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Abstract 

As wind turbine blades grow longer, new design parameters gain additional importance such 

as blade weight, tip deflection and material cost. These parameters require designers to 

relook at carbon fiber as a potential design solution. However, the composite materials in 

wind turbine blades are subjected to significant compressive loading, and the compressive 

strength of carbon fiber reinforced polymer (CFRP) composites is much lower than its tensile 

strength. This reduction in compression strength is due to a change in failure mode from 

that seen in tensile loading. The aim of this study is to investigate three factors that affect 

the compressive failure response of CFRP composites. These factors include fiber defect 

severity, volume fraction, and multiaxial loading. 

Compressive strength was shown to have decaying sensitivity with increasing fiber 

misalignment. Decreasing the volume fraction not only decreased the compressive strength 

but also increased the compressive failure strain. In addition, adding in-plane shear loads 

proved detrimental to the compressive load-carrying capacity of a composite structure. This 
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research showed minimizing fiber misalignment in manufacturing processes is only 

beneficial for high tolerance processes. Decreasing volume fraction could be beneficial for 

highly flexible structures. Finally, the results demonstrated the need to minimize multiaxial 

loading for optimal composite compressive response. 

Keywords  

Carbon fiber; computational micromechanics; wind turbine rotors 

 

1. Introduction 

The economic viability of offshore wind energy is largely dependent on the size and lifetime of 
the wind rotors [1]. Larger turbines mean that less are needed for the same energy production, 
thereby reducing installation costs. This trend in increasing turbine size is expected to continue for 
the foreseeable future to maintain wind energy’s cost competitiveness and keep up with global 
energy demand. As wind turbines continue to grow in size, the weight of the rotor and the wind 
loads experienced by the rotors grow at an ever-increasing rate [2]. With increasing rotor size the 
structural performance requirements become more difficult to achieve. To maintain acceptable 
levels of structural performance needed for a service lifetime of 20 years or more, either structural 
geometry or the materials of the wind turbine rotor can be modified. One solution to this problem 

that is already being implemented by the wind industry is to replace the traditional materials, 
Glass Fiber-Reinforced Polymer Composites (GFRP), with stronger and stiffer materials, such as 
Carbon Fiber-Reinforced Composites (CFRP) [3] in specific areas of the rotor. 

CFRP composites offer a variety of advantages over GFRP including high specific tensile strength, 
high specific stiffness, and resistance to environmental effects like corrosion [4]. However, a 
limiting design factor in structures made from CFRP is the relatively low compressive strength 
capabilities compared to their tensile strength. Studies on unidirectional (UD) CFRP composites 
have shown a decrease in strength from tensile to compressive of up to 70% [5]. One reason there 
is such a significant reduction in strength between tensile and compressive loading is due to the 
change in failure modes [6-7]. In tension a UD CFRP composite fails primarily in fiber rupture 
which is governed primarily by the ultimate strength of the fiber used. In compression a UD CFRP 

composite can fail in a variety of modes, such as fiber micro-buckling, fiber crushing, fiber kinking, 
and matrix cracking and splitting. Of these failure modes, fiber kinking is considered the most 
dominant final failure mechanism in CFRP materials. Fiber kinking is a localized shear deformation 
of the matrix accompanied by eventual fiber fracture and is sometimes considered to be a final 
consequence of micro-buckling. 

While there is a great deal of information and work on optimal design methodologies for 
tensile strength of CFRP composites, there lacks proper guidelines of optimal design and 
manufacture for the compressive strength of CFRP composites. This is especially problematic for 
wind rotor design, where composite structures see equal amounts tensile and compressive 
loading. In this study a Finite Element (FE) micromechanical model was used to study factors that 
influence fiber kinking as a compressive failure mechanism in UD CFRP composites. FE analysis 

offers an advantage over experimental work because of its ability to quickly iterate design changes 
that would be difficult to control in an experimental setting like fiber misalignment. It is also often 
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difficult to identify the effect different changes could have on the compressive failure response in 
experimental work due to the inherent scatter involved. 

