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1. INTRO DUCT ION 

Fibrous composite materials have recently enjoyed a wide range of 

applications in many areas of current technology. The development of 

damage in these materials is a complex occurrence that is made up of the 

interaction of cracks, debonds, and delaminations. The combination of 

these characteristic damage modes can cause a change in the way a 

material performs under service conditions. Hence there is a great need 

for criteria which can be used to indicate the ~xtent of .overall damage 

in composite materials following a loading history .. Techniques that 

provide such information in a non-destructive manner are currently being 

investigated. One such method shown to have promise is the use of 

changes in the elastic moduli to monitor damage growth in a specimen. 

One attra~tive feature of a stiffness analysis as a monitor of damage 

growth is that the measurement of stiffness is a non-destructive test 

which can be performed using strain gages, extensometers, or even ultra-

sonics. 

Work in the area of stiffness reduction has been performed with a 

boron-epoxy material system, [l], and the information from the study 

herein can be evaluated in conjunction with those results to further 

understand the significance of stiffness degradation in fibrous com-

posites. 

In this investigation a graphite-epoxy material system was studied 

to determine the extent of stiffness reduction during the fatigue life 

of this material. The five laminate orientations were [0]4, [90]4, 

[0,90]s, [±45]s' and [0,90,±45]s. Prime concern was focused towards the 

quasi-isotropic laminate with the other four laminates evaluated to see 
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how they individually contributed to the fatigue response of the quasi-

isotropic laminate. For each laminate, five in-plane stiffness prop-

erties were monitored, four of which are independent. These four 

properties provided a basis for analysis of the type and extent of 

damage that develops in composite laminates under cyclic loading. These 

four properties were measured using a uniaxial tension test, a diago-

nally loaded rail shear test and a flexure test. Comments and sug-

gestions pertaining to the use of these test methods to determine stiff-

ness properties are reported. 

Ultrasonic C-scanning and edge replicating techniques were per-

formed to observe damage growth in addition to monitoring it mechani-

cally by means of stiffness reduction. The data provided by a com-

bination of these three techniques were particularly informative of 

damage growth in the quasi-isotropic laminates. 



2. EXPERIMENTAL PROGRAM 

2.1 Specimen Description 

The specimens used in this investigation were supplied by the 

Southwest Research Institute. The material system was graphite epoxy 

(G/E) consisting of T300 Union Carbide graphite fibers and a 5208 epoxy 

matrix material. Scrim cloth 104 was placed on both sides of the speci-

mens to facilitate mechanical testing and strain measurement procedures. 

The manufacturer's specifications indicated a fiber volume fraction of 

65 ± 1 percent and a void volume content of 0.48 ± 0.20 percent. 

A selection of five different laminate orientations was evaluated, 

totaling 38 specimens; This inventory included six 4-ply unidirectional. 

[90]4, six 4-ply unidirectional [OJ4, six 4~ply [±45]s, ten 4-ply 

[0,90]s, and ten 8-ply [0,90,±45]s specimens. The fiber angle is mea-

sured clockwise from the longitudinal direction of the specimen. 

The nominal specimen dimensions were 17/8 in. x 10 in. with the 

[90]4 specimens measuring 2 in. x 10 in. A. list of the original dimen-

sions is contained in Table I. The specimen size was chosen to allow 

the performance of mechanical testing schemes to measure in-plane 

Young's moduli, Poisson's ratio, and shear modulus. The stacking se-

quences evaluated were chosen in anticipation that the damage develop-

ment and stiffness changes in the quasi-isotropic laminates could be 

correlated with the damage development and stiffness change in each of 

the symmetric laminates which together comprise the quasi-isotropic 

laminate. 

3 
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Table I 

Original Specimen Dimensions 
(Ave. in inches) 

Orientation Thickness Width Length 

[OJ4 0.021 l .881 10.001 

[90]4 0.022 2.003 10.024 

[0,90]s 0.022 1.882 l 0. 001 

[±45]s 0.022 1.883 10.006 

[0,90,±45]s 0.041 1.884 10.025 
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2.2 Ultrasonic Nondestructive Testing 

Prior to the performance of any mechanical testing, a series of 

ultrasonic tests was conducted in order to determine the extent of 

fabrication defects in each specimen. 

The method of ultrasonic detection used was C-scan. For this 

technique a high frequency ultrasonic pulse is transmitted through the 

specimen by means of a transducer. The specimen is submerged in a tank 

of tap water during scanning, with the water serving as a coupling 

medium. In passing through the specimen, the pulses are attenuated by 

voids, delaminations, discontinuiti~s or other possible flaws which have 

a plane perpendicular to the beam direction. This attenuated pulse then 

returns to the transducer and is recorded. 

Initial C-scans of the 38 specimens were conducted at two intensity 

levels, with the results indicating no major fabrication defects in any 

of the specimens~ 

Several specimens which showed significant changes in stiffness 

were also scanned at intervals during fatigue loading in order to ob-

serve any correlation between the change in mechanical.properties and 

defects detected by C-scanning. These results are discussed later. 

2.3 Property Measurement Techniques 

Fbr a long, thin composite laminate, the three principal geometri~· .· 

directions are referred to as the X, Y, and Z directions and are illus-

trated in Fig. 1. When describing the in-plane elastic response of a 

laminate, five engineering constants are necessary. These are Exx' 

Eyy' vxy' vyx' and Gxy· By experimentally determining three of the 

first four, and Gxy' the remaining property can be determined by 
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PRINCIPAL GEOMETRIC 
DIRECTIONS ; x, y, z 

Figure 1. Principal Geometric Directions 

x 



7 

applying the relation E v = E v . · xx yx yy xy 
For a single lamina or a unidirectional laminate, the principal 

material axes are parallel and perpendicular to the fiber directions, 

Fig. 2. In the case of a general laminate, the principal material 

directions do not coincide with the geometric coordinate directions 

which are natural to the solution of the problem. For the unidirec-

tional [OJ4 and [90]4 the fiber directions correspond to the principal 

geometric directions, so mechanical tests on these laminates yield the 

principal material properties E11 , E22 , v12 , v21 , and G12 . 

The three testing techniques used to determine four of the in-plane 

mechanical properties were a longitudinal uniaxial tension test, a rail 

shear test, and a simply supported three point bend test. The rail 

shear and bend test are further described in reference [l]. These three 

mechanical tests were performed together prior to cyclic loading and at 

intervals during the loading to determine the material properties. 

2.3.l Longitudinal Test 

A uniaxial tension test was performed in order to determine the 

longitudinal modulus (E11 , E22 , or Exx) and Poisson's ratio (v12 , v21 , 

or vxy) for each laminate. This testing was performed on a 20 kip 

servo-hydraulic MTS testing machine at ramp rates ranging from 2 lbs/sec 

to 6.7 lbs/sec. All specimen types were quasi-statically loaded to a 

maximum stress that was considered non-destructive in comparison with 

the mean stress level applied during cyclic fatigue loading. Ramping 

rates and maximum load levels are summarized in Table II. 

Data for the longitudinal tests were recorded using an X-Y-Y' 
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PRINCIPAL MATERIAL DIRECTIONS, I, 2, 3 

3 

Figure 2. Principal Material Directions 



Table II 

Ramp Rates and Maximum Load Values 

Longitudinal Test Rai 1 Shear Test 

Orientation Ramp Rate Maximum Load Ramp Rate Maximum Load 

[OJ4 6.7 lbs./sec. 1000 1 bs. 2.0 1 bs. /sec. 100 1 bs. 

[90]4 2.0 lbs./sec. 100 1 bs. 2.0 lbs./sec. 100 1 bs. 

