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ABSTRACT 

Fatigue behavior for a variety of generic materials used in wind turbine blades has been explored. 

Coupon testing was carried out under constant amplitude tensile fatigue loading to beyond 107 

cycles for most materials. Unidirectional materials performed close to expectations despite fiber 

misalignment. Materials with triaxial (0/±45) reinforcement showed greater fatigue sensitivity than 

expected, but lifetime trends flattened at high cycles. The uniaxial and triaxial materials could be 

normalized to a single S-N lifetime trend for each case. Results include the effects of differing 

matrix materials, manufacturing methods, reinforcement structure, and ply terminations. Materials 

were supplied by Phoenix industries and US Windpower. 
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The high cycle fatigue resistance of composite materials used in wind turbine rotor blades has been 

recognized as a major uncertainty in predicting the reliability of wind turbines over their design lifetime 

[1]. Blades are expected to experience 108 to 109 significant fatigue cycles over a 20 to 30 year 

lifetime, well beyond the cycle range of most aerospace structures on which much of the past research 

effort on composite materials has been focused. For the lower cost glass-fiber composites used in wind 

turbine blades, there exists neither an adequate data base at high cycles [1], nor an adequate lifetime 

prediction methodology proven for composite structures in general [2]. 

This report presents results from the first phase of a study of the high-cycle fatigue behavior of generic 

types of fiberglass materials used in wind turbines. This phase of the work was exploratory in nature, 

with fatigue test results up to 40 X 106 cycles on a variety of materials prepared by U.S. blade 

producers. The results form the basis for future studies of carefully selected cases to be tested to 

higher cycles. (A single test to 108 cycles takes 50 to 100 days at frequencies in the range of 15 Hz, 

as used here.) 

BACKGROUND 

This section provides a brief overview of the literature on the fatigue of composite materials, with 

emphasis on the glass-fiber-based materials that are of primary concern with wind turbine blades. More 

detailed reviews of this subject can be found in References 1-7. 

The fatigue behavior of composite materials is distinguished by several important general features [2, 3]: 

1. Failure is usually progressive, resulting from the gradual accumulation and interaction of 

dispersed damage, rather than by the nucleation and growth of a dom;nant crack. 

2. As damage accumulates, the constitutive relations of the material may change significantly. 

3. A number of distinct damage modes can be identified, including fiber- dominated tension and 

compression, matrix-dominated cracking parallel to the fibers, and interlaminar cracking 

between plies. Some of these may produce failure directly, particularly fiber-dominated 

modes, while modes such as matrix cracking may have an indirect effect on failure by 

causing load transfer onto the fibers. 

4. Under tensile loading the strains to produce matrix cracking (with thermoset resin 

composites) are generally well below those to produce fiber failure. As a consequence, in 

multidirectional composites, cracking tends to initiate first in domains (plies) where the fibers 

are at the greatest orientation relative to the maximum tensile stress. Cracking then 
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accumulates in these domains (such as 90° plies), followed by domains of lesser orientation 

(such as 45° plies). Delamination between plies may also occur at cut edges, ply 

terminations, or at the intersection of matrix cracks in adjoining plies. Finally, gross failure 

often occurs by fiber breakage in any domains oriented nearly parallel to the maximum stress 

(such as 0° plies). Under compressive loading the strains to produce matrix cracking in off- 

axis domains are often comparable to those for fiber-dominated failure, so damage 

development in a matrix-dominated mode may also produce gross failure. 

5. Large-scale delamination between plies has been a significant failure mode for composite 

structures, particularly with out-of-plane loads. Classical linear elastic fracture mechanics has 

proven applicable to delamination problems under different modes of crack extension and for 

both static and fatigue loading. 

6. Theoretical models for damage development and failure are under development, but no 

general approach to lifetime prediction for composites is widely accepted. Only delamination 

failures have a well-developed theoretical context through classical fracture mechanics. 

7. Few results are available for lifetimes greater than 106 cycles for any composite systems. 

8. Cumulative damage effects from varying load histories have been studied in only a few 

cases, and no general theoretical framework (such as linear damage laws) is accepted. 

While these features are common to a broad range of fiber and matrix systems with continuous or 

chopped strand reinforcement, the actual sensitivity to fatigue loading depends strongly on the material 

system used, particularly the type of fiber and style of reinforcement (parallel aligned layers, woven, 

chopped, etc.). S-N lifetime data (maximum stress vs. cycles to failure) can follow a variety of trends 

[8,9], but the most simple and frequently observed are of the form 

S/So =l-blog N (1) 

or SIso = N-(l/m) (2) 

where S is the maximum stress, So is the single cycle strength, N is the number of cycles to failure, 

and m and b are constants. Equation (1) yields a linear S-N curve on a plot of S vs. log N while Eq. (2) 

is linear on a log-log plot. Equation (2) derives from integration of the Paris fatigue crack growth law 

da/dN = A (Kmax)m (3) 



where a is the crack length, Kma is the maximum stress intensity factor (AK is more commonly used), 

A is a constant, and m is the same as in Equation (2). 

Empirical findings are that S-N data for composites may show a better fit to either Equation (1) or (2) 

depending on the material system, and in many cases it is difficult to distinguish which is the more 

representative form. Composites with well- aligned fibers either parallel to the (uniaxial) load direction, 

or at some orientation, tend to follow Equation (1) closely, as do composites with multidirectional 

reinforcement where the lifetime is clearly dominated by one orientation [8,10]. Figure 1 shows such a 

data set for a 0/90 crossplied glass/epoxy composite. However, more complex cases, such as woven 

fabrics, and the chopped strand composites tend to have somewhat nonlinear S-N curves on a semi-log 

plot, and the most appropriate curve fit is unclear. Figure 2 (from Ref. 8) compares data from three 

laboratories for an automotive chopped glass strand/polyester composite, SMC R50. The data from 

different laboratories, with different test frequencies and specimen geometries, are in close agreement. 

This is one of the few sources with data approaching 108 cycles. The unfailed runout specimens (with 

arrows) still showed significant damage in the form of matrix cracks, and the existence of a fatigue limit 

is left uncertain. Either Equation (1) or (2) would fit the data adequately at moderate cycles depending 

on whether the high-cycle points are included in the fit. Woven fabric reinforcements (Fig. 3) show an 

even more nonlinear trend on a semi-log plot, with a steep curve at low to moderate cycles associated 

with delamination at the weave cross-over points [5], while the curves tend to flatten at higher cycles; 

significant high cycle data are not available. 

The general trends of S-N data are also a function of constituent material properties in some cases. If 

S-N data sets are fit to Equation (1) in the range of 105 cycles, the following variations in the slope, b, 

of the normalized S-N curves are observed [8]: 

1. In tension - tension fatigue, in well-aligned, fiber-dominated cases such as unidirectional 

strands and composites, the value of b is in the range of 0.1 for a broad range of glass fiber 

composites, so that the stress to fail the material in fatigue decreases by 10O/. of the static 

strength per decade (factor of 10) of increased lifetime. By comparison, carbon fiber 

systems show a slope of only 3-4°/0, and Kevlar is intermediate. The greater sensitivity of 

glass fiber-composites in tension appears to be the result of fiber - fiber contact damage 

during fatigue. 