Kyriakides [8] was one of the first researchers to use micro-mechanical FE models to study fiber 
kinking of a UD fiber-reinforced polymer composite. Kyriakides model consisted of a 2-D array of 
alternating fiber matrix layers with the with the matrix being modeled with elasto-plastic behavior 
using J2 flow theory. Defects were introduced into the model with initial fiber misalignment and 
the model underwent a compressive load to initiate kink-band formation. Gutkin et al. [9] also 
used a 2-D micro-mechanical model but employed Periodic Boundary Conditions (PBCs) to 
improve computational efficiency by approximating the composite structure implicitly with a 
repeating unit cell (RUC). One problem with using a 2-D RUC is the ambiguity of volume fraction of 
the composite. Recently, Naya et al. [10] studied the influence of environmental effects on the 

compressive failure response of CFRP composites using a 3-D RUC model with applied PBCs. 
The objective of this study was to examine the influence of three different design and 

manufacturing factors have on the compressive failure of UD CFRP composites. The three factors 
varied were fiber misalignment severity, fiber volume fraction, and multiaxial loading. To 
accomplish the objective of this study, a 3-D RUC micro-mechanical FE model was developed to 
identify the trends and influences these factors have on CFRP compression failure. 

2. Model Development 

2.1 Model Geometry  

A base-line single fiber RUC was used for the analyses of this study. The base model consisted 

of a single circular fiber embedded in a square matrix. This RUC geometry represents a square 

packing structure of the composite. The dimensions of the RUC were h = 10 μm, and L = 675 μm . 

The dimensions of the fiber were selected to maintain a volume fraction of 34%. The basic 

geometric features of the model can be seen below in Figure 1. The length of the RUC model has 

been shown to be important to the buckling response of composite micromechanics models. If the 

model is too short the model will predict an overly conservative estimate for composite 

compressive strength as well as not be able to capture all aspects of kink-band formation [9]. 

However, the model should not be too long to maintain computational efficiency.  

Gutkin et al. [9] and Barulich et al. [11] both conducted parametric studies on their FE models 

and found that fiber kinking results converge approximately at a critical half wavelength 

corresponding to 75 times the fiber diameter used. Subsequent experimental results from Sun et 

al. [12] were in good agreement with the above-mentioned parametric studies and found that the 

critical wavelength associated with kink band failure were on the order of 50-75 times the fiber 

diameter for CFRP composites. 

From the results of the studies by Gutkin, Barulich, and Sun et al., the length L of the model 

analyzed, which corresponds to the half wavelength of the fiber, was determined to be 

approximately 100 times the diameter of the fiber, or 675 µm. The length of 675 µm was 

determined to maintain a conservative estimate of the critical half wavelength. By increasing the 

model past this length the critical buckling load does not change and only increases computational 

time [9]. 
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Figure 1 Basic geometry definition of RUC. 

2.2 Boundary Conditions and Loads 

Key aspects to any micromechanical analysis are the boundary conditions and loads applied to 

the model. For the RUC models used in this study the basic boundary conditions and loads 

remained the same and are illustrated below in Figure 2. 

 

Figure 2 Location of Boundary Conditions and applied loads on the Micro-mechanical 

FE RUC model. 
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In Figure 2 the number indicates the boundary condition or load corresponding to: 

1.) Rear face of RUC: no z-displacement, pinned condition in x and y 

2.) Lateral faces of RUC: PBCs applied 

3.) Front face of RUC: Incremental compressive displacement in the negative z-direction 

The compressive displacement was applied as an incremental displacement to all nodes on the 

front z-face. Displacement control was used instead of load control for convergence purposes. The 

rear z-face of the RUC model was constrained from movement in the z-direction and one node in 

the middle of the fiber was constrained in the x- and y-directions to prevent free body motion. 

Finally, PBCs were applied to the lateral faces of the RUC model to approximate an infinite 

periodic array in both the x- and y-directions. The PBCs were applied using Equations (1) and (2). 

ui(0, y) = ui′(h, y) + Ux                                   (1) 
uj(x, 0) = uj′(x, h) + Uy                                   (2) 

Where Ux and Uy are macroscopic strains that account for transverse expansion of the RUC 

model under load, u is the displacements of nodes, 𝑖 and 𝑖′denote the ith pair of nodes on 

opposing x-faces and j and j’ denote the jth pair of nodes on opposing y-faces.  