[0,90]s 4.0 lbs./sec. 500 1 bs. 2.0 lbs./sec. 100 1 bs. 

[±45]s 2.0 lbs./sec. 250 1 bs. 

[0,90,±45]s 6.7 lbs./sec. 1000 lbs. 2.0 lbs./sec. 300 lbs. l.D 
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plotter which simultaneously generated plots of longitudinal strain 

versus load and longitudinal strain versus transverse strain. 

Strain data was gathered using a 0,45,90 deg stacked rosette with 

a gage length of 0.060 in. located in the center of the specimen. A 

stacked 0,90 deg gage with a gage length of 0.120 in. was used for the 

[±45]s laminates since a 45 deg gage was not needed to determine G12 . 

Rosen [2] has proposed a method for finding the in-plane lamina 

shear modulus from a uniaxial tension test on a [±45]s laminate using 

data gathered from a 0,90 deg gage. The expression for the longitudinal 

shear modulus of a unidirectional layer is: 
ax 

G 12 = -=-2 ..,....( e:_x_+ _e:_Y-.-) 

where 

G12 = Long. shear modulus of a unidirectional layer 

ax =Applied uniaxial stress (0 deg direction) 

e:x = Longitudinal laminate strain 

e:Y = Transverse laminate strain. 

This data was obtained from the plots containing the longitudinal 

modulus and Poisson 1 s ratio information. 

Measuring the longitudinal modulus and Poisson 1 s ratio using a 

longitudinal testing technique is an ASTM standard (No. 3039) and 

assumed to be reliable for this investigation. Repeatability data for~:•···· 

removing the specimen between each loading can be found in reference 

[l]. 

2.3.2 Rail Shear 

A rail shear apparatus designed at VPI&SU by 0 1Brien [l] for use 
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with 2 in. by 10 in. composite specimens was used for this segment of 

the experimental testing. 

The device was designed in resemblance to a commonly used rail 

shear rig [3]. The difference between the two fixtures is in the grip-

ping assembly. The specimen was clamped between two aluminum plates, a 

pair on either side of the specimen, with each plate gripping an area of 

6.25 in2. (0.625 in. x 10 in.). Each pair of plates was clamped to the 

specimen with five nuts and bolts, which were torqued to 15 ft-lbs. A 

restraining clamp was used to keep the two sets of plates from moving 

before the specimen was actually sheared, Fig. 3. 

Extreme care was taken while positioning the specimen in the rig 

before each test to minimize misalignment errors. Two cross hairs, 

running through the center of each specimen were positioned relative to 

the rail shear rig to assure alignment. The longitudinal crosshair was 

positioned midway between the two sets of plates which were separated by 

a distance of 3/4 in. The transverse cross hair was aligned with a 

center tic mark on each top plate. Specimen alignment for this test is 

further illustrated in Fig. 4. 

The rail shear testing was performed on the MTS testing machine 

described previously. An inverted ramp of 2 lbs/sec was used to shear 

the specimens after a slight compressive load was induced to hold the 

rig in the testing machine and the restraining clamp was removed. 

Figure 5 shows a photograph of the rig and a specimen ready to be 

tested. The [o]4, [90]4 and [0,90]s specimens were loaded to a maximum 

compressive load of 100 lbs, and the [0,90,±45]s specimens were ramped 

to 300 lbs maximum load. Ramping and loading information is tabulated 
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Figure 3. Rail Shear Rig with Restraining Clamps 
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Figure 5. Rail Shear Rig without Restraining Clamps 
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in Table II. 

Three repetitions of each test were conducted so that an average 

modulus could be calculated. Data were collected using an X-Y-Y' and 

and X-Y plotter with load input to the X channels and the longitudinal, 

transverse and 45 deg strain input to the three Y channels. 

The constitutive equation for an orthotropic material in a state of 

plane stress is given by Jones [4] as: 

E: l 
l 

El1 
-\)12 
Ell 0 a 1 

= 
-\)12 l 0 £2 Ell E22 cr2 

'Y 12 0 0 1 
G12 "[12 

For a unidirectional specimen in a state of pure shear, the in-

plane shear modulus G12 = T12;y12 . The magnitude of the pure shear 

stress (T12 ) is the applied load divided by the product of the specimen 

gage length and thickness. The shear strain {y12) in terms of the 

strains recorded by the stacked 45 deg rosette is given by: 

For a state of pure shear, the s0 and s90 values should ideally 

vanish, but small values could be present due to any gage misalignment 

or specimen misalignment. 

For a [0,90]s laminate, the rail shear test also yields a value of 

G12 , and for a [0,90,±45]s laminate the test yields a value of Gxy' As 

previously mentioned, the lamina shear modulus G12 can be obtained by 



Table III 

Comparison of Experimental Values for G12 

Percent 
Difference 

Mean Standard Compared with 
Rail Shear Method (MSI) (MSI) Deviation (MSI) G12 for [±45]s 

[OJ4 0.976 0.931 · 1. 02 0.976 0.045 1.5% 

[90]4 0.929 0.875 0.881 0.895 0.030 7% 
_, 
C"I 

[0,90] 5 0.916 1.00 0.896 0.935 0.935 0.056 3% 

Uniaxial Tension Method (MSI) 

1.00 0.960 0.952 0.935 0.962 0.028 
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longitudinally loading a [±45]s specimen and recording the values of the 

1ongitudinal and transverse strain. This value could theri be used as a 

basis for comparison for G12 values obtained by performing rail shear 

tests on [OJ4, [90] 4, and [0,90]s specimens. The comparison of this 

data is presented in Table III, and indicates good correlation between 

the four measured values of G12 . 

Plots of e45 versus applied load from this evaluation show that the 

relation remains linear for the [OJ4, [90]4, and [0,90]s specimens. In 

one instance, the plot for a [0,90]s specimen deviated significantly 

from linear, but inspection of the specimen showed it to be badly mis-

aligned in the rail shear rig. 

Longitudinal and transverse strains were also .observed during the 

rail shear test. A summary of the magnitude of these strains with 

respect to the e45 strains is in Table IV. These data indicate that 

regardless of the fiber direction, the strain in the longitudinal direc-

tion is smaller than that in the transverse direction and is negligible 

except for the [0,90,±45]s laminate. 

The presence of a larger transverse strain, even in a specimen 

which is stiffer in the transverse direction, can be attributed to 

twisting of one pair of plates with respect to the other since there is 

no constraint between them during loading. This twisting in turn causes 

transverse bending of the specimen. Furthermore, any misalignment of 

the two crossheads would accentuate the bending of the specimen as 

loading continues. Experimental data also suggested that the transverse 

strain was due to twisting of the plates. The [0,90]s specimen 6 was 

tested in shear with the restraining clamp still in place. This kept 



Table IV 

Longitudinal and Transverse Strain Data for the Rail Shear Test 
(Percentages of E45 ) 

Orientation Longitudinal (EL/E45 ) Transverse (ET/E45 ) 

[OJ4 (Ave. of 15) 0.25% 2.8% 

[90]4 (Ave~ of 18) 1. 7 % 2.8% 

[0,90]s (Ave. of 22) 0.76% 1 .3% 

[0~90,±45]s (Ave. of 20) 15.9 % 16. 1 % 
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the two sets of aluminum plates from applying a transverse bending load 

to the specimen. The plot of load versus transverse strain with the 

clamps in place was very straight with no fluctuations in transverse 

strain as was seen in the unrestrained case. The plot of load versus 

£ 45 was also straighter in the rest~ained case as compared to the un-

restrained case. These observations suggest that the feasibility of 

running a transversely restrained rail shear test should be further 

investigated. 