2. Matrix-dominated tensile fatigue, such as transverse tension, shear or *0 laminates show 

about 8- 12°/0 slopes, similar to the neat matrix materials. 
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3. Compression fatigue tends to be in the 80/0 range for both carbon and glass- fiber 

composites. 

4. Multidirectional composites may follow a value of b approximately equal to that of the fiber 

direction unless there is enough load carried by the off-axis material to cause failure in the 

fiber direction layers when the lower strain-to-failure off-axis plies fail; then, the value of b 

may be similar to the matrix-dominated case [10]. Materials like woven fabrics, discussed 

earlier, may be fiber-dominated statically, but shift to matrix domination if the matrix cracking 

allows severe wear or movement of the weave “[5]. 

Fatigue crack growth data for thermoset composites and neat resins tend to show very high exponents, 

m (Eq.3), compared with most metals, representing increased fatigue resistance since the curves 

converge approaching KIC . Values reported for m for both the neat matrix materials and opening mode 

delamination are often in the 10-20 range. For Mode II (shear) the exponents tend to be in the range of 

10-12 [8,14,15]. 

EXPERIMENTAL M~HODS 

Materiafs 

Materials were supplied by U.S. wind industry blade manufacturers, molded as flat sheets using 

preparation methods representative of blade manufacturing. This involved hand Iayup using nonwoven 

(stitched) E-glass fabrics having either unidirectional or triaxial (0/*45) fibers. The triaxial reinforcement 

contained unidirectional layers stitched toge’her, having differing amounts of 0° and k 45° material. 

The directions given refer to the angle of the fibers relative to the direction of the uniaxial stress that is 

applied to test specimens cut from the sheets, so that .OO indicates the fibers are approximately parallel- 

aligned in the direction of the applied stress. 

Table 1 gives a description of each material used in this study (Vf is the volume fraction of fibers). The 

materials were intended to be as representative of wind turbine blades as possible, including typical fiber 

misalignments. However, to maintain reasonable specimen-to-specimen consistency, regions of 

material with greater than 4° fiber misalignment were excluded in preparing test specimens. This 

required rejecting material in local regions of only a few sheets and would not have been necessary at 

all except for the use of standard, narrow test specimens. These are expected to be dominated by local 

fiber misalignment to a much greater extent than would full-sized components. 



. 

The materials in Tabte 1 contain several different reinforcement styles, two generic types of matrix 

material (unsaturated polyester and unsaturated vinylester), and differing processing methods from the 

two manufacturers. Materials F, G, H and J also contain ply terminations to represent regions of blades 

that taper in thickness; these specimens are constructed symmetrically about the mid-thickness to 

minimize testing complications from nonsymmetrical cross-sections. Figure 4 depicts the geometry of 

these materials. F and G contain a double-ply drop-off from 6 to 4 plies in the center (a triax ply is a 

layer containing a (0/*45) structure). The distinction between F and G is that the Oo material faces 

toward the outside in F, while the *45° material faces outside in G. Materials H and J contain more 0° 

material than F and G, and the geometry is that of a joint in the center two plies rather than a tapered 

thickness; again, H and J differ only in which side of the triax faces outward. The joint geometry proved 

more stable in testing than did the tapered thickness, which also failed away from the termination in 

most cases. These four materials were fabricated with the ply ends carefully cut and aligned; a region 

of matrix filled in the area at the edge of the cut ply, as shown in the schematics. Materials H and J 

were tested using two types of specimens, one containing the joint as shown in Fig. 4, and one without 

a joint in the gage section. 

Test hk3thOdS 

This phase of the study involved only tensile fatigue testing, and flat coupons of the general type shown 

in Fig. 5 were used, following ASTM D 3039-76 as closely as possible. The flat rectangular specimens 

were cut with a diamond-edged saw from larger sheets supplied by blade manufacturers. Tabs for 

gripping were bonded to the ends of the specimens, as shown, with an epoxy adhesive cured at room 

temperature or 140°F. (The original material sheets experienced exotherms in excess of 140°, and 

some were post cured at 140°F. ) A variety of adhesives and tab materials were investigated, as 

indicated in the identification chart of Fig. 6. Most of the specimens were prepared with epoxy electrical 

vector board (Radio Shack Protoboard), which worked well in most cases. Problems were encountered 

with deterioration of the vector board at high cycles ( > 107), and other variations were attempted. A 

combination of 5 oz/yd2 glass mat with an epoxy resin wrapping the tab area, plus vector board, and 

finally, a tapered aluminum tab bonded over the vector board (313 assembly, Fig, 6) eliminated tab 

deterioration. However, with unidirectional specimens, many high-cycle failures still occurred near the 

tab area, as described later. It was also found that sanding of the tabs to be flat and parallel was 

important, and was checked on precision 

specimens was often very uneven, so the 

low areas. 

flats within 0.002 in. in critical cases. One surface of the 

tab adhesive was applied with sufficient thickness to fill the 

Tests were run in a 50 kip capacity MTS 880 servohydraulic testing machine I sing hydraulic grips. A 

constant-amplitude, force-control, sine-waveform loading was used in all cases. The frequency was 
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varied approximately inversely with the maximum stress level to maintain a constant load rate. The 

frequency at low cycles was a few Hz, varying up to 15 Hz for the highest cycle tests. This frequency 

range was the fastest possible without overheating of the specimens. As noted in Fig. 2, fatigue lifetime 

is not sensitive to frequency in the absence of thermal runaway hysteretic heating. This has been 

demonstrated over a broader range of frequencies in other studies [8]. The major effect of the 

frequency is in the strain rate sensitivity of fiberglass, which shows up primarily in low cycle tests [8]. 

The single-cycle tests in this study were run following a ramp waveform using a load rate consistent with 

that of the low-cycle fatigue tests, to avoid strain rate differences in the one-cycle data. 

Strain measurement at higher cycles was a problem. Bonded strain gages failed, and fatigue 

extensometers did not always remain well seated. The cyclic stress-strain and modulus data given here 

were usually obtained by interrupting the tests and replacing the extensometer; thus, the cumulative 

strain, which was very small in cases where it was measured, was usually not included. Other test 

interruptions occurred due to power failures. These were common in very long tests, and the testing 

equipment did not generally overload the specimens significantly during shut-downs. Peak loads during 

shut-downs were recorded. 

All tests were conducted in ambient laboratory air. This is generally low humidity with temperatures 

between 65 and 80°F. 