2.3 Material Model 

Carbon fiber and epoxy properties were used to simulate the fiber and matrix materials, 
respectively, with the elastic values used shown in Table 1. The fiber is assumed to be linear elastic 
and isotropic. Since fiber kinking by its definition is an inelastic phenomenon of the matrix, the 
matrix must be modeled as an elasto-plastic material. 

Table 1 Elastic properties of fiber and matrix material used [13]. 

Fiber Young’s 

Modulus, Ef (GPa) 

Fiber Poisson’s Ratio, 
𝝂𝒇 

Matrix Young’s 

Modulus, Em (GPa) 

Matrix Poisson’s 
Ratio, 𝝂𝒇 

228 0.30 3.16 0.347 

The inelastic region of the matrix was modeled with a Von Mises Yield Criterion, sometimes 

referred to as J2 flow theory. Since in fiber kinking the polymer matrix deforms primarily in shear, 

the experimental shear stress-strain curve of Hexion Epikote MGS RIMR 135/Epicure MGS RIMH 

1366 was used to calibrate the plasticity model in ABAQUS CAE (Figure 3). The shear stress-strain 

curve was first converted to an equivalent Von Mises stress and strain using the pure shear 

simplification of the Von Mises Yield Criterion. The resulting equivalent stress-strain curve was 

then used to calibrate the matrix plasticity model in ABAQUS. Since there is a limit to how far the 

experimental shear stress-strain curve was tested, the model strains at a constant stress after 4% 

strain. 
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Figure 3 Experimental shear stress-strain curve of Hexion Epikote MGS RIMR 

135/Epicure MGS RIMH 1366 used to calibrate matrix plasticity model [13]. 

2.4 Baseline Model Modifications 

To explore the effects of fiber misalignment, volume fraction and multiaxial loading on the 

compressive response of a UD FRP composite, modifications were made to the base model 

described previously in sections 2.1-2.3. 

2.4.1 Fiber Misalignment Severity 

Fiber misalignment was incorporated into the geometry by extruding the RUCs along the fiber 

direction as a half -wavelength sinusoidal spline to simulate a defect in the composite [14]. The z-

axis was aligned with the fiber direction and the spline is described by Equation (3), Where A is the 

amplitude of the imperfection, and 2𝐿 is the wavelength of the imperfection. 

𝑦 = 𝐴 cos(
𝜋𝑧

𝐿
)                                 (3) 

The misalignment angle 𝛼0 of the initial imperfection can then be obtained by Equation (4). 

tan(𝛼0) =
𝜋𝑧

𝐿
                                  (4) 

Simulations were run at five different misalignment angles: 1°, 2°, 3°, 4°, and 5°. The curves that 

represent these misalignments are shown in Figure 4. The implementation of the fiber 

misalignment into the RUC model can be seen below in Figure 5 . 
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Figure 4 Five half-sine wave curves that the baseline model is extruded along to 

represent varying degrees of fiber misalignment. 

 

Figure 5 Example of a 4° fiber misalignment incorporated into the baseline RUC model. 

2.4.2 Varying Volume Fraction 

The micromechanical method used in this study was a first order method. In first order 

methods, absolute size is not accounted for in the solution and only ratios e.g., volume fraction, 

has any affect. To examine the effect that volume fraction has on compressive strength, the 

square matrix dimensions of the RUC are changed while maintaining the absolute size of the fiber 

cross-section to generate volume fractions of approximately 24%, 30%, 34%, and 40%, as shown 

below in Figure 6. 

 

Figure 6 The four RUC faces with dimensions used to represent the volume fraction: 

24%, 30%, 34%, 40%. 
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2.4.3 Applied In-Plane Shear Stress 

Composite materials experience complex mechanical loadings, including in-plane shear stress 

along with compressive stress. To accurately simulate these types of loading conditions in the 

model developed in this study, the loads were applied in two separate steps in ABAQUS CAE. In 

the first step the shear stress was applied as a shear displacement on the front face nodes (item 3 

in Figure 2). The shear displacements were calibrated to accurately represent three shear stress 

levels: 10 MPa, 20 MPa, and 30 MPa. In the second step, the compressive stress is applied as an 

incremental displacement to the front face. 