The results for the quasi-isotropic laminates did not appear as 

reliable as those for the other laminates. Plots of £45 versus load 

were not consistently linear. The longitudinal and transverse strain 

also fluctuated in a non-linear fashion during loading. and their values 

reached as high as 32 percent of the £ 45 strain. Data from reference 

[l] show that the repeatability of the lamina shear modulus measurement 

is good for orthotropic laminates, but poor for the quasi-isotropic 

ones. 

A study of shear specimen tests using the finite element method has 

been conducted, [5], and the results agree with the qualitative findings 

in this investigation. The finite element solutions indicate regions of 

uniform shear along the centerline of unidirectional and crossply lami- · 

nates. For a quasiisotropic laminate the results show peak shear values 

near the free edge and a generally non-uniform distribution of shear 

stresses in the test section. These results were for a solution as-

suming the shear rig to be made of elastic rails. Plots for [0]4 and 

[0,90] specimens show uniformity of the shear stress along the length . s 
of the specimen to be very similar for elastic rails and rigid rails. 
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Elastic rail inconsistencies appear for the (0,90,±45] plots and agree s 
with experimental results from this investigation and a previous in-

vestigation (l]. 

2.3.3 Bend Test 

As in the case of the rail shear test, the device used in the bend 

test was designed at VPI&SU for use with 2 in. x 10 in. specimens. This 

plate bending scheme was developed as an alternative to a transverse 

tension test for determining E yy 
For this bend test, the specimen is assumed to be a plate with one 

long dimension and one short dimension. Using the base designed for 

this test set-up allowed the support conditions to be simple supports on 

the long sides, and free edges on the short side, Fig. 6. The simple 

supports were at a distance of 1.75 in apart, and a line load was 

applied down the center of the plate between the two simple supports. 

The line load was transmitted by an 8 in. chisel point loading bar 

attached to the moving head of a 20 kip Instron machine. The specimen 

and its base rested on a 50 kg compressive load cell, and load output 

was monitored with a digital volt meter. 

The deflection of the specimens during bending was a controlled 

parameter. Each specimen was deflected 0.020 in. at its midpoint at a 

rate of 0.005 in./min. Deflection was measured with a magnetic base 

dial indicator with the base attached to the frame of the Instron, and 

the needle point in contact with the underside of the moving crosshead. 

A correction factor that compensated for the load cell deflection 

had to be incorporated into the solution of this problem due to the 
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SUPPORT 
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Figure 6. Bend Test Configuration 
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method of measuring the specimen deflection. Since deflection was · 

measured between the moving crosshead and the stationary base of the 

Instron, the load cell deflection was not accounted for, and had to be 

subtracted from the deflection measured by the dial indicator. The 

correction factor proved to be significant in the calculation of Eyy' 

and was used for all calculations of E The deflection of the load yy 

cell was found to increase linearly with increasing load. 

For unidirectional laminated plates in bending, an exact solution 

for EYY can be obtained by using a Levy solution [6] and solving iter-

atively for E The Levy solution was for a plate simply supported yy 

on two opposite edges and free on the other two. Using an assumption of 

an infinite plate simply supported on two edges and an infinite line 

load, a closed form solution for EYY can be obtained and the value of 

EYY can be calculated very simply. For the specimens in this case, the 

difference between the exact and the approximate solutions is negli-

gible. A comparison of these two methods is given in the Appendix. 

For a specimen that is not unidirectional, neither the Levy nor 

the infinite plate solution can be correctly applied to solve for EYY 

This is due to the presence of the shear coupling terms (o12 , 026 ) in 

the bending stiffness matrix O .. [6]. Bend tests were performed, how-lJ 
ever, on the [0,90]s, [±45]s and [0,90,±45]s laminates. The data col-

lected from the tests were inserted into the infinite plate solution and 

analyzed to see if the results would correspond with the results from 

the longitudinal tension tests. 

Three tests were run on each specimen and the maximum load recorded 

after a deflection of 0.020 in. was achieved. 



23 

A series of tests was conducted in which the specimens were re-

aligned under the loading nose prior to each run. The effect of this 

realignment upon the final load value was negligible. 

A similar procedure was performed except the dial indicator was 

repositioned and rezeroed between each run. This alteration produced 

changes of up to 2.9 percent in the final maximum load. Hence between 

each loading repetition the dial indicator was repositioned in order to 

minimize its error by means of an average. 

2.4 Mechanical Testing: Static to Failure and Cyclic Fatigue 
' 

Prior to conducting cyclic fatigue tests, a uniaxial tension test 

was performed in order to determine the fracture strength and fracture 

elongation of each specimen type. 

This series of tension tests was run similarly to the longitudinal 

tests except that the specimens were pulled to final fracture. Two 

specimens of each orientation were fractured and average values of 

ultimate tensile strength and ultimate elongation were determined for 

each type of specimen. The data from these tension tests are compiled 

in Table V. 

This information was used to determine strain levels at which to 

run the fatigue tests. These fatigue tests were run on a 50 kip MTS 

machine similar to the 20 kip machine used for the longitudinal and rail 

shear tests. 

The fatigue tests were run in strain control for the three fiber 

dominated specimens, but load control was used for the [±45]s and [90]4 
specimens since switching the MTS machine from load control to strain 
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Table V 

Failure Test Data 
(Ave. of 2 specimens) 

Pmax ( 1 bs) amax {psi) Emax ( µE:) 
64.8 percent 

Orientation of Emax ( JJE) 

[OJ4 8,869 219' 100 10 '500 6,800 

[90]4 300 6,800 3,150 2,040 

[0,90]s 5,500 136,000 11 ,000 7'130 

[±45]s 1'040 25' l 00 12,000 7,800 

[0,90,±45]s 7,450 96' 500 12 '100 7,840 
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control after mounting the specimen presents the possibility of buckling 

these two types of specimens. This mode switching process was necessary 

since specimens had to be loaded into the machine grips in either load 

or stroke control. 

Ideally it would be desirable to perform all of the fatigue tests 

in strain control when trying to induce stiffness reduction. ·This is so 

that with decreasing axial stiffness, load will also decrease and the 

possibility of a run-away failure will be decreased. 

The strain was monitored with a one inch clip-on extensometer as 

described in the longitudinal test section. All tests were tension-

tension cycled at a frequency of 10 Hz and a strain ratio of 0.2. 

Certain material properties were continuously monitored during 

cyclic loading with a programable calculator used in conjunction with a 

digital protessing oscilliscope. These properties .included maximum 

load, the corresponding stress, maximum strain, and compliance. 

The initial fatigue loading tests for each specimen were run at a 

maximum strain l~vel of 64.8 percent of ultimate strain. Cycling was 

continued until either fracture or 1 x 106 cycles. 

Following this series of fatigue tests it was possible to tell if 

a maximum strain level of 64.8 percent was above, below, or in the 

vicinity of the knee apparent in the cyclic strain-life curve of fiber 

reinforced composite materials. The knee is evident when the maximum 

cyclic strain and life are plotted on linear axes [l ,7]. If this cyclic 

strain level is below the knee for a certain laminate orientation, a 

long fatigue life would result. Where as if the strain level .is above 

the knee, a very short fatigue life would result. 
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From this pre1iminary information, a fatigue test program was 

deve1oped and is specifica11y described for each specimen type in the 

resu1ts and discussion chapter. 



3. RESULTS AND DISCUSSION 

3.1 Introductory Comments 

The first two cyclic fatigue tests performed on each specimen type 

produced results indicating the relative position of a 64.8 percent 

strain level to the knee in the maximum cyclic strain-linear cycles 

curve for each laminate. 