RESULTS AND DISCUSSION 

Detailed results from each static and fatigue test are given in the Appendix, including static strength; 

fatigue lifetime at designated maximum stress, S, and stress ratio, R, (R = min. stress/max. stress); 

frequency or static ramp rate; initial elastic modulus; maximum strain on the first cycle; and failure mode 

and position. Figure 7 gives the static tensile and compressive strength for each material, determined 

with ramp loading at a load rate consistent with low-cycle fatigue tests. The compressive tests are for 

unsupported gage lengths, which were sufficiently short to prevent elastic buckling. The compression 

behavior of these materials will be considered in detail in the next phase of the program. (It should be 

noted that the compressive strengths with either a greater thickness or with lateral support to prevent 

out-of-plane deformations could be considerably higher than those shown. With this test configuration, 

most compressive strengths were much lower than the tensile strengths.) 

The following sections provide results and discussion of the fatigue behavior for each material system. 

Further details may be found in Reference 16. 

* 

* 



. 

Materials A, B, and L are unidirectional, loaded in the longitudinal (fiber) direction. A and B differ 

only in matrix material (polyester vs. vinylester); L is constructed with slight inherent fiber misalignment 

between strands and layers, and has a higher fiber content. Data are incomplete on L at this time, and 

additional data for A were obtained at the National Renewable Energy Laboratory with mechanical rather 

than hydraulic grips (not shown). 

Figure 8 gives S-N data for material B. The arrows on the points at 40 x 106 cycles indicate run out 

tests that did not fail. Several aspects of Figure 8 are significant: 

1. The data at higher stresses fall below Eq. 1 with a slope, b, of 0.1 (1 O“/o/decade). The dat 

appear to be more nonlinear than those in Fig. 1, which are typical of well aligned glass fibers 

These results are more similar to the chopped strands results in Fig. 2. 

2. The power law fit of Eq. 2 is in good agreement with the data for an exponent, m, of 13.5. 

3. There is no apparent effect of specimen width for the 1.0 and 2. O-inch-wide specimens tested. 

4. The initial strain value given on the right, 0.68%, corresponds to 

actual strain increases slightly during the specimen lifetime. 

Materials A, B, and L are compared in Fig. 9, with the maximum stress, 

the 20 ksi stress level. Th 

S, normalized by the static 

strength, So. Again, Eq.(2) with a power law exponent in the range of m = 13.5 fits the data well. Little 

difference between unidirectional Materials A, B, and L is noted, despite the differences in matrix 

material and manufacturing details. The vinylester matrix typically yields a slightly higher static strength 

(Fig.7, Material A vs. B), but little difference in fatigue, particularly at higher cycles. 

Figure 10 gives the change in elastic modulus, E, normalized by the initial value, Eo, as a function of the 

fractional lifetime for that particular specimen, n/N. The three specimens represented, tested at differing 

stress level, show a gradual decrease in modulus of 10 to 209’o over the lifetime. Some of this apparent 

decrease is the result of edge splitting of the specimens, discussed in the following, which reduces the 

cross-section and decreases the apparent modulus (it is assumed in the stress calculation that the 

cross-sectional area remains constant). The modulus was determined from an extensometer which was 

periodically reattached to the specimen. Stiffness was also monitored by piston displacement. Figure 

11 shows the inverse of the normalized displacement vs. n/N. This indicates a somewhat larger 

stiffness change than Fig. 10 for Specimens 21 and 38, apparently due to gradual cracking and 

delamination in the tab area of the gripped ends, effectively increasing the gage length. Specimen 22 

shows greater effects of some actual grip slippage. Thus, extensometer measured stiffness values 

appear more meaningful despite extensometer attachment and edge splitting problems. 
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Figures 12 a, b and c show failed unidirectional specimens. Problems with failures in the tab area were 

common with unidirectional specimens, and clear tab failures were deleted from the plotted data. Edge 

splitting was also a common problem, as misaligned fibers were cut along the specimen edges, 

particularly notable with Material L (Fig. 12 c), but also a problem with A and B. Splits often occurred 

early in the lifetime, so that most of the lifetime was consumed with a reduced cross-sectional area and 

other complications such as nonsymmetry. The tabs often showed some delamination as well, 

particularly where the splits reached the tab area. The unidirectional materials showed some matrix 

cracking normal to the stress direction, particularly along the stitch lines; this was also observed in the 

run-out specimens. 

The effects of the edge splits can be approximated by reducing the cross-section in the stress 

calculations to reflect the most severe splitting of about 4° off - axis, as shown in Fig. 13. Figure 14 

shows the trend line produced for Material B if it is assumed that a split at 4° is present only in the 

fatigued specimens (as was observed), and then applying Eq. (1) with b = 0.1. This prediction provides 

a better fit to the data than Eq. (1) in Fig. 8, but Eq. (2) still seems to provide a better fit, particularly at 

high cycles. 

As noted earlier, Eq. (1) has an empirical basis in a broad range of materials with well-aligned fibers, 

where b = 0.1 for E-glass strands and composites (Fig. 1). Equation (2) is generally applicable where 

the lifetime is associated with growing cracks, as in delamination studies [8], where Eq. (3) describes 

the crack-growth behavior. As noted later, delamination tests on Materials H and J produce a power law 

behavior following Eq. (3), with the same exponent, m = 13.5, which fits the unidirectional S-N data well. 

This implies that the lifetime of the unidirectional materials is dominated by the matrix-crack growth, 

edge-splitting process. However, the data in Fig. 8 are also not far from the expected trend of Eq. (1) 

with b = 0.1, and more high-cycle data will be required to adequately test either prediction. 

Extrapolation to 109 cycles of the trend lines given in Eq.(8) for Eqs. (1) vs. (2) shows a great deal of 

sensitivity to the assumed model. The expected stress or strain level to produce 109 cycle failures is 

only half as great if Eq. (1) is assumed, as compared with Eq. (2). Again, more high-cycle data are 

required before a 109 cycle stress or strain level can be projected with any confidence. 

Triaxial Reinforcement 

Materials F/G, H/J, M and N contained O/* 45 layers of reinforcement with differing stacking sequence, 

relative amounts of O and i 45 material, and strand sizes. These materials showed consistently poorer 

fatigue resistance than did the unidirectional materials. Figure 15 gives S-N data for Materials M and N, 
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with vinylester and polyester matrices, respectively. The vinylester matrix gives improvement in the 

static strength, but the fatigue data for the two matrices are indistinguishable. Both S-N data sets show 

a steep trend at high stresses, but flatten at stresses around 10 ksi. 

Figure 16 compares S-N data for all of the triax materials on a normalized stress plot. Despite the 

differences in matrix, manufacturing, and percent 0° material, all of the data sets overlap, and all show a 

clear flattening trend at high cycles. The F/G and H/J data shown are for specimens without ply 

terminations (joints or tapers) in the gage section, or for specimens that failed away from the ply 

terminations. The effects of ply terminations will be discussed later. 

The triax materials showed distinctly different failure patterns from the unidirectional materials. Figures 

17 a, b and c show failed triax specimens. Generally, the t 45° layers fail separately and may 

delaminate from the 0° material. No significant tab problems were observed with most of these 

materials, and failures were usually in the gage section. The failure sequence usually showed cracking 

in the * 450 layers (Fig. 18), often associated with matrix cracks normal to the load in matrix-rich areas 

around the 0° material. Prior to total failure, local severe damage zones were observed to nucleate and 

grow. For F and G materials these appeared as in Fig. 17(a), while more distinct failures along stitch 

lines were seen in Materials M and N. These zones often, but not always, initiated at the edges. The 

failure zones in Materials M and N included cracks along the * 45° strands, and broken 0° strands right 

at the fabric stitch lines (Fig 20). 

