standard solutions were supported by the experiments, not all of the damage paths 

predicted by Abaqus/Standard were correct.  Therefore, these methods in Abaqus/Standard should 

be limited to be used as a forensic mechanism to analyze post-damaged specimens rather than a 

purely predictive tool. In order to attempt to alleviate obstacles encountered with the stand-alone 

Abaqus/Standard solver, Helius:MCT was considered as a viable option. 

Helius:MCT, which uses the Abaqus/Standard solver as a foundation, was selected due to 

its previous successes in modeling damage evolution in composites [25]. However, convergence 

failures associated with Abaqus/Standard also surfaced with Helius:MCT. Nearly all of the models 

failed to exhibit a clear maximum load. The lack of convergence provided little useful information 

and prediction of maximum load was impossible.  However, the linear regions of the load versus 

displacement plots generally correlated well with experimental data. This demonstrated that 

Helius:MCT was capable of predicting a portion of the total laminate behavior. Convergence 

failure stemmed from excessive element deformations at the notch tip. When an element distorted 

excessively, the solver was unable to meet the equilibrium criteria; therefore, the model failed to 

converge and an error was generated. The model for the 20 ply, 30% zero-degree panel did 

converge and yielded load versus displacement behavior similar to the average experimental curve. 
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The maximum load predicted by Helius:MCT for this panel was also in good agreement with the 

experimental average. The converged model may be an indicator of the capabilities of 

Helius:MCT, should convergence be achieved. Helius:MCT also captured some aspects of the 

damage paths; however, the complete damage behavior was not simulated. Although the lack of 

convergence with Helius:MCT using the instant degradation technique was concerning, 

convergence failure may actually indicate that default user material constants were not appropriate 

for simulating this loading condition. The user material constants allow one to vary solver specific 

Constitutive Issues such as Pre-Failure Nonlinearity and Post-Failure Nonlinearity. Pre-Failure 

Nonlinearity required a longitudinal shear stress/strain curve and Post-Failure Nonlinearity 

required a transverse normal failure strain.  Both needed to be supplied during material 

characterization. Although these parameters were not provided, further investigation may improve 

results obtained by Helius:MCT. 

Another option within Helius:MCT would be to use a stepped/gradual method for stiffness 

degradation, instead of the default instant degradation. The gradual degradation degrades the 

stiffness in four equally spaced steps; this may allow the solver to better account for any 

deformation because the elements may distort less with each step as compared to an instant 

degradation.  Another option may be to incorporate energy degradation.  This method uses a bi-

linear damage evolution law, which is based on the total energy that is dissipated before and after 

failure of a constituent within an element. The energy degradation approach is deemed to help 

mitigate mesh sensitivity and allow for a more gradual degradation of the fiber and matrix values 

[42]. Further research is necessary to explore these methods within Helius:MCT. 

 Unlike implicit solvers, the explicit solver in Abaqus/Explicit uses the kinematic conditions 

at one time increment to determine the state of the system in the next time increment [3]. This 
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method circumvents matrix inversion and thus avoids some of the convergence failures 

encountered with implicit solvers. Although a converged implicit solution may not always be 

possible, using an explicit solution may be a viable alternative; however, explicit solvers do 

encounter limitations and issues. Numerical instabilities typically surface as high frequency 

solution noise with explicit solvers [46]. This results in intense oscillations in the load versus 

displacement profile. Depending on geometry, loading, and amount of damage, high frequency 

oscillations can become a dominant factor in explicit codes. In order to counter this issue, one can 

utilize filtering techniques. A common mistake with filtering involves requesting output variables 

at too large of a time interval and then filtering the data. This can result in data not being collected 

frequently enough which consequently leads to aliasing. Previous studies also suggest that the 

filters in Abaqus can potentially create undesirable distortion and can be susceptible to aliasing 

errors if used improperly [47]. Explicit solvers also encounter excessive run times depending on 

the difficulty of the analysis.  Unlike implicit solvers, explicit solvers are conditionally stable; i.e. 

there is a critical time increment that cannot be exceeded in order to maintain a stable solution.  