Ultimate strength and strain data, along with the strain level 

corresponding to 64.8 percent of the ultimate strain for each laminate 

type is contained in Table V. Property data taken at intervals during 

the fatigue life for each specimen are in Tables VI - X. 

3.2 [0]4 Specimens 

The first of the two specimens cycled at 6800 µE survived 1 x 106 

cycles, but was not free from damage at this point. Splitting developed 

on both edges of the specimen. On the left edge, the split began where 

an off-axis fiber intersected the free edge.· On the right hand side, 

the splitti~g occurred about 1/8 in. in from the edge, and from the top 

to the middle of the specimen. During fat~gue loading the grips covered 

two inches from the top and bottom of each specimen. 

The second spedmen cycled as this strain levei failed prematurely 

by what appeared to be grip induced failure. Failure occurred by means 

of a longitudinal split running the entire length of the specimen. 

After failure, the observation that on~ half of the failed specimen was 

in tension, while the other half was in compression was evidence sug-

gesting grip related failure. 

The third fatigue specimen was cycled at 8925 µE (85 percent of the 

27 



Table VI 

[OJ 4 Specimen ~atlgue History Data 

~pe1..:lmcn No. 
E No. Ex(Ell) LIE E 1 LiE 1 Ey(E22) LIE 

£ (~) x x~i; xcc; y max 
£.ult Cycles (Msj) ( % ) (Msl) (%) (Msl) (%) 

(~IC) (" i 

1 0 19.6 --- --- --- 1. 77 ---
u800 (61;. ei 1,000,000 20. () 2.0 --- --- 1. 88 6.2 

3 0 18.3 --- 18.8 --- 1. 76 ---
6800 (64.8) 1,81!0 --- "'l"-- l'.J. 0 1.1 1.88 6.8 

7 '6"{(1 F'allure* --- --- --- ---
';i 0 2U.l --- lq.8 --- 2.06 ---

ii'l25 (85) 22,900 19. '.:> -3.0 2U.0 l. 0 1. 83 -11 

4 0 20.1 --- --- --- l. 811 ---

Gxy(Gl2) 41.G v xy xy 
(Msi) (%) (vl2) 

0. '!'{6 --- 0.380 
0.978 0.2 0-.371 

0.931 --- 0.399 
--- --- ---
--- --- ---
1.02 --- 0.350 
0.)79 -4.0 0. 339 

--- --- 0.365 

llv xy 
(%) 

---
-2.37 

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

-3 .111 

---

v yx 
(v21) 

o. 0311 
0.035 

0.038 
---
---
0.036 
0.032 

0.033 

6vxy 

(%) 

---
2.94 

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

-11. l 

---

N co 



Table VII 

['J0] 4 Specimen Patir;uP l!ist.01·y r>ata 

Specimen No. . 
E No. Ex(E22) i'.E E 1 6E 1 Ey(E11 ) l.IE 

Emax ( max) x xcp: xcg y 
Eult Cycles (Msi) ( % ) (Msi) ( % ) (Msi) ( % ) 

( usl ( % ) 

1 0 1. 85 --- l. llO --- 14.2 ---
2040 (611.8) !GS, 120 2.05 11 1. 34 -4.3 Iii. 5 2.1 

206,()00 --- --- 1. 26 -10 --- ---
327,220 1. ()3 4.3 1. 24 ~11 14.9 4.9 

l,002,110 1. 90 2.7 --- --- 14.7 3.5 
4 0 ·i. 89 --- 1. 25 --- 111. 7 ---

2040 (64.8) 10,000 Failure* --- --- --- --- ---
3 0 1. 92 --- 1. 33 --- 14.6 ·, ·---

2520 (80) 3,850 Failure --- --- --- --- ---

1 - clip gage modulus 

• - see text for failure explanation 

Gx/Gl2) t;G v xy xy 
(Msi) ( % ) (v21) 

0.929 --- 0.105 
0.958 3.1 0.120 
--- --- ---

o.874 -s.9 0.107 
0.963 3.7 0.108 
0.875 --- 0.095 
--- --- ---

0.881 --- 0.100 
--- --- ---

i'.vxy v yx 
( % ) (vl2) 

--- 0.807 
14 0.853 
--- ---
1. 9 0.827 
2.9 0.834 
--- o. 738 
--- ---
--- 0.762 
--- ---

6v x.y 
( % ) 

---
5.7 
---
---
I). 9 
---
---
---
---

N 
l..O 



Table VlII 

[0,90] 5 Specimen Fatigue History Data 

Specimen No. 
E 

E ( max-) No. E t.E E xce;1 t.E 1 E 6E max Eult x x xcg y y 
( \lE) ( % ) Cycles (Msi) ( % ) (Msi) ( % ) (Msi) (%) 

3 0 10.0 --- ll. 2 --- 3.50 ---
1Jc·OO ( 611.il) 81111, 840 10.1 1.0 --- --- 3.52 o.6 

6 0 11. 0 --- 12.2 --- 3.91 ---
·-''JOO (64.8) 2,660 --- --- 13.0 6.6 --- ---

10,260 11.4 3.6 10.2 -16 3. 911 0.8 
100,0fJO --- --- 10. 3 -16 3.87 -1. 0 

1,000,000 10.6 -3.6 10.7 -12 3; 93 0.5 
5 0 10.7 --- 10.5 --- 3. 71 ---

l350 (85) 155,250 !<'ail ure --- --- --- --- ---
2 0 --- --- --- --- --- ---

-S ·StJO' (80) 8, 91!0 Failure --- --- --- --- ---
9 0 10.3 --- 10.0 --- 3.33 ---

:'3300 (SO) 7,500 Failure --- --- --- --- ---
7 0 11. l --- 10.4 --- 3.48 ---

AtJOO (73) 1,000,000 11. 6 4.5 10.8 3.8 3.58 2.9 

- clip ~a~e modulus 

Gxy(Gl2) 6G v xy xy 
(Msi) ( % ) 

--- --- 0.129 
0.852 --- 0. 136 
0.917 --- 0.138 
--- --- ---

0.915 -0.2 0.122 
--- --- ---

0.856 -6.7 0.161 
1. 00 --- 0.138 
--- --- ---
--- --- ---
--- --- ---

o.869 --- 0.121 
--- --- ---

0.954 --- 0.121 
o.842 -11. 7 0 .116 

/w v xy yx 
( % ) 

--- Ll. 0115 
5. lj 0. 011·7 
--- 0.049 
--- ---

-11.6 O. Oil;> 
--- ---
16.7 0.060 
--- 0 .0118 
--- ---
--- ---
--- ---
--- 0.03') 
--- ---
--- 0.038 

_,, .1 0.036 

t,v yx 
( % ) 

---
4. lj 

---
---

-l'l 
---
22 
---
---
---
---
---
---
---

-5.3 

w 
Cl 



Table IX 

[±115) 8 Specimen Fatigue History Data 

Specimen No. 
'-

£ ( max) No. E t.E E 1 t.E xcg1 Ey t.Ey 012 t.Gl2 \) t.v \) t. \) max £ult x x xcg xy xy yx yx 
(µ£) ( % ) Cycles (Msi) ( % ) (Msi) ( % ) (Msi) ( % ) (Msl) ( % ) ( % ) ( % ) 

1 0 3.56 --- 2.67 --- 3. 011 --- 1. 00 --- 0.78G --- 0.672 ---
7800 ( 6 4. 8) 5, IJOO Failure" --- --- --- --- --- --- --- --- --- --- ---