Figure 21 compares higher cycle strain data for the unidirectional and triax materials. The initial strains 

for the unidirectional materials were in the range of 0.80/0 to produce failure at 107 cycles, while for the 

triax matOt@k the strain was in the range of 0.3 to 0.40/.. The latter range is already well below the 

extrapolated unidirectional strains at 108 or 109 cycles, and so the triax results are very disappointing in 

terms of allowable strain levels. Also notable in Fig. 21 are data for the N triax tested in the transverse 

direction, (90/* 45). These failure strains are in the same range as for the 0° direction. It is apparent 

that all of the triax materials fail soon after the *45° layers crack and are not dominated by the 0° layer 

strain capability. Figure 22 gives a comparison of 0° and 90° oriented S-N data for Material N. 

An approximate prediction of what should happen when the *45° layers fail can be obtained from 

classical laminate theory [16]. If the *45° ply stiff nesses are then assumed to be zero, in Materials M 

and N, for example, the overall modulus should decrease by about 25°/0, raising the strain on the 00 

material by a factor of 1.25. From Fig. 21, even with the extreme assumption of zero stiffness in the 

cracked plies, *45° ply failure should not lead to the observed failure of the 0° layers at the lower strain 

levels. As noted earlier, carbon fiber composites fabricated from prepreg tend to follow the 0° ply 

fatigue trends under these conditions [1 O]. Thus, the triax performance in tension is much poorer than 
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expected either from experience with other composites or from simple calculations. Further study of this 

problem is required. 

Modulus data for Material N are given in Fig. 23. The actual modulus reduction during cycling, 

presumably caused by cracking in the *45° plies, is slightly less than the value of 250/. obtained by 

completely deleting the f45° ply stiffness. The corresponding increase in strain on the laminate is, 

then, slightly less than the predicted factor of 1.25. As expected, the triax tested in the transverse 

direction shows a much greater modulus reduction during cycling (Fig. 24). 

Figure 25 gives the surface temperature change in selected H and J materials as a function of their 

fractional lifetime. Temperatures, measured with a small thermocouple, typically rose by the order of 

10-20 OC, then remained steady through most of the lifetime, finally increasing more significantly just 

before total failure, as more severe damage was observed. Specimen 92 showed a much earlier 

increase to high temperatures as the thermocouple was located near a point of severe damage (as in 

Fig. 19). 

Ply Terminations 

Materials F/G and H/J contained ply terminations and joints, respectively, as shown in Fig. 4. No 

significant difference was found as a result of the ply stacking configuration (O’s facing outside vs. *45’s 

facing outside) for either type of material, for static strength, fatigue life, or delamination growth. All of 

the F/G materials failed in fatigue in the thinner section, away from the ply termination area. Thus, the 

ply termination did not appear to affect the strength or fatigue life. 

Materials H and J delaminated at the ply joint as described later. At low stress levels the delamination 

remained localized, and specimens either were run outs with no failure to 20 x 106 cycles, or else failure 

occurred near the joint. Tests were also run on materials H and J without a joint in the gage section. 

The S-N data for specimens with and without a joint are compared in Figure 26, where the stress values 

for the specimens with a joint are calculated based on the net cross-sectional area excluding the two 

plies with the joint. The S-N data show no significant difference between the materials with and without 

a joint involving one-third of the plies. The joint has no greater effect on the fatigue properties than the 

simple reduction in load bearing area at the joint. The localized delamination at the joint on run-out 

specimens did produce some fine powder, apparently as a result of wear at the delamination surfaces, 

and one specimen with an arrested delamination eventually failed in this area. It is not known whether 

abrasion at such damage could produce more failures at higher cycles. 
. 
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As noted above, Materials F and G were originally chosen to study the effects of ply terminations on 

lifetime, as well as to study the growth characteristics of delamination originating at ply terminations. 

However, failures in fatigue for F and G occurred in the 4-ply half of the specimen, usually remote from 

. 
the ply termination. The joint arrangement for Materials H and J (Fig. 4) was then selected to get 

around this problem; H and J also have a more structural triax fabric, with a higher Oo fiber content 

(Table 1). 

The process of delamination development and growth followed the generally expected trends. As 

indicated in Figure 27, a matrix crack (or cracks) first formed across the end of the cut plies, normal to 

the load direction. Delamination parallel to the ply interface then formed from the matrix crack, and 

gradually propagated along the specimen length. The delamination cracks in this case should be a 

combination of Modes 1 and II (opening and foreward shear, respectively). Delamination first form as 

shown in Fig. 27, Stage 2, and then usually develop into a full “ H“ geometry and propagate steadily 

(Stage 3). The value of the stress intensity factor, K, or energy release rate, G, for a given maximum 

stress should gradually decrease with increasing delamination length, and should then be approximately 

constant once the delamination are significantly longer that the laminate thickness [17, 18]. For long 

delamination, the total G (sum of Gl and Gil) is delamination length independent, and is given by [18] 

G = (s2/4t2)[l/(ELD tLD) - 1 /(E~M t)], (4) 

where S is the maximum applied stress on the gross cross-section 

E~M is the elastic modulus of the original laminate 

t is the thickness of the original laminate 

ELD is the elastic modulus of the uncut plies 

and tLD is the thickness of the uncut plies. 

The value of G calculated for materials H and J for well established, long delamination is 3.27 x 10-5 

S2 kJ/m2 (where S is in MN/m2). This is the value of G at each delamination tip. 

Figure 20 shows the delamination growth data for several stress levels. The maximum stress was held 

constant throughout each test, and the total delamination length (total of four cracks) was measured vs. 

cycles. The fatigue-crack-growth rate was then determined only for the part of the growth that was well 

established in geometry and with delamination lengths greater than the laminate thickness. Figure 29 

11 



gives the growth rate for the total delamination length average for each test vs. normalized stress, S/S.. 

So is the one-cycle stress (27 ksi) at which the delamination grows unstably, corresponding to an 

average Gc of 6.56 in.lb./in.2 (1.13 kJ/m2). 

The data in Figure 29 follow a classic Paris Law pattern, with an apparent threshold at low stress, and 

power law trend following Eq.(3) up to S/SO approaching 1.0, where the cracks become unstable. The 

power law exponent shown on the plot is m = 13.5, which is typical of m values for delamination data for 

similar composites [8, 14,15, 19] [the exponent is half this value if Eq. (3) is expressed in terms of G 

instead of K]. Most studies have not carried delamination tests to a sufficiently low G level to establish 

a threshold condition for crack growth, but Ref. 19 clearly shows a threshold for glass fabric composites 

under Mode I loading. Most of the delamination fronts completely terminated growth for about 30 x 106 

cycles for the lowest rate point on Fig. 29. 