2.5 Mesh 

All FE models were meshed with 3-D 8-node fully integrated iso-parametric linear brick 

elements (C3D8). The in-plane mesh size is set such that 10 elements along the edge length of the 

RUC and six elements through the thickness of the fiber (Figure 7). The lateral length of the 

baseline model was meshed with 135 elements which corresponds to an element length of 5 𝜇𝑚, 

or an element aspect ratio of 5.  

 

Figure 7 Meshed baseline RUC model. 

2.6 Solver and Post-Processing 

To solve the compression step of the non-linear RUC model the Modified-Riks algorithm in 

ABAQUS CAE was used to account for the potential snap-through and snap-back behavior. To 

solve for the compressive response of the composite as a whole, the macroscopic stress and strain 

of the RUC must be determined. Homogenization theory states that the macroscopic stress is 
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equal to the average normal traction at the base of the RUC. To obtain the macroscopic stress, the 

sum of the reaction forces in the z-direction of all the nodes on the bottom face were selected and 

divided by the cross-sectional area of the RUC as shown in Equation (7). The macroscopic strain 

was computed from a logarithmic formula shown in Equation (6) where 𝛿 is the average z-

displacement of all nodes on the top face of the model, and L is total length of the model [14]. 

𝜎 =
Σ𝐹𝑛𝑜𝑑𝑒𝑠

 𝐴𝑟𝑒𝑎
                                                     (5) 

휀̅ = ln(1 +
𝛿

𝐿
)                                                (6) 

2.7 Model Validation 

Rosen and Dow determined via an energy method approach that the analytic expression for the 
in-phase shear mode buckling strength of an elastic ‘perfect’ fiber reinforced composite structure 
was equal to the composite in-plane shear modulus of the composite [15-16]. 

𝜎𝑐𝑟 = 𝐺12                                                       (7) 

To validate the PBCs in the FE model, the baseline RUC model was used without initial fiber 

misalignment. An Eigenvalue buckling analysis was then performed in ABAQUS with 3 different 

values of fiber Young’s modulus to determine a range of linear elastic buckling strength predicted 

by the FE model. These values were then compared against the theoretical in-plane shear modulus, 

determined by the Cylindrical Assemblage Model, Equation (8)[4]. 

𝐺12 =  𝐺𝑚 [
(1+𝑉𝑓 )+

(1−𝑉𝑓)𝐺𝑚

𝐺𝑓

(1−𝑉𝑓 )+
(1+𝑉𝑓)𝐺𝑚

𝐺𝑓

]                      (8) 

The FE model was in good agreement with the analytical predictions as shown in Table 2. The 
difference between the FE model and analytical expression decreased with increasing fiber 
modulus. This is because the assumption of a high fiber modulus to matrix modulus ratio becomes 
more accurate. 

Table 2 Comparison of numerical vs. analytical theoretical compressive strengths for 

different fiber property inputs. 

Fiber Young’s 

Modulus 

(GPa) 

FE Predicted 

Compressive Strength 

(MPa) 

Analytical Predicted 

Compressive Strength 

(MPa) 

Difference between 

FE and Analytical 

Values 

128 2500 2400 4.2 

228 2468 2438 1.2 

328 2458 2454 0.2 

3. Results 

For the first section of results, the baseline RUC model was modified to examine the effects of 

fiber misalignment on composite compressive strength. In the next two sections, fiber 
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misalignment is coupled with changing volume fraction and additional in-plane shear stress 

respectively. The results of this study are presented in terms of stress (MPa) and strain (%). Failure 

of the composite is deemed to occur at the bifurcation point in the equilibrium paths of the 

simulated RUC. Therefore, composite compressive strengths are taken as the maximum stress 

reached before bifurcation of the equilibrium path. 

3.1 Effect of Fiber Misalignment 

The equilibrium paths for the different misalignment angles are shown below in Figure 8. At 

low fiber misalignment the initial stress-strain response is highly linear with a sharp drop in stress 

at the bifurcation point. As the misalignment becomes larger the initial stress-strain response 

becomes more nonlinear and the drop between peak stress and the post-failure residual stress. 