5 0 3.35 --- 2.61 --- 3.19 --- 0.960 --- 0. 7 37 --- 0.701 ---
I800 ( 64. 8) 5,530 ~.43 2.4 2.16 -17 3.26 2.2 0.996 3. fl 0.724 -1. 76 0.689 -.l. 71 

10,530 3.18 -5.l 2.08 -20 3.20 0. 3 0.929 -3.2 0. 717 -?. 71 0.72? 3. 00 

15,050 Failure" --- --- --- --- --- --- --- --- --- --- ---
3 0 3.26 --- 2.68 --- 3.09 --- 0.952 --- 0. 710 --- 0.6711 --- w 

tJOOO ( 50) 10,000 3.13 -4.n 2.68 o.o 3.09 0.0 0.926 -2.7 0.705 -0.70 0.696 3. 26 
73, 110 Failure* --- --- --- --- --- --- --- --- --- --- ---

6 0 3.15 --- 3.07 --- 3.36 --- 0.935 --- 0.696 --- 0. 7112 ---
11200 ( 35) 10,000 2.93 -7.0 3.02 -1. 6 3 .118 3.6 0.986 5.5 0. 6119 -6.75 0. 770 3. 77 

29,800 3.11 -1. 3 3.08 0. 3 I 3.31 -1. 5 0.925 -1. l 0.701 0.72 0. 7115 0.110 
99,800 3.12 -1. 0 3. 011 -1. 0 3.41 1. 5 0. 92'1 -1. 2 0.693 -0 .113 0. 75fl 2 .11) 

501,800 3.21 1. 9 3.19 3.9 3.39 0.9 0. 9119 1. 5 0.699 0. 43 0. 7110 -0.27 
1,000,000 3.25 3.2 3.07 0.0 3. 36 0.0 0.967 3. lj 0.706 1. 44 0.730 -1.62 

51100 (45) 1,100;000 3. Oil -3-5 3.18 3.6 3.22 -4.2 0.917 -1. 9 0. 713 2. lj/j 0.755 1. 75 
1,113,310 Failure --- --- --- --- --- --- --- --- --- --- ---

1 - clip gage modulus 
• - see text for failure explanation 



Table X 

[0,90,±~5Js Specimen Fatigue History Data 

:;pecimen No. 
£ -

>: ( ~) tlo. E t.E E 1 t.E 1 E t.Ey max £ult. x x xcg xcg y 
( µt:) (;:'.) Cycles (Msi) ( 3) (Msi) ( % ) (Msi) ( % ) 

9 0 7.99 --- 8.52 --- 6.75 ---
/840 ( 611. 8) ti44 ,tl10 l<'ai 1 Ul'C --- --- --- --- ---

6 0 ·r. I9 --- 8.19 --- 6. !t '( ---
7840 ( (j !1. 8) Li,000 '{. 51 -3.6 8.21 0.2 6.58 l. 7 

l7,21l0 Fa11•1re* --- --- --- --- ---
3 0 8.08 --- 7.90 --- 7.70 ---

'{840 (64.8) 10,000 7.58 -6.2 7.50 -5.1 7.91 2.7 
100,000 7.25 -10. 3 7.40 -6.3 7 .91 2.7 
128,coo 7.23 -10.5 7.37 -6.7 --- ---
200,000 '{.10 -12.1 7.31 -7.5 'i. 80 1. 3 

10 0 7.88 --- 7.9? --- 7 ')C . _ _, ---
'JG 8 0 (80) 4,01)0 F'ailure --- --- --- --- ---

2 0 8.38 --- ·r. s1 --- 6.70 ---
11230 (35) 100,000 8.35 -0.4 '{. 8 3 U.3 6.70 0.0 

500,LlOO 8. 3'.:i -0. 11 8.19 lj. 9 G. 80 l. 5 
1,000,000 8. :·6 -1. 11 7. 'JO l. 2 6.81 l. 6 

S4~0 ( 115) l,lUO,OUO 8. 14 _,,. 9 7.94 (). 9 6. 77 1.0 
1,113,310 8. 39 0.1 7.98 2.2 6. 76 0.9 

8 u 8.11 --- 7.61 --- 7.16 ---
·r SltrJ ( 611. fl) 5,000 7.90 -2.6 7.68 0.9 --- ---

11,iJOO 8. G9 -0.2 7.64 0.11 7.11 -0. '( 

1 - clip gage modulus 
• - see text ror failure explanation 

G AG \) xy XY xy 
( M,; i) ( % ) 
3.16 --- 0.328 
--- --- ---
3.01 --- 0.313 
--- --- o.3Hi 
--- --- ---
3.93 --- o. 308 
j.IHl -11. 5 0.293 
3.22 -18.1 0.280 
--- --- ---
3 .11 -20.9 0 .2'(2 

--- --- 0.300 
--- --- ---
2. '.)8 --- 0. '3 113 
3.17 6 .11 0. 338 
3.11 lj_ lj 0. 3112 
3.10 4. o o. 333 
--- --- 0.329 
3. lj '{ 16 .11 0.339 
2.95 --- 0. 325 
--- --- 0. 321 
1.16 ·r .1 0. 325 

tlv \) xy yx 
CH 
--- 0. ~77 
--- ---
--- 0.260 
] . 0 0.277 
--- ---
--- 0.294 

-4.9 0.306 
-9.1 0.305 
--- ---

-11. 7 0.29') 
--- 0.276 
--- ---
--- CJ.2711 

-1. 5 o. 271 
-0.3 0.279 
-2.9 0.275 
_11.1 0. 2'(11 

-1.2 0. 27 3 
--- 0.287 

-1.2 ---
0 0.286 

t.v yx 
( % ) 
---
---
---
6. '.:! 
---
---
11.1 
3. ·r 
---
1. 7 
---
---
---

-1. 1 

1. 0 

0.11 
0.0 
0 .11 

---
---

-0. 1 

w 
N 
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ultimate strain). At 22,900 cycles, cracking was distinctly heard so 

the test was stopped. Splitting was observed on the right hand side and 

originated where an off-axis fiber intersected the free edge. There was 

also a split one inch long running down the center of the specimen, 

starting at the bottom edge. 

The longitudinal splitting produced by the cyclic loading did not 

decrease the longitudinal stiffness Exx (E11 ) of the laminates. For the 

first specimen in which splitting occurred the longitudinal modulus 

showed an increase in magnitude. 

The transverse modulus and lamina shear modulus are decreased by 

longitudinal splitting when the splits occur within the test section for 

the particular test. The two edge splits in the first specimen were 

outside of the simple support~ for the bend test, and within the clamped 

area for the rail shear test. Hence the splits are not within the test 

section for either of these tests. This is reflected in the test data 

since no decrease in either Eyy or G12 is noted. However, for the 

specimen with a split down its center, a decrease in Eyy and G12 was 

seen, the change in EYY being 11 percent. 

3.3 [90]4 Specimens 

Fatigue tests for these specimens were conducted in load control 

due to their large values of longitudinal compliance. When switching 

from load to strain control buckling was very likely for these speci-

mens. 
) . 6 The first specimen cycled at 2040 µe (64.8 percent ran to 1 x 10 

cycles without failure or any visible defects. The second specimen was 
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3 cycled to 10 x 10 cycles and was stopped. Then the specimen broke when 

removing it from the machine. 

Next the maximum strain level was increased to 2520 µE (80 percent) 

and this specimen broke after 3850 cycles. 