The results in Fig. 29 need to be expanded to fully explore delamination problems with this class of 

materials. However, the data appear to correlate in two respects with the in-plane coupon results given 

previously. First, the exponent, m, of 13.5 from Fig. 29 is the same value that fits the S-N data in Figs. 

8 and 9. This implies that the tension-fatigue-lifetime trends for unidirectional materials may be 

dominated by matrix-cracking events, notably edge splitting and tab delamination. The life-determining 

events in these coupons with cut edges and imperfectly aligned fibers may not be fiber failure directly, 

but cross-section reduction, abrasion, and load redistribution associated with matrix-dominated cracking. 

This effect might not be as significant in actual components without cut edges and with greater size. 

Further high-cycle data in both small and large specimens are needed to explore this question 

adequately. 

The second aspect of Fig. 29, which may correlate with coupon performance, is the apparent crack- 

growth threshold. The triax 3-N trend shows flattening at low stresses, having the appearance of a 

fatigue limit (Fig. 16). This appears to be associated with the strain level being sufficiently low so that 

matrix-dominated cracks do not propagate parallel to the fibers of the *45° plies. This condition may be 

a result of the apparent threshold value of G required for matrix-dominated crack growth in Fig. 29. 

Unfortunately, the strain level where this condition is observed is relatively low, arou~d 0.30/.. While this 

could be an acceptable design limit in some cases, it would still be very beneficial if cracking in the 

*450 layers did not lead to failure in the 0° layers, as discussed earlier. It is generally difficult to raise 

the strain capability of the off-axis layers in fatigue, but processes that reduce porosity could be helpful; 

changes from polyester to vinylester do not appear to significantly change the cracking process. 
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Cmprkon wmotfw studies 

Several wind-energy related programs in Europe have produced significant fatigue data in materials of 

the general type studied here [20-24]. Data for unidirectional fiberglass composites in tensile fatigue 

(R= 0.1 ) show failure strains in the 106 to 108 cycle range, which are very similar to those in this study, 

around 0.8% at 107 cycles [20, 21]. The S-N data for predominantly unidirectional material at R = 0.1 

in Ref.20 approximately follow Eq. (1) with b = 0.1, with the data falling slightly above the predicted 

lifetimes (with some uncertainty about the static test load rate effects). No fatigue limit is found out to 

108 cycles. Data for spectrum loading (WHISPER spectrum) are reasonably predicted by a linear 

damage law combined with the constant amplitude results. However, testing at two stress levels tended 

to extend the life at the second (lower) level, contrary to linear damage expectations. Reversed loading 

(R= -1 ) produces lower failure stress levels, but is presumably related to the nature of any buckling 

constraints in compression. 

Results in Ref. 22 were generally similar to those found here in trend and strain levels for unidirectional 

material at R = 0.1. Compression data and R = -1.0 data are generally at similar strains to those in Ref. 

20, despite the use of an antibuckling device, which appeared to raise the static compressive values. 

Spectrum fatigue results (WHiSPX) showed approximate agreement with linear damage law predictions 

in tensile-dominated fatigue, but less agreement in compression [23]. 

With regard to the effects of vinylester vs. polyester matrix materials, data in Ref. 24 support the 

findings in the present study. Materials with woven roving and mat reinforcement showed some 

advantage to vinylesters over orthophthalic polyesters at high stresses (above where matrix cracking 

occurs on the first cycle), but S-N data (R= -1 .0) for all matrix systems converged at lower 

stresses/longer lifetimes. This has also been observed in automotive SMC composites with various 

matrix modifications [8]. Data reported in Ref. 25 for flexural fatigue appear to show similar 

convergence at high cycles for vinylester and polyester matrices, but the vinylester showed a greater 

advantage at lower cycles than found in other data sets. 

SUMMARY 

The fatigue behavior has been explored for a variety of glass-fiber composite materials of generic types 

used in wind turbine blades, fabricated by blade manufacturers. Coupon testing has been carried out to 

over 107 cycles in constant amplitude tensile fatigue; higher cycles will be pursued in the next phase of 

the program for selected cases. Consistent-fatigue lifetime trends were found for the two main types of 

materials: unidirectional (tested in the fiber direction) and triaxial (reinforced with O/t45 layers, mostly 

loaded in the 0° direction). 
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The unidirectional materials performed close to expected trends despite significant fiber misalignment; a 

power law trend appeared to provide the best fit to most of the data. This may Imply that the lifetime is 

dominated by the matrix cracking along disoriented material, as the power law exponent correlates with 

the exponent obtained in ply delamination tests. Triaxial materials showed a more steep S-N data trend 

at higher stresses, which tended to flatten at low stress. Data from several material types with differing 

matrix (viny lester and polyester), percent 0° material, and manufacturing method could be normalized to 

a single S-N curve. Failure of the triaxial material appears to be dominated by cracking in the *450 

plies, which was not anticipated. 

Data are also provided for changes in laminate stiffness and temperature during cycling. Modes of 

damage and failure are identified and related to the material structure. Ply terminations and joints did 

not have a significant effect on fatigue lifetime, but delamination emanated from ply terminations at low- 

strain levels, and gross failure was observed at an arrested delamination in one case. 
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Figure 17a Darnage Growth and Failure, Materials F/G 
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Figure 17C Materials H end J Showing Matrix Cracking and Failure 
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Figure 20 Failure of 00 Strand in a Crackiq Zone, Materiaf N 
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APPENDfX 

This Appendix lists the results of all static and fatigue tests in alphabetical order of the material 

tested. The following should be noted regarding the data column headings, from left to right. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

The test number identifies the test and specimen in the overall program. 

The Specimen number identifies the particular specimen for a given material system. The letter 

is the material designation used at MSU, not the original designation of the supplier. 

The stress given is the maximum stress in the constant stress amplitude fatigue tests, or the 

maximum stress reached in a single cycle (ramp) static test. 

R is the stress ratio = minimum stress/maximum stress; ● indicates a static test. 

Q is the frequency of fatigue tests in Hertz (cycles/second), or the ramp rate in static tests in 

inches/second (constant stroke rate). 

E is the Young’s modulus in the load direction, measured in a preliminary test at low stress, prior 

to fatigue tests. 

e is the maximum strain (in %) on the initial cycle or first few cycles of fatigue tests; for static 

tests e is the strain at failure. . 

The cycles to total separation, N, are given in column 8 unless otherwise noted in column 9. 