This critical time step is typically very small with respect to the varying time step in an implicit 

solution; hence making an explicit solver drastically slower in some scenarios.  Although mass 

scaling or time scaling can be used to alleviate the excessively long run times, these techniques 

increase kinetic energy of the system.  The increase in kinetic energy in a quasi-static simulation 

introduces error in the solution. In this analysis, filtering and mass scaling were used to mitigate 

high frequency noise and excessively long run times respectively; however, both methods 

introduced a degree of uncertainty in the solution. As with Abaqus/Standard, maximum loads 

obtained from Abaqus/Explicit were supported by the experiments; on the other hand, not all 
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damage paths predicted by Abaqus/Explicit were correct. Abaqus/Explicit provided a reasonable 

approximation, but its predictive capability proved to be limited. 

 The Hashin damage in Abaqus/Standard and Abaqus/Explicit are limited to shell and plain 

stress element formulations.  In the case of continuum shell elements or thick shell elements, 

Kirchoff’s assumptions are not incorporated and out-of-plane shear deformations, γxz and γyz, are 

allowed to be non-zero; hence, three-dimensional effects are partially considered. However, First-

Order Shear Deformation Theory is imposed causing out-of-plane strain, εzz, to be set to zero. 

Although this is acceptable for in-plane simulations, out-of-plane loading may need to consider 

non-zero values of εzz. The study conducted in this analysis was able to yield solutions that were a 

reasonable approximation of the experimental specimens without considering εzz; on the other 

hand, considering εzz may have provided the appropriate resolution for more accurate FE solutions.  

Solid elements can provide such resolutions but are not available for Hashin Damage in 

Abaqus/Standard and Abaqus/Explicit.  Solid elements are available for progressive failure 

simulation in Helius:MCT; however, solid elements are not able to appropriately model multiple 

plies through the thickness of a single element. Thus solid elements would require a far more 

refined mesh through the panel thickness. Due to severe aspect ratio problems with solid elements, 

even further in-plane mesh refinement would be necessary [37]. Considering the limitations of 

both continuum shell and solid elements, continuum shell elements provide the most efficient 

choice for the built-in features of Abaqus/Standard and Abaqus/Explicit; on the other hand, further 

accuracy may be obtained if an element was formulated to consider εzz without the severe aspect 

ratio limitations of solid elements. 

 The various methodologies used to obtain damage path and reasonable load versus 

displacement profiles illustrated the limitations of Abaqus for progressive failure simulation of 
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out-of-plane shear of notched CFRP panels; nevertheless, Abaqus/Standard and Abaqus/Explicit 

were able to provide reasonable predictions for load versus displacement profiles, damage paths 

near the notch tip at maximum loads, and maximum loads. Final FEA damage paths at the end of 

the analyses poorly predicted final damage paths for experimental specimens. The load versus 

displacement profile and damage paths obtained from Abaqus/Standard and Abaqus/Explicit 

solutions were also qualitatively similar to one another. Maximum load predictions for both 

Abaqus/Standard and Abaqus/Explicit were also within 20% of the experimental specimens. 

Although using the instant degradation method in Helius:MCT did not yield FE solutions that 

exhibited a clear maximum load for most ply layups, Helius:MCT did provide good 

approximations of the linear region of the load versus displacement profile and damage paths 

around the notch tip at maximum loads. Although accurate solutions were not obtained, 

Abaqus/Standard and Abaqus/Explicit proved to be a useful tool for analyzing post-damaged 

specimens.  If a predictive analysis is necessary, Abaqus/Standard and Abaqus/Explicit can 

provide realistic approximations of the damage phenomena.  