Fatigue life-property data was accumulated for only one [90]4 

specimen, and the data is contained in Table VII. The E values xx 
measured with the strain rosette indicate initial strain hardening, 

followed by a subsequent decreasing trend in E The trend shown by xx 
the clip-on extensometer is quite different, with E continually xx 
decreasing to a value 11 percent below the initial modulus. The initial 

modulus measured by the extensometer is less than that for the strain 

gage, and may be attributed to the larger gage length of the extensom-

eter. This longer gage length would include a larger number of fibers, 

and hence a larger volume of matrix material. Any weakness in the 

matrix within the gage length would reduce the overall stiffness measure-

ment. For this reason it would be likely for the extensometer to in-

dicate more of a reduction in modulus with fatigue life than the strain 

rosette. 

The reduction in Exx' whether following an initial increase or not, 

would be due to weakening of the matrix, but not associated with matrix 

splitting on the macroscopic scale. Any macroscopic splitting that 

occurs propagates rapidly across the width of the specimen causing 

failure. 

Poisson's ratio follows a trend similar to that demonstrated by the 

strain gage modulus Exx Due to the high transverse stiffness and con-

sequently the small transverse strain, the accuracy of this calculation 
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is questionable. A procedure described by Daley and Riley [8] for 

checking gage cross-sensitivity shows no need for correcting ~he v21 
value. The discrepancy between the actual and the corrected value is at 

most 3.2 percent for this laminate. 

Comparison of the v21 value obtained from v21 = E22v12;E11 and the 

experimental value shows the experimental value to be in the range of 

186 percent too high. This comparison indicates the uncertainty of 

measuring v21 using a [90] 4 laminate. 

The values of Eyy (E11 ) measured using the bend test are very low 

for this laminate. Likewise, the Eyy values are very low for [0,90]s 

laminates, and are significantly low for the [0,90,±45]s laminates. 

Several reasons for a conservative transverse modulus measured in 

bending for laminates containing 90 deg plies have been suggested. One 

is that the shear coupling may be quite significant due to the low ratio 

of shear modulus to longitudinal modulus of most composites. This fact 

may be responsible for the low value of longitudinal modulus compared to 

the corresponding value measured in the tension test [9]. Another 

reason could be the relative position of the 90 deg plies with respect 

to the mid-plane due to stacking sequence. The tensile modulus of 

symmetric laminates is independent of stacking sequence, while the 

bending modulus can be highly dependent on stacking sequence [10]. 

Lastly, the restraining effects of the plies with fibers running down 

the long length of the specimen create a state of biaxial stress in the 

test section, which is different then the assumed stress state in the 

bend test. 

No evidence suggesting characteristic changes in Eyy or Gxy was 
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seen for this laminate. 

3.4 [±45]s Specimens 

The first two [±45]s specimens, fatigued at 7800 µs (64.8 percent) 

were run in strain control, but due to buckling problems the last two 

were run in load control. The first specimen buckled since a strain 

ratio of 0.02 instead of 0.2 was mistakenly used causing a near zero 

lower limit. The buckling occurred at 2700 cycles, and failure followed 

at 5400 cycles. 

The second of these two specimens also had a short fatigue life at 

this strain level, but buckling could have weakened the specimen prior 

to final fracture. The specimen survived 10,000 cycles~ where property 

measurements were taken, but it buckled upon reinserting it in the 

testing machine and changing to strain control. The specimen then 

failed after a total of 15,000 cycles. 

For the next specimen, the maximum strain level was reduced to 6000 

µs (50 percent). This strain level was imposed for 73,000 cycles, at 

which point a machine malfunction caused specimen failure. Data was 

collected at 10,000 cycles for this specimen though. 

For the fourth and final fatigue specimen, a strain level of 4200 

µs (35 percent) was chosen in order to generate a long term fatigue life 

for a [±45] specimen. After 1 x 106 cycles at 4200 µE, the strain s 
level was increased to 5400 µs (45 percent), and cycled another 113 x 

103 cycles at which time failure occurred. 

The maximum cyclic strain level of 7800 µs (64.8 percent) was above 

the knee value for these laminates as evident by the first two fatigue 
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failures. Data for the second specimen at 10 x 103 cycles indicates a 

decrease in Exx' vxy' and G12 , with an increase in vyx' Table IX. For 

the specimen cycled at 6000 µE (~O percent), Exx and G12 decreased 

approximately the same amount as for the previous specimen when measured 

at 10 x 103 cycles. Eyy' vxy and the clip gage modulus demonstrated 

little change, while vyx again increased slightly. 

The final specimen, fatigued at 4200 µE (35 percent) to l x 106 

cycles showed no consistent change in the five in-plane properties 

during these 1 x 106 cycles. Upon increasing the strain level to 5400 

µE (45 percent) for the next 100 x 103 cycles, larger decreases in Exx' 

Eyy and G12 were seen. The magnitude of these decreases did not seem 

significant, but specimen failure occurred 13 x 103 cycles after these 

properties were measured. The clip gage modulus, vxy' and vyx regis-

tered increasing values at 1.1 x 106 cycles. The dynamic modulus 

measured by the clip gage indicated a decrease of 7.4 percent at about 

1000 cycles prior to failure. 

The 4 percent decrease in EYY at l.l x ~06 cycles represents the 

only significant change in transverse modulus for any laminate con-

figuration tested other than the [OJ 4 laminate with longitudinal split-

ting. This is an indication that changes in EYY could be monitored 

using the bend test performed herein for specimens not containing fibers 

in the transverse direction. The close correspondence between the bend · 

test values for Eyy and the tension test values for Exx is further 

evidence of the feasibility of conducting the bend test on [±45]s 

laminates. 
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3.5 [0,90]s Specimen 

The two specimens cycled at 7130 µ€ (64.8 percent) demonstrated a 

long fatigue life at this strain level. The first test was stopped at 

845 x 103 cycles, and the second at 1 x 106 cycles. 

Following these tests a third specimen was fatigued at 9350 µE (85 

percent) and failure occurred at 155 x 103 cycles. The maximum strain 

level was then reduced to 8800 µE (80 percent) and two specimens were 

run at this strain level. Both specimens had short fatigue lifes with 

one failing at 8940 cycles, and the second at 7500 cycles. 

The fracture pattern for these specimens was very consistent, with 

each specimen breaking cleanly across in the direction of the 90 deg 

fibers. Splitting in the outer zero degree plies was also evident, but 

almost all of the zero degree fibers fractured at the point of the 

transverse crack. The zero degree splitting pattern propagated longi-

tudinally in either direction from the point at which fracture occurred. 

The 64.8 percent strain level for the [0,90]s specimens was below 

the knee of the strain-linear cycles curve, with only a slight decrease 

of E (3-6 percent) in one of the two specimens cycled at this strain xx 
level. The specimen cycled at a higher strain level (73 percent) showed 

an increase in E after 1 x 106 cycles, so the longitudinal modulus . xx 
does not appear to significantly decrease during an extended fatigue 

loading history. The clip gage modulus for specimen 6 indicates a 

decrease of 12 percent after 1 x 106 cycles, which is contradictory to 

the data accumulated in all of the other instances. The clip gage 

modulus monitored during fatigue for specimen 3 did not indicate any 

significant change in Exx during the 844,840 cycles. 
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The stiffness parameter that seemed to exhibit the most significant 

changes with fatigue loading was the shear modulus, G12 . For both 

specimens that were run to 1 x 106 cycles the shear modulus decreased· 

considerably regardless of whether Exx showed slight increasing or 

decreasing trends. The decrease in G12 could be attributed to the 

breaking of the 90 deg plies throughout the length o.f the specimen. 

This breaking would result in poor coupling. between the O deg and 90 deg 

plies, thus allowing a scissoring effect during a rail shear test, which 

would result in a lower shear modulus. C-scan ihformation for specimens 

with a long fatigue life depicts the delaminations that develop between 

the 90 and 0 deg plies, Fig. 7. 