The specimen nominal width (first number, in inches) failure type and location, and other 

information given in column 10 identified on the last page. 
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SUMMARY OF FIBERGLASS FATIGUE 
TEST & STRESS R QE 
SAMPLE PSI Hz MS I 
ID # 

23 111A 40480/4048 0.1 5 2.90 
25 112A 30800/3080 0.1 10 3.24 
30 121A 85670 * 0.5 3.25 
31 120A 82170 * 0.5 2.89 
32 119A 78945 * 0.5 2.96 
36 114A 27430/2743 0.1 10 3.04 
37 113A 27785/2779 0.1 10 3.28 
97 137A 79500 * 0.25 3.’19 
98 136A 84040 * 0.25 3.36 
180 138A -46843 * 0.25 ---- 
181 139A -46198 * 0.25 ---- 
182 140A -43242 * 0.25 ---- 

SUMMARY OF FIBERGLASS FATIGUE 

TEST’ & 
SAMPLE 
ID # 

9 
12 
13 
15 
16 
17 
3. .s 
20 
21 
22 
24 
26 
27 
28 
29 
33 
34 
35 
38 
39 
40 
56 
57 
5G 
61 
64 
66 
99 
100 
183 
184 
185 

103B 
108B 
109B 
lllB 
112B 
113B 
114B 
116B 
107B 
117B 
118B 
119B 
123B 
124B 
125B 
120B 
121B 
1.22B 
1.26B 
129B 
130B 
1.35B 
133B 
127B 
137B 
138B 
138B 
128B 
131B 
139B 
140B 
141B 

STRESS 
PSI 

53600\5360 
38700\3870 
47500/4750 
56130\5613 
37200\3720 
4810014810 
53900/5390 
46600\4660 
46500\4650 
3320013320 
49700/4970 
82800 
90200 
82800 
84500 
33200\3320 
34400/3440 
3320013320 
27585\2759 
22290/2229 
27250/2725 
27130\2713 
2198512199 
89730 
82330 
35503 
49700/4970 
81150 
81085 
-38405 
-40988 
-40297 

R Q 
Hz 

0.1 1 
0.1 5 
0.1 5 
0.1 0.1 
0.1 5 
0.1 5 
0.1 1 
0.1 5 
0.1 4 
0.1 10 
0.1 1 

* 0.5 
* 0.5 
* 0.5 
* 0.5 

0.1 10 
0.1 5 
0.1 10 
0.1 10 
0.1 15 
0.1 10 
0.1 10 
0.1 15 
* 1.0 
* 1.0 
* 1.0 

0.1 1 
* 0.25 
* 0.25 
* 0.25 
* 0.25 
* 0.25 

E 
MS I 

---- 
---- 

3.03 
2.69 
2.92 
3.11 
2.83 
2.79 
3.28 
---- 

2.34 
3.23 
3.11 
3.07 
3.31 
3.08 
2.78 
3.35 
3.01 
2.89 
3.27 
3.24 
3.15 
3.25 
2.95 
---- 

3.03 
2.88 
3.54 
---- 
---- 
---- 

RESULTS MATERIAL A 
e 
% 

1.4 
---- 

2.83 
2.82 
2.64 
0.90 
0.85 
2.20 
2.30 
---- 
---- 
---- 

RESULTS 

e 
% 

---- 
---- 

1.8 
2 
1.29 
1.53 
1.90 
1.6 
1.4 
---- 

1.9 
2.36 
2.73 
2.76 
2.77 
1.08 
1.24 
0.99 
0.90 
0.76 
0.79 
0.84 
0.70 
2.90 
2.79 
---- 

1.64 
2.82 
2.29 
---- 
---- 
---- 

CYCLES 
TO FAIL 

17700 
138596 

1 
1 
1 

1612585 
920132 

1 
1 
1 
1 
1 

MATERIAL B 

CYCLES 
TO FAIL 

2584 
9173 
2640 

7 
38133 
2841 
415 

3008 
32640 

655147 
981 

1 
1 
1 
1 

16156 
206864 
671333 

2310849 
40000000 
7475243 
2720584 

37906456 
1 
1 
1 

6085 
1 
1 
1 
1 
1 

FAILURE 
MODE 

2 LTC 
2UTC 
lMGB 
lMGB 
lMGB 
2UTSC 
2UTJ 
lMGB 
lMGB 
lMGE 
lMGE 
lMGE 

FAI LURE 
MODE 

lLTSJ 
lLTSC 
lLTSJ 
lLGB 
1 LTJ 
1 LTJ 
lLGJ 
lLTSJ 
lLTC 
2 LTSJ 
2UTJ 
lUGJ 
lGBJ 
lUTJ 
lUGJ 
2 LTC 
2UTC 
2ULTJ 
2UTSC 
2 RO 
2LTSC 
lUTC 
lRO 
lMGJ 
lMGB 
lMGDB 
lUGJ 
lMGJB 
lMGJB 
2MGE 
2MGE 
2MGE 
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186 142B -43922 * 0.25 ---- ---- 1 
187 143B -44545 * 0.25 ---- ---- 1 

2MGE 
2MGE 

SUMMARY OF FIBERGLASS FATIGUE RESULTS MATERIAL F 

**. 
TEST & 
SAMPLE 
ID # 

41 1.05F 
44 106F 
45 108F 
47 109F 
49 10IF 
51 104F 
53 103F 
55 lllF 
188 119F 
189 120F 
100” l~lF 

191 122F 

STRESS R 
PSI 

Q 
Hz 

E 
MS I 

e 
% 

CYCLES 
TO FAIL 

FAI LURE 
MODE 

53700 * 
52600 * 
49130 * 
28225/2823 0.1 
14830/1483 0.1 
11250/1125 0.1 
11250/1125 0.1 
14750/1475 0.1 
-54129 * 
-52740 * 

-49359 * 

-54846 * 

0.5 
0.5 
0.5 

5 
5 

10 
10 
10 

0.25 
0.25 
0.25 
0.25 

2.58 2.08 
3.55 
1.77 
---- 

1 
1 
1 

2689 
95101 

1615838 
2487507 
108029 

1 
1 

1 

1 

lMGDBY 
lMGDBY 
lMGDBY 
lMGDBY 
2 LGDBY 
2 LGAY 
2MGCY 
lUGCN 
2MGEN 
2MGEN 

2MGEN 
2MGEN 

2.12 
2.78 

---- ---- 
---- 
---- 

---- 
---- 

---- ---- 
---- ---- 
---- ---- 
---- ---- 
---- ---- 

SUMMARY OF FIBERGLASS FATIGUE RESULTS MATERIAL G 

TEST & 
SAMPLE 
1[) # 

42 105G 
4 “1 106G 
46 108G 
48 1 0“7G 
5() 1 01.G 
‘j 2 102G 
54 109G 
6 “7 11OG 
10’7 104G 
108 105G 

STRESS 
PSI 

R Q 
Hz 

E 
MS I 

e 
% 

CYCLES 
TO FAIL 

1 
1 
1 

2637 
69052 

1669945 
65372 

11160358 
1 
1 

FAILURE 
MODE 

57530 
53095 
48180 
27550/2750 
14900/1490 
11155/1116 
14970/1497 
11250/1125 
51070 
51850 