 

3.4 Conclusions 

 As composites are increasingly used for primary and secondary structural applications, the 

need to simulate material failure becomes significant for analysis.  Techniques used to 

appropriately model composite material behavior during damage initiation and development can 

provide confidence for efficient designs.  FEA has been implemented to capture damage 

phenomena for in-plane loading conditions; however, the applicability of FEA for simulating 

failure of composites experiencing out-of-plane shear has not been thoroughly assessed.  The 

purpose of this study was to evaluate commercial FEA packages for modeling progressive failure 
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of notched CFRP panels subjected to out-of-plane shear. The FEA packages that were investigated 

were Abaqus/Standard, Abaqus/Standard with Helius:MCT, and Abaqus/Explicit. FE solutions 

were compared to experiments conducted in [35] for assessment and evaluation. 

 The metric used to evaluate FEA were comparisons to experimentally obtained load versus 

displacement profiles, damage paths at or near maximum load, damage paths at the end of the 

analysis, and maximum loads.  The results of this study indicated that all three solvers were able 

to capture the linear region of the load versus displacement profile, but encountered issues for 

modeling the complete material response. The instant degradation technique used in Helius:MCT 

encountered convergence failures prior to obtaining maximum loads, whereas Abaqus/Standard 

and Abaqus/Explicit were able to obtain clear maximum loads and proceed until material failure.  

None of the techniques completely captured the damage path; however, the solvers were able to 

simulate significant aspects of damage behavior at maximum load. Abaqus/Standard and 

Abaqus/Explicit were able to predict maximum loads with a percent difference of 20%. Although 

Abaqus/Standard was able to provide reasonable approximations, the analysis required excessive 

use of hourglass stiffness scaling. Abaqus/Standard with Helius:MCT showed potential for 

modeling composites experiencing out-of-plane shear. While the instant degradation was not 

successful in obtaining clear maximum loads, other techniques within Helius:MCT can be 

exploited to improve modeling. Abaqus/Explicit was able to produce FE solutions that obtained a 

clear maximum load, but excessively long run times and noisy FE solutions required the use of 

mass scaling and filtering techniques. Nevertheless, Abaqus/Explicit was able to provide a good 

approximation of the experimental specimens. 

 The results from this study suggest that Abaqus/Standard and Abaqus/Explicit can be used 

to assess post-damaged material behavior for composites panels experiencing out-of-plane shear.  



83 
 

 

If necessary, both solvers can provide a reasonable approximation for progressive failure; 

however, neither solver should be used as a purely predictive tool for this loading scenario. Future 

work can extend this study by investigating the significant material properties for modeling out-

of-plane shear used in Abaqus/Standard and Abaqus/Explicit. This would provide insight for 

determining which material properties need to be accurate to better conduct FEA. Further work is 

also necessary to exploit the potential of Helius:MCT such as exploring energy degradation or 

incorporating Helius:MCT with Abaqus/Explicit.  
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Table 3-1: Material properties required for Abaqus/Standard and Abaqus/Explicit. 
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Table 3-2: Material Properties required for Helius:MCT. 
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Table 3-3: Changes Made to Abaqus/Standard Input File for Conformance with Helius:MCT. 

 

 

Table 3-4: FEA and Experimental maximum loads, NCM represents No Clear Maximum load 

observed. Experiment average max loads obtained from [35]. 

 

 

Table 3-5: Percent difference between FEA and Experimental maximum loads, NCM represents 

No Clear Maximum load observed. 
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Figure 3-1: Geometry of notched CFRP panel, all units in mm. 

 

 

Figure 3-2: Steel grips used to produce out-of-plane shear. 

 

 

Figure 3-3:  Delamination behavior observed on the edge of a 40 ply, 50% zero-degree 

experimental specimen. 
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Figure 3-4: In-plane finite element mesh discretization, global mesh (left), mesh around notch 

(center), mesh around notch tip (right). 

 

 

 

Figure 3-5: Final assembly and boundary conditions (center), fixed grip (left), and displaced grip 

(right). 

 

 

 

 

 Figure 3-6: Flowchart indicating the use of Helius:MCT with Abaqus/Standard.  
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Figure 3-7: Load versus displacement data for 20 ply, 10% zero-degree panel. 

 

 
 

Figure 3-8: Damage path for 20 ply, 10% zero-degree panel. 
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Figure 3-9: Load versus displacement data for 20 ply, 30% zero-degree panel. 