The va 1 ues for EYY showed no change throughout the 1 oad histories., 

and the values recorded for these specimens were far too low, indicating 

the effect of the 90 deg plies being very near the neutral axis. The 

values of Poisson's ratio varied sporadically making it difficult to 

draw conclusions concerning how they are affected during fatigue load-

ing. The values for vyx are not very reasonable because of the poor 

experimental values obtained for Eyy· 

3.6 [0,90,±45]s Specimen 

The initial strain level picked for the quasi-isotropic laminates, 

7840 µ£ (64.8 percent}, was very near the value at the knee in the 

strain-linear cycles curve for these laminates. Therefore, more than 

two specimens were fatigued at this strain level. 

The first of these specimens was allowed to run until failure, 

which occurred at 644 x 103 cycles. The next specimen at this strain 
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0 cycles l x 106 cycles 

Figure 7. C-scans for [0,90] 5 #6 
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level was stopped at 10 x 103 cycles for property measurements, at which 

time the specimen was inadvertently damaged during the rail shear test. 

Specimen failure then followed at 17 x 103 cycles. 

The third specimen was also fatigued at this strain level and had 

begun to undergo significant decreases in E by 100 x 103 cycles. xx 
The maximum strain level for the fourth specimen was increased to 

9680 µi:: (80 percent), and its fatigue life was very short with fa i1 ure 

at 4000 cycles. 

Next, a quasi-isotropic laminate was tested using the same loading 

history used for the last [±45] specimen tested. This consisted of . s ' 
fatiguing the specimen at 4230 µi:: (35 percent) up to l x 106 cycles, and 

then at 5440 µi:: (45 percent) for the next 113 x 103 cycles. 

The final fatigue specimen was loaded similarly to the preceding 

specimens but at a frequency of 5 Hz so that the specimen stiffnesses 

could be measured at 5,000 and 10,000 cycles. Damage had not developed 

as expected at this point, as reflected by the stiffness properties and 

the edge replicas which indicated crack development in the 90 and +45 

deg plies, but not in the -45 deg plies, at 11,000 cycles. 

Two stiffness properties were very indicative of the development of 

damage in these quasi-isotropic laminates. These properties were the 

longitudinal modulus £xx and the shear modulus Gxy· At a strain level 

of 7840 µi:: (64.8 percent) Exx begins to decrease on the order of 3 to 6 

percent by 10,000 cycles. The longitudinal modulus continues to de-

crease until 100,000 to 200,000 cycles, at which time it stabilizes 

until final fracture. The clip gage modulus recorded by the digital 

processing oscilloscope depicts this trend for specimen 9 cycled to 
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failure, Fig. 8. For this specimen, a decrease in E of approximately xx 
6 percent took place until 190,000 cycles, at which time the modulus 

remained nearly constant until failure. The strain gage modulus for 

specimen 3 shows the most significant drop in Exx (10 percent) to occur 

before 100,000 cycles. The shear modulus for specimen 3 underwent a 

larger degradation than the longitudinal modulus by 200,000 cycles, and 

likewise began to stabilize between 100,000 and 200,000 cycles. 

The stiffness properties of specimen 2 did not show degradation 

even though the [±45]s specimen that was loaded similarly failed at 

l ,113,310 cycles. The stiffness properties of the [±45]s laminate did 

not degrade until just before final fracture, and any damage development 

in the ±45 deg plies in the quasi-isotropic laminate did not affect its 

measured response. An extended fatigue life would eventually cause 

extensive damage in the ±45 deg plies, which in turn would propagate 

until final fracture of the quasi-isotropic laminate would occur. 

At the 64.8 percent strain level, cracking of the 90 deg plies 

develops first, followed by cracks in the +45 deg plies, then in the -45 

deg plies, finally resulting in delamination of the ±45 deg interface. 

An edge-replica history for specimen 3 illustrates this pattern of crack 

growth, as can be seen in Fig. 9. No delamination seems to occur at the 

90, +45 deg interface. C-scan information for specimen 3 shows the 

damage in the quasi-isotropic laminate to initiate in the center of the 

specimen and propagate toward the free edges, Figs. 10,ll. 

Analytical explanations for delaminations between the ±45 deg plies 

in quasi-isotropic laminates have been proposed using finite element 

solutions [ll]. Very large values of interlaminar shear stress Txz 
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Figure 11. C-scans for [0,90,±45] 5 #3 
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occur at the ±45 interface in these laminate and are responsible for the 

delaminations which occur there. The interlaminar normal stress crz is 

predominantly compressive thfoughout the thickness of this laminate, and 

therefore does not have a tendency to initiate delaminations. 

The va 1 ues of v xy fo 11 owed the trends of Exx for this orientation, 

and again no decreases in EYY were noticed for any of these specimens. 

3.7 Summary 

The experimental information resulting from this investigation has 

served to provide a basic understanding of the role played by stiffness 

degradation in a graphite-epoxy material system. The results from this 

investigation have pointed out the feasibility and theoretical validity 

of using stiffness parameters as an indicator of damage development in 

composite materials. 

The behavior of the [±45]s' [0,90]s' [0]4, and [0,90,±45]s lami-

nates was very similar under quasi-static loading in that the strain to 

failure was in the l to 1.2 percent strain range. The strain to failure 

of the [90]4 laminate was on the order of 0.3 percent. The fatigue 

behavior of the four laminates with the same strain to failure proved to 

be quite different, however. The [±45] laminate had a very short s . 
fatigue life at a cyclic strain level of 65 percent of the ultimate 

strain. The [OJ4 and [0,90]s laminates, on the other hand, showed no .· · 

changes in their stiffness properties after l x 106 cycles at this 

strain level. At this same strain level the quasi-isotropic laminate 

underwent extensive reductions in Exx and Gxy by 200,000 cycles at which 

time the longitudinal moduli reduction stabilizes and remains constant 

until failure. 
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The large reductions in stiffness and the final fracture of the 

quasi-isotropic laminates can be attributed to the damage that develops 

in and between the off-axis plies. Initial matrix cracking in a quasi-

isotropic laminate begins in the 90 deg plies and extends into the +45 

deg plies. 

Since the ±45 deg plies serve to stiffen a quasi-isotropic laminate 

in shear, the delaminations that occur at their interface cause re-

ductions in shear modulus during a fatigue load history. The inability 

of the [±45]s laminate to withstand low strain level fatigue is evidence 

that the response of the ±45 deg plies in the quasi-isotropic laminate 

contributes to the total response of the quasi-isotropic laminate. 

However, the stress state in a [±45] laminate is different than the 

stress state in the ±45 deg plies in the quasi-isotropic laminate at the 

same applied strain level. The difference in stress state is due to the 

constraint effects of the 0 and 90 deg plies on the ±45 deg plies in the 

quasi-isotropic laminate and can be evidenced by examining a quasi-

isotropic laminate that has the same load history as a [±45] laminate . s 
that has failed. 

Reductions in the longitudinal modulus of a quasi-isotropic lami-

nate seem to occur until an equilibrium damage state is reached. This 

equilibrium state could be associated with the same phenomena in which 

crack formation and crack spacing reaches a saturation point in plies 

with off-axis fibers [12]. At this saturation point the load is carried 

by the two outer 0 deg plies which do not experience reductions in 

longitudinal modulus up to final failure. Kriz [11] has noted that the 

nominal fiber direction stress in the 0 deg plies at failure of 
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[0,90,±45]s graphite epoxy laminates is within the scatter band of 

strengths for [O]n specimens. 