The RUC model showed a significant reduction in compressive strength with increasing fiber 

misalignment with a reduction in strength between 1° and 5° misalignment of 62%. The strains at 

maximum stress were also significantly reduced at increasing fiber misalignment with a 51% 

reduction between 1° and 5° misalignment. The equilibrium paths in shown in Figure 8 exhibit 

significant snap back behavior, this is an computational effect from the Riks algorithm used and 

not necessarily indicative of real physical behavior. 

 

Figure 8 Equilibrium paths of the RUC of fiber kinking for five initial misalignment angle 

imperfections. 

Figure 9 shows the composite compressive strength has decaying sensitivity with increasing 

initial fiber misalignment. There is high-imperfection sensitivity for strength at low misalignment 

angles that quickly becomes less sensitive at larger misalignment angles. For example, there was a 

30% reduction in maximum strength for the RUC model between 1° and 2° misalignment. The 

reduction in maximum strength between 4° and 5° misalignment for the RUC model was 17%. 

Which indicates a quick transition from a primarily fiber dominated response at low misalignment 

angles to a matrix shear dominated response at larger misalignment angles. 
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Figure 9 Compressive strength sensitivity curve for the RUC at the five different initial 

misalignment angles. 

3.2 Effect of Varying Volume Fraction 

Misalignment angles were varied to investigate the relationships between volume fraction, 
fiber defect severity, and compressive strength. As can be seen in Figure 10, composite 
compressive strength has decreasing sensitivity to fiber misalignment angle as the misalignment 
angle becomes larger. This trend of decreasing sensitivity to fiber misalignment remains the same 
across all volume fractions. Contrasting the relationship of compressive strength to fiber 
misalignment, the compressive strength linearly increases as the volume fraction increases, this 
trend also remains the same as fiber misalignment angle increases. 

 

Figure 10 Compressive strength sensitivity surface plot showing the relationship 

between composite compressive strength, fiber volume fraction, and initial fiber 

misalignment angle. 
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Table 3 RUC compressive strength values at varying misalignment angles and volume factions. 

Compressive Strength (MPa) 

 Volume Fraction 

Misalignment Angle 24% 30% 34% 40% 

1° 761 823 871 932 

2° 551 583 608 638 

3° 436 457 464 492 

4° 364 379 389 403 

5° 312 323 333 342 

The goal of this study was to illustrate general trends and the overall effect different factors 

have on compressive strength. To do this it is helpful to look at the percent reduction from the 

most severe cases of fiber misalignment or volume fraction to the least. The fiber misalignment 

angle has been shown to have a strong adverse effect on the compressive strength at all volume 

fractions as can be seen in Table 3. The RUC model has an average reduction in strength of 61.2% 

across all volume fractions when increasing the fiber misalignment angle from 1° to 5°. The 

percent strength reduction at increasingly larger volume fractions becomes greater although this 

effect is minimal. To illustrate this the RUC with a volume fraction of 24% had a strength reduction 

of 59.0% from 1° misalignment to 5° misalignment and the RUC with a volume fraction of 40% had 

a strength reduction of 63.3% between the same misalignment angles. 

Decreasing the fiber volume fraction by 16% has a relatively small effect on compressive 

strength reduction of the composite compared to increasing fiber misalignment (Table 3). The 

largest strength reduction from decreasing fiber volume fraction occurs at the lower fiber 

misalignment angles, with a strength reduction of 18.3% at 1° initial fiber misalignment (Table 3). 

The sensitivity to decreasing fiber volume fraction is significantly decreased at larger fiber 

misalignment angles with a strength reduction of 8.8% at 5° initial fiber misalignment. 

Figure 11 shows a surface plot of the relationship between compressive failure strain, fiber 

misalignment angle, and fiber volume fraction. The compressive failure strain exhibits an opposite 

trend to the compressive strength at varying fiber volume fractions with an increase in 

compressive failure strain at lower volume fractions. However, the effect of fiber misalignment is 

still the same with a significant decrease in failure strain at larger misalignment angles and a 

decreasing sensitivity to increasing misalignment angles at larger misalignment angles. 
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Figure 11 Compressive failure strain sensitivity surface plot showing the relationship 

between composite compressive failure strain, fiber volume fraction, and initial fiber 

misalignment angle. 