 

 
 

Figure 3-10: Damage path for 20 ply, 30% zero-degree panel. 
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Figure 3-11: Load versus displacement data for 20 ply, 50% zero-degree panel. 

 

 
 

Figure 3-12: Damage path for 20 ply, 50% zero-degree panel. 
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Figure 3-13: Load versus displacement data for 40 ply, 10% zero-degree panel. 

 

 
 

Figure 3-14: Damage path for 40 ply, 10% zero-degree panel. 
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Figure 3-15: Load versus displacement data for 40 ply, 30% zero-degree panel. 

 

 
 

Figure 3-16: Damage path for 40 ply, 30% zero-degree panel. 
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Figure 3-17: Load versus displacement data for 40 ply, 50% zero-degree panel. 

 

 
 

Figure 3-18: Damage path for 40 ply, 50% zero-degree panel. 
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Figure 3-19: 20 ply, 10% zero-degree panel final damage path. 
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Figure 3-20: 20 ply, 30% zero-degree panel final damage path. 
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Figure 3-21: 20 ply, 50% zero-degree panel final damage path. 
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Figure 3-22: 40 Ply, 10% zero-degree panel final damage path. 
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Figure 3-23: 40 ply, 30% zero-degree panel final damage path. 
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 Figure 3-24: 40 ply, 50% zero-degree panel final damage path.  
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Chapter 4: General Conclusion 

The purpose of this investigation was to evaluate the commercially available finite element 

solver, Abaqus, for simulating Carbon Fiber Reinforced Polymer Panels experiencing quasi-static 

Mode III loading. This analysis was composed of two studies.   

The first study investigated the applicability of Abaqus/Standard, an implicit FE solver, for 

modeling the material behavior prior to the onset of visible damage using elastic material 

properties.  Principal strain fields obtained from DIC were directly compared to FEA. The load 

versus displacement behaviors acquired from experiments were also used as a metric.  For the 10% 

and 30% zero-degree panels, Abaqus/Standard was generally able to capture strain field behavior 

except for a few regions near the notch tip and predict the maximum loads within a percent 

difference of 30% and 20% respectively. Any large discrepancies between experiments and FEA 

were found to be a result of irreversible processes occurring within the material during loading 

that the FEA did not account for.  For the 50% zero-degree panels, large discrepancies occurred 

both in the strain fields predictions and load versus displacement profiles. 

The second study assessed Abaqus/Standard, Abaqus/Standard with Helius:MCT, and 

Abaqus/Explicit for modeling progressive failure.  Due to the nonlinear behavior and difficulties 

associated with progressive failure modeling, convergence failures involving severe element 

deformations and matrix singularity issues were commonly encountered with Abaqus/Standard 

and Helius:MCT.  Utilizing hourglass scaling and viscous regularization, Abaqus/Standard was 

able to produce solutions with clear maximum loads.  Helius:MCT was not able to provide 

solutions with clear maximum loads for most of the ply layups considered, but was able to simulate 

the initial regions of the load versus displacement profile. Since, the instant degradation approach 

was implemented with default settings in Helius:MCT, it was deemed that further investigation 

was necessary to improve the solution.  Abaqus/Explicit was also able to provide a clear maximum 

load; however, the analyses required the use of mass scaling and filtering techniques to reduce 

noise obtained in the solutions.  Maximum loads were predicted with a percent difference of 20% 

by Abaqus/Standard and Abaqus/Explicit, but no solver was able to fully capture the damage path 

behavior. 
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These analyses revealed the applicability and limitations of Abaqus. Abaqus has generally 

showed success for modeling material behavior before the onset of stiffness and strength 

degradation for Mode III loading. However, the predictive capabilities of Abaqus was limited for 

progressive failure analyses.  In conclusion, the built-in capabilities of Abaqus can be used to 

obtain a reasonable approximation of material behavior, but has not shown success for achieving 

highly accurate predictions for simulating the complete material response of notched CFRP panels 

loaded in Mode III shear.  
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