Shear data for a quasi-isotropic laminate was not acquired beyond 

200,000 cycles, but it is assummed to be influenced by the growth of 

delaminations at the ±45 deg interface. Since delaminations are not 

observed to reach a saturation point until total delamination, [13], 

the shear modulus would be expected to slowly degrade during fatigue 

life after the major reductions have occurred by the first 200,000 

cycles. As delaminations propagate throughout the specimen, the ability 

of the laminate to transfer shear to the plies designed to do so de-

creases. As total delamination is approached, the shear stiffness of 

the laminate would ideally approach the shear stiffness of the [0,90]s 

laminate which is approximately 60 percent less than that of the quasi-

isotropic laminate. 

In order to reduce the degradation of Gxy in a quasi-isotropic 

laminate, a stacking sequence that eliminates the ±45 interface could be 

evaluated .. Such a laminate could have a [0,+45,90,-45]s stacking se-

quence. 



4. CONCLUSIONS 

The results that this experimental investigation have provided sug-

gest the following conclusions concerning a graphite-epoxy material 

system. 

1. For a graphite-epoxy material system, a quasi-isotropic lami-

nate experiences larger decreases in its stiffness properties than the 

unidirectional or bidirectional laminates which make up its configura-

tion. 

2. The complex stress states that develop in quasi-isotropic lami-

nates cause the individual plies and the lamina interfaces to respond 

differently than if the lamina or combinations thereof were considered 

separately. 

3. The [0,90]s laminates do not experience decreases in longitu-

dinal stiffness with fatigue life, but the shear modulus does decrease 

due to damage that develops in the 90 deg plies. 

4. The stiffness properties of the [±45]s laminate do not undergo 

large decreases during fatigue loading. 

5. The reduction of the longitudinal modulus in a quasi-isotropic 

laminate reaches an equilibrium state early in the fatigue life and no 

other significant changes occur until final failure. 

6. The shear modulus of the quasi-isotropic laminate experiences 

the major part of its degradation early in fatigue, and 1s expected to· 

undergo further gradual decreases up until failure. 

7. The extensive delaminations that occur at the ±45 deg inter-

. face in quasi-isotropic laminates could possibly be eliminated by 

varying the stacking sequence of the laminate and avoiding this 
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interface. 

8. Analyzing the bend test using an infinite plate solution is a 

goqd assumption. A bend test used to determine EYY exhibits short-

comings due to the dimensions and ply orientations of composite lami-

nates. 

9. The rail shear test as performed herein provides a very good 

shear modulus data, arid executing this test in a way to restrain trans-

verse bending would further increase its accuracy. 
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APPENDIX 

For an orthotropic plate that is line loaded, and simply supported, 

Fig. 6, Ashton and Whitney [6] outline the Levy solution as 

co 

w = L [Ln + Fn(x)] sin n~y 
n=l,3,5, ... 

where 

and 

+ (en cos n~tx + On sin n~tx) sinh n~sx 

w = deflection in the z direction, and where s ± ti and 

-s ± ti are complex roots of the governing characteristic 

equation 

The coefficients An, Bn, en, On are evaluated by applying the boundary 

conditions of zero moment and zero Kirchoff shear at the free edges 

(x = ± a/2). These boundary conditions yield Bn = en = 0 since these 

are coefficients of odd functions evaluated over x = ± a/2. 

A computer program has been written by O'Brien [l] to solve for the 

bending deflection (w) using the Levy solution described above. To solve 

for the transverse modulus using this approach an iteration of the 

modulus must be performed. 

Inspection of the An and on terms for the Levy solution indicate 

they are terms dependent on the x or longitudinal direction. Numerical 
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calculations of An and Dn show that they are on the order of 10-5 in., 

where the. total deflection is 20 x 10-3 in. for graphite epoxy, and 

n = 1. As n increases the value of these terms continues to decrease 

and becomes less significant. 

To sum up the observations made concerning the Levy solution, an 

infinite plate with an infinite line load was investigated, Fig. [12]. 

The solution to this problem is independent of x, or in essence is 

equivalent to the Levy solution when An = Dn = O. The infinite plate 

solution is of the form 

but since 022 

and since v21 

E22 

where El 1 
h 
p 

Vl2 
c, 

3 h E22 = .,,..,,,-,.-..------.-
12 ( l - Vl2V21) 

= Pb3 (1 - V12V21) 
4h3w 

= E22vl2 
Ell 

rst11 c1 = 3 2 -h E11 + v1lc1 

= longitudinal modulus 

= specimen thickness 

= papplied/8 in. 
= Poisson's ratio 

3 = 1.75 /0.020 x 4. 

This solution, as the Levy soluti'on, is only correct for unidirectional 

laminates, but was used as a basis for comparison for all laminate 
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INFINITE PLATE 
CONFIGURATION 

Figure 12. Bend Test Configuration (Infinite Plate Assumption) 

c..n 
O'\ 
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configurations. 

Results from these predictions of E22 were used to calculate 

deflections predicted by the Levy solution, which were then compared to 

the measured deflections, Table XI. This comparison indicates that the 

contribution of terms containing An and On to the plate deflection is 

small and can be neglected for graphite epoxy. Therefore, the line 

loaded infinite plate solution was used for this investigation. 

A correction factor for load cell deflection was incorporated into 

the solution for E22 . Load cell deflection was found to be 0.000045 

in/lb which was used to modify c1 so that 

l. 753 
Cl = (0.020 - P(0.000045)) x 4 

where P is the applied load. 
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Table XI 

Bend Test Analysis Results for [OJ 4 Specimens 

Specimen 
No. 

#1 

Measured 
Deflection 

0.0199 in. 
0. 0199 in. 

#3 0.0199 in. 

#5 0.0199 in. 
0.0199 in 

E22 Predicted 
by an Infinite 
Plate Solution 

l. 77 x 106 psi 
l. 88 x l 06 psi 

1. 76 x 106 psi 

2.06 x 106 psi 
1. 83 x 106 psi 

Deflection Predicted 
by Levy Solution using 
the E~2 Values Predicted 
by th Infinite Plate 
Solution 

0.0198 in. 
0.0199 in. 

0.0198 in. 

0.0198 in. 
0.0198 in. 
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AN INVESTIGATION OF STIFFNESS REDUCTION 
AS AN INDICATOR OF FATIGUE DAMAGE IN 

GRAPHITE EPOXY COMPOSITES 

by 

Eugene Thomas Camponeschi, Jr. 

(ABSTRACT) 

This investigation concerns the validity and feasibility of using 

moduli reduction to monitor the effect of fatigue damage in graphite 

epoxy composites. 

Five laminate orientations were considered, [OJ4, [90]4, [±45]s' 

[0,90]s, [0,90,±45]s' and four inplane-stiffness properties were moni-

tored for each. The stiffness parameters were Exx' Eyy' Gxy and vxy' 

and were measured using a longitudinal tension test, a rail shear test 
' and a transverse bend test. Nondestructive testing techniques such as 

C-scan and edge replication were also performed to aid in the obser-

vation of damage development. 

Results describe the response of each laminate orientation in 

tension-tension fatigue, including a record of changes in the stiffness 

properties at intervals during fatigue. 

Longitudinal stiffness (Exx) and shear stiffness (Gxy) were shown 

to significantly decrease for the [0,90,±45]s laminate following fatigu~ 

loading. The inplane stiffness properties for the other four laminates 

remain essentially unchanged following fatigue loading. Matrix cracking 

and delamination appears to contribute to the stiffness reductions 

that occur in the [0,90,±45]s laminate. 
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