Table 4 RUC compressive failure strain values at varying misalignment angles and volume factions. 

Compressive Failure Strain (%) 

 Volume Fraction 

Misalignment Angle 24% 30% 34% 40% 

1° 1.37 1.20 1.11 1.02 

2° 1.02 0.88 0.80 0.72 

3° 0.85 0.73 0.66 0.59 

4° 0.76 0.65 0.58 0.53 

5° 0.72 0.59 0.53 0.48 

The compressive failure strain exhibits similar trends as the compressive strength. The average 

percent reduction in strength across all fiber volume fractions simulated was 51.0%. The RUC 

model showed similar reductions in strength across varying fiber volume fractions. The largest 

failure strain reduction was at a volume fraction of 40% with a 53.4% reduction in failure strain 

from 1° misalignment to 5° misalignment.  

Unlike the compressive strength, which was insensitive to changes in fiber volume fraction, the 

compressive failure strain increased after the volume fraction was decreased by 16%. The failure 

strain increased an average of 43.5% across all fiber misalignment angles simulated when the 

volume fraction was decreased from 40% to 24% (Table 4). The increase in failure strain from 

decreasing volume fraction was magnified at larger misalignment angles with the failure strain 

increasing by 51.4% at 5° misalignment when the fiber volume fraction was decreased from 40% 

to 24%. One explanation for the increase in failure strain at lower volume fractions is that the 

fibers are spaced farther apart from one another. When the fibers rotate under compressive 

loading, the fibers that are farther apart from each other induce a smaller shear strain on the 

matrix which delays ultimate failure. 
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3.3 Effect of Shear Loading 

To determine the effect multiaxial loading has on compressive strength of a UD CFRP 

composite the combination of in-plane shear loading with compressive loading was examined 

along with variable fiber defect geometry. The relationship between compressive strength and 

fiber misalignment angle continues to show decaying sensitivity as fiber misalignment angle 

becomes larger, as seen in previous results (Figure 12). The relationship between compressive 

strength and applied in-plane shear stress shows a linear with a similar drop in compressive 

strength from 0 MPa shear stress to 10 MPa shear stress, as there would be between 10 MPa and 

20 MPa across all misalignment angles (Table 5). 

 

Figure 12 Compressive strength sensitivity surface plot showing the relationship 

between composite compressive strength, applied in-plane shear stress, and initial 

fiber misalignment angle. 

Table 5 RUC compressive strength values at varying misalignment angles and applied 

in-plane shear stress. 

Compressive Strength (MPa) 

 Applied In-plane Shear Stress 

Misalignment Angle 0 MPa 10 MPa 20 MPa 30 MPa 

1° 871 620 393 199 

2° 608 444 292 155 

3° 464 351 236 128 

4° 389 289 199 110 

5° 333 251 172 96 

Across all shear stress levels, the RUC model showed an average reduction in strength of 57.3%. 

The reduction in strength was consistent across varying applied in-plane shear stresses. At an 
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applied in-plane shear stress of 0 MPa the strength was reduced 61.8% when the initial fiber 

misalignment angle was increased from 1° to 5°. At an applied in-plane shear stress of 30 MPa the 

strength was reduced 51.6% when the initial fiber misalignment angle was increased from 1° to 5°. 

In-plane shear stress had a detrimental effect on the composite’s compressive strength with an 

average compressive strength reduction across all fiber misalignments of 73.4% for a change in in-

plane shear stress from 0 MPa to 30 MPa (Table 5). Increasing the fiber misalignment angle did not 

have a large effect on the strength reduction due to in-plane shear stress, with the relative 

strength reduction remaining mostly constant across all shear stress values. 

Figure 13 shows a surface plot of the interaction between composite compressive failure strain, 

fiber misalignment angle, and applied in-plane shear stress. Figure 13 shows the same general 

trends between fiber misalignment and applied in-plane shear stress as the above compression 

strength plot. There is a negative linear relationship between increasing in-plane shear stress and 

compressive failure strain and the same relationship between fiber misalignment angle and 

compressive failure strain as seen before in this study. 