0.5 
0.5 
1.0 

5 
10 
10 
10 
10 

0.25 
0.25 

2.31 
2.38 
---- 

2.49 
3.51 
---- 

lMGDBY 
lMGDBY 
lMGDBY 
lLGDBY 
2 LGDBY 
2 LGAY 
lLGCN 
lLGJN 
lMGBY 
lMGBY 

* 
* 
* 

0.1 
0.1 
0.1 
0.1 
0.1 
* 
* 

---- ---- 
---- 
---- 

---- 
---- 

---- 

2.58 
2.85 
2.96 

---- 

0.43 
1.79 
1.75 

SUMMARY OF FIBERGLASS FATIGUE RESULTS MATERIAL H 

‘1’IZST & 
SAMPT,E 
1[) ?i 

Cj () 101H 
6() 102H 
69 1(-)4}1 
.7., I(I6H 
“? 2 1 07H 
73 108H 
“74 1.09H 
75 I.IOHT 
76 1.05H 
89 11 lH 
9 1 113H 
c) :) 114H 

STRESS 
PSI 

R Q 
Hz 

E 
MS I 

CYCLES 
TO FAIL 

FAILURE 
MODE 

62218 
57680 
25015/2502 
70370 
85025 
77120 
86400 
6440 
12560/1256 
12550/1255 
30000/3000 
21810/2181 

* 1.0 
* 1.0 

0.1 5 
* 0.03 
* 0.25 
* 0.25 
* 0.25 
* 0.25 

0.1 10 
0.1 15 
0.1 1 
0.1 10 

3.74 
2.72 

3.24 
2.12 
0.68 
2.10+ 
---- 
---- 

lMGDBY 
lMGDBY 
lLGJY 
lMGDBN 
lMGBN 
lMGBN 
1 LTJN 
lLGCN 
lROY 
lMGDAY 
lMGDBY 
lMGDAY 

1 
. 

3.65 45360 
3.56 1 

1 

1 
1 

---- 
---- 
---- ---- 

1 ---- 

4.13 
3.40 
3.85 
3.48 

---- 

0.30 
0.43 
0.73 
0.60 

10000000 
20500167 

16100 
69425 
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95 115H 
192 116H 
193 117H 
221 117H 
241 133H 
242 137H 
243 136H 
244 131H 
245 132H 
246 135H 
247 130H 
248 139H 
249 143H 
250 140H 
253 149H 
254 150H 
258 118H 
259 150H 
260 151H 
269 125H 
2“70 128H 

TEST & 
SAMPLE 
ID # 

62 101J 
63 102J 
65 103.T 
68 104J 
-? o 105J 
81 106J 
82 107J 
93 108J 
94 109J 
127 11OJ 
194 lllJ 
195 112J 
220 113J 
261 140J 
262 141J 
263 142J 

.268 115.J 

L.2d3u/6c. ad7 
-62482 
-61582 
-51082 
20000/2000 
20000/2000 
25000/2500 
25000/2500 
30000/3000 
30000/3000 
35000/3500 
40000/4000 
40000/4000 
50000/5000 
20000/2000 
20000/2000 

102555 
106338 
107947 
97000 
95182 

U..l. 

* 

* 

* 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
* 
* 
* 
* 
* 

lU 
0.25 
0.25 
1.2 
15 
15 
10 
10 
10 
10 
10 
5 
5 
5 

20 
15 

0.25 
0.25 
0.25 
0.25 
0.25 

2.99 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

3.60 
3.63 
3.73 
3.37 
4.01 
3.39 
3.45 
---- 

3.51 
4.01 
4.17 
3.51 
3.63 

0.76 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

0.66 
0.63 
0.95 
1.20 
1.04 
1.53 
0.57 
---- 
---- 
---- 
---- 
---- 
---- 

SUMMARY OF FIBERGLASS FATIGUE RESULTS 

STRESS 
PSI 

63590 
54235 
----- 

25050/2505 
12500/1250 
10770/1077 
10910/1091 
18000/1800 
27230 
15000/1500 
-58396 
-60448 

---- 

104793 
103183 
99863 
97139 

R 

* 
* 
* 

0.1 
0.1 
0.1 
0.1 
0.1 
* 

0.1 
* 
* 
* 
* 
* 
* 
* 

QE 
Hz MS I 

1.0 3.56 
1.0 3.44 
1.0 ---- 

5 3.45 
10 3.80 
15 3.28 
15 3.96 
10 3.35 
-- 3.27 
15 3.51 

0.25 ---- 
0.25 ---- 
1.2 ---- 
0.25 3.81 
0.25 3.73 
0.25 3.51 
0.25 3.55 

e 
% 

3.23+ 
1.6 
---- 

0.77 
0.31 
0.26 
0.28 
0.54 
0.82 
0.42 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

11417 
1 
1 
1 

1401491 
5420000 

502598 
1104989 

96327 
79610 
15703 

2921 
1668 

742 
8222998 

11500000 
1 
1 
1 
1 
1 

MATERIAL J 

CYCLES 
TO FAIL 

1 
1 
1 

17882 
11000000 
18000000 
30300000 

153500 
1 

1460000 
1 
1 
1 
1 
1 

1 
1 

SUMMARY OF FIBERGLASS FATIGUE RESULTS MATERIAL L 

TEST & STRESS R 
SAMPLE PSI 
ID # 

‘? 7 101L 59480/5948 0.1 
78 103L 58820/5882 0.1 
79 102L 40000/4000 0.1 
80 1.04L 38550/3855 0.1 

QE e CYCLES 
Hz ~ MSI o TO FAIL 

1 5.13 1.18 2580 
1 4.48 1.32 593 
5 4.57 0.87 59081 
5 4.21 0.97 45848 

lMGDAY 
lMGEN 
lMGEN 
lMGEHN 
lUTN 
lRON 
lUTBN 
lMGBN 
lUTN 
lLGN 
lUTN 
1 LTAN 
lMGAN 
lMGAN 
1 LTN 
lRON 
lMGBN 
lMGBN 
lMGBN 
lMGBFY 
lMGBFY 

FAILURE 
MODE 

lMGDBY 
lMGDBY 
lMGDB 
lMGDBY 
lROY 
lROY 
lROY 
lROY 
lROEY 
lMGDBY 
lMGEN 
lMGEN 
lMGBX 
lMGBN 
lMGBN 
lMGBN 
lMGBFY 

FAILURE 
MODE 

lUGB 
lUGB 
lMGB 
lUGB 

KK -#J 



83 
84 
101 
102 
196 
19”7 
198 
199 
231 
232 
233 

109L 
127L 
117L 
119L 
122L 
123L 
125L 
126L 
126L 
127L 
128L 

TEST & 
SAMPLE 
ID # 

129 101M 
130 102M 
131 104M 
132 113M 
133 112M 
134 106M 
135 109M 
136 103M 
137 114M 
138 105M 
139 115M 
140 107M 
141 118M 
142 11OM 
143 108M 
200 124M 
201 123M 
202 122M 
203 1.25M 
228 126M 
229 127M 
230 1.28M 

47120/4712 0.1 10 
4/3.5/3.75K 0.1 10 
107260 * 0.25 
108053 * 0.25 
-47161 * 0.25 
-48207 * 0.25 
-47515 * 0.25 
-50836 * 0.25 
-52369 * 0.1 
-64333 * 0.25 
-60360 * 0.25 