 

Figure 13 Compressive failure strain sensitivity surface plot showing the relationship 

between composite compressive failure strain, applied in-plane shear stress, and initial 

fiber misalignment angle. 

Table 6 RUC compressive failure strain values at varying misalignment angles and 

applied in-plane shear stress. 

Compressive Failure Strain (%) 

 Applied In-plane Shear Stress 

Misalignment Angle 0 MPa 10 MPa 20 MPa 30 MPa 

1° 1.11 0.80 0.53 0.31 

2° 0.80 0.61 0.43 0.28 

3° 0.66 0.51 0.39 0.28 

4° 0.58 0.47 0.38 0.30 

5° 0.55 0.46 0.38 0.29 
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At low applied in-plane shear stress the percent reduction in compressive failure strain (Table 5) 

is similar to reduction in compressive strength (Table 6) from low fiber misalignment to large fiber 

misalignment as shown by the 50.6% reduction in failure strain from 1° to 5° misalignment at an 

in-plane shear stress of 0 MPa. However, as the applied in-plane shear stress increases, the effect 

that the increased fiber misalignment has on the compressive failure strain is lessened 

considerably. In comparison, at an in-plane shear stress of 30 MPa increasing fiber misalignment 

from 1° to 5° reduces the compressive failure strain by only 6.6% for the circular fiber (Table 6). 

In-plane shear stress had a detrimental effect on the composite’s compressive failure strain. 

From 0 MPa to 30 MPa (Table 6), failure strains were reduced by 71.9%. These reductions were 

similar to the compressive strength reductions in Table 5. Unlike the compressive strength, 

increasing the fiber misalignment angle had a large effect on the failure strain reduction due to in-

plane shear stress, with the relative failure strain reduction decreasing from 71.9% at 1° 

misalignment to 46.9% at 5° misalignment. 

4. Discussion 

The results from varying fiber defect geometry indicate a decaying sensitivity of CFRP 

compressive strength to increasing fiber misalignment angle. This means that there is potential for 

great improvements in the compressive response of a composite structure if the manufacturing 

processes tolerances have the potential to be very high (i.e. +/- 1°), such as in pre-impregnated 

fiber composites, pultrusion, and autoclave processes. However, there is not much to be gained in 

incremental improvements if the manufacturing method can only maintain a tolerance within 

multiple degrees, such as in Vacuum Assisted Resin Transfer Molding (VARTM) processes. In the 

context of wind blade manufacturing, the largest gains to performance would be made by using a 

pultrusion process for the spar caps instead of the traditional VARTM process to insure that low 

fiber misalignment exists in a structurally significant area. 

There was a decrease in ultimate compressive strength with a decrease in volume fraction. An 

unexpected result was the significant increase in compressive failure strain with a decrease in 

volume fraction. This could be an important design consideration for large scale flexible structures 

such as some of the concept designs found in the Big Adaptative Rotor (BAR) project report [17]. 

The increased flexibility of a wind turbine rotor decreases the operational loads experienced by 

the structure, so strain at failure becomes more important than overall composite compressive 

strength. Results from varying volume fraction in these simulations suggest that a lower volume 

fraction composite could offer benefits over the traditional composite design methodology that “a 

higher volume fraction is better” for these types of structure. 

Multiaxial loading via a combination of shear and compression loading was shown to have a 

detrimental effect on the compressive strength properties of a UD CFRP composite. The addition 

of a relatively small shear load can decrease the compressive load carrying capacity of a composite 

structure by over 50%. Shear stress should be minimized in composite structures that expect to 

carry large compressive loads i.e. wind blades. This is an issue in modern turbines were the size of 

the turbine means shear stresses due to gravitational loads begin to become significant. 

The results discussed above show trends that must be considered in the design methodology to 

optimize compressive strength of composite structures. There is a decreasing benefit to ensuring 

high fiber alignment. Lower fiber volume fraction may have benefits for highly flexible composite 
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structures. Shear stress should be minimized in design for optimal compressive strength 

properties.  
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