5.00 
4.70 
4.47 
5.31 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

0.91 
0.93 
2.40 
2.21 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

SUMMARY OF FIBERGLASS FATIGUE RESULTS 

STRESS 
PSI 

10000/1000 
11000/1100 
76146 
73523 
20000/2000 
20000/2000 
30000/3000 
30000/3000 
40000/4000 
40000/4000 
15000/1500 
15000/1500 
12500/1250 
12500/1250 
11000/1100 
-39824 
-42816 
-41964 
-41185 
-38765 
-42143 
-43636 

R 

0.1 
0.1 
* 
* 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
* 
* 
* 
* 
* 
* 
* 

Q 
Hz 

15 
15 

2.4 
2.4 

10 
10 

5 
5 
5 
5 

15 
15 
15 
15 
15 

0.25 
0.25 
0.25 
0.25 
0.1 
0.25 
0.25 

E 
MS I 

3.11 
3.05 
3.04 
2.93 
3.13 
3.07 
2.80 
2.77 
2.90 
2.79 
3.04 
3.03 
2.97 
3.25 
3.10 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

e 
% 

0.32 
0.36 
3.0 
2.9 
0.66 
0.66 
1.12 
1.12 
1.43 
1.44 
0.49 
0.49 
0.41 
0.39 
0.36 
---- 
---- 
---- 
---- 
---- 
---- 
---- 

SUMMARY OF FIBERGLASS FATIGUE RESULTS 

TEST & STRESS R QE e 
SAMPLE PSI Hz MSI o 

> 

TD # 
85 lIINT 12410 * 0.25 ---- 3.3 
86 101NT 7785/779 0.1 1 1.25 1.34 
87 102NT 9800/980 0.1 1 1.14 1.7 
88 104NT 5000/500 0.1 5 1.24 0.45 
96 103NT 3000/300 0.1 15 3.35 0.28 
103 O1lN 69850 * 0.25 3.03 2.97 
104 012N 67850 * 0.25 3.03 2.84 
105 113NT 12600 * 0.25 1.00 3.82 
106 114NT 13050 * 0.25 1.33 2.29 

153402 
450000 

1 
1 
1 
1 
1 
1 
1 
1 
1 

MATERIAL M 

CYCLES 
TO FAIL 

17764694 
6899599 

1 
1 

18650 
22360 
2319 
2855 
687 
879 

86249 
174168 
397000 
266000 

2498512 
1 
1 
1 
1 
1 
1 
1 

MATERIAL N 

CYCLES 
TO FAIL 

1 
6479 
470 

511047 
34000000 

1 
1 
1 
1 

lUTJ 
lRO 
lMGB 
lMGB 
lMGE 
lMGE 
lMGE 
lMGE 
lMGEV 
lMGEV 
lMGEV 

FAI LURE 
MODE 

2MGDB 
2MGB 
2MGB 
2MGB 
2MGBD 
2MGB 
2UGB 
2MGB 
2 LGB 
2LGB 
2MGB 
2MGA 
2MGB 
2MGA 
2 LTJ 
2MGE 
2MGE 
2MGE 
2MGE 
2MGEV 
2MGEV 
2MGEV 

FAI LURE 
MODE 

lUGC 
2UGC 
2MGC 
2UGC 
2 RO 
lMGB 
lMGB 
lUGB 
lMGB 
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109 lllNT 7785/779 
110 112NT 
111 117N 
112 116N 
113 120N 
114 114NT 
115 118N 
116 119N 
117 O1ON 
118 009N 
119 129N 
120 128N 
121 131N 
122 130N 
123 006N 
124 126N 
125 008N 
126 121N 
128 127N 
145 116N 
146 117N 
208 151N 
209 152N 
210 153N 

9800/980 
56270/5627 
40000/4000 
40000/4000 
5000/500 
30000/3000 
30000/3000 
20000/2000 
20000/2000 
20000/2000 
20000/2000 
15000/1500 
12500/1250 
50000/5000 
11000/1100 
10000/1000 
15000/1500 
10000/1000 
66933 
66599 
-46055 
-48384 
-43725 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
* 
* 

1 

1 
1 

1 

5 
15 
15 
5 

10 
10 
10 
10 
15 
15 
1 

15 
15 
15 
15 

2.4 
2.4 

* 0.25 
* 0.25 
* 0.25 

1.28 
0.97 
2.47 
2.64 
2.51 
1.19 
2.78 
2.85 
2.92 
2.83 
2.96 
2.78 
2.67 
2.87 
2.78 
2.85 
2.89 
2.75 
2.80 
2.93 
2.74 
---- 
---- 
---- 

1.15 
1.42 
2.74 
1.60 
1.70 
0.42 
1.08 
1.05 
0.69 
0.71 
0.68 
0.72 
0.56 
0.42 
1.82 
0.39 
0.34 
0.54 
0.35 
2.81 
2.75 
---- 
---- 
---- 

7950 
711 
27 

626 
811 

1634579 
5684 
4871 

25371 
25781 
37597 
29230 

231826 
1336695 

150 
1648137 
7825000 
165980 

4005593 
1 
1 
1 
1 
1 

FAILURE LOCATION AND MODE DESCRIPTION MNUMONICS 

A - STOPPED A FEW CYCLES FROM FAILURE 
B- BROOMING OF THE FIBERS 
c- CLEAN TRANSVERSE FRACTURE 
D- DEBONDING OF PLY LAYERS 
E - BUCKLING OF THE SAMPLE 
F - hJET CROSS SECTION AREA 
1{ - 1/2 INCH HOLE IN SPECIMEN 
,J - JAGGED TRANSVERSE FRACTURE 
LG - LOWER GAGE LOCATION 
LT - LOWER TAB LOCATION 
MG - MID GAGE LOCATION 
N - MATERIAL DOES NOT HAVE A JOINT 
RO – RUN OUT, NOT FAILED 
s - TAB DEBONDING FROM SAMPLE 
T – Included on sample ID # indicates a transverse test. 
UG – UPPER GAGE LOCATION 
IJT - UPPER TAB LOCATION 
v - DOUBLE THICKNESS SAMPLE 
X - NOT A VALID TEST 
Y - MATERIAL HAS A JOINT 
1 - 1 INCH NOMINAL MATERIAL WIDTH 
2- 2 INCH NOMINAL MATERIAL WIDTH 

2UGB 
2UGB 
lUGB 
lUGB 
lLGB 
2 LGCB 
lMGJDB 
lUGDB 
2 LGA 
2 LGCB 
2UGJDB 
2 LGDB 
2MGA 
2UGA 
2MGB 
2MGDB 
2MGA 
2MGDB 
2UGCB 
2MGB 
2MGB 
2MGE 
2MGE 
2MGE 

*= STATIC TEST - The test frequency “Q” is replaced by the ‘tramp 
rate” in inches per second. The initial strain is replaced by the 
strain at failure. 
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