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Abstract

Anisotropic carbon/glass hybrid composite laminates have been fabricated, tested, and analyzed.
The laminates have been fabricated using vacuum-assisted resin transfer molding (VARTM). Five
fiber complexes and a two-part epoxy resin system have been used in the study to fabricate panels
of twenty different laminate constructions. These panels have been subjected to physical testing
to measure density, fiber volume fraction, and void fraction. Coupons machined from these panels
have also been subjected to mechanical testing to measure elastic properties and strength of the
laminates using tensile, compressive, transverse tensile, and in-plane shear tests. Interlaminar shear
strength has also been measured. Out-of-plane displacement, axial strain, transverse strain, and in-
plane shear strain have also been measured using photogrammetry data obtained during edgewise
compression tests.

The test data have been reduced to characterize the elastic properties and strength of the lami-
nates. Constraints imposed by test fixtures might be expected to affect measurements of the moduli
of anisotropic materials; classical lamination theory has been used to assess the magnitude of such
effects and correct the experimental data for the same. The tensile moduli generally correlate well
with experiment without correction and indicate that factors other than end constraints dominate.
The results suggest that shear moduli of the anisotropic materials are affected by end constraints.

Classical lamination theory has also been used to characterize the level of extension-shear cou-
pling in the anisotropic laminates. Three factors affecting the coupling have been examined: the
volume fraction of unbalanced off-axis layers, the angle of the off-axis layers, and the composition
of the fibers (i.e., carbon or glass) used as the axial reinforcement. The results indicate that exten-
sion/shear coupling is maximized with the least loss in axial tensile stiffness by using carbon fibers
oriented 15◦ from the long axis for approximately two-thirds of the laminate volume (discounting
skin layers), with reinforcing carbon fibers oriented axially comprising the remaining one-third of
the volume.

Finite element analysis of each laminate has been performed to examine first ply failure. Three
failure criteria - maximum stress, maximum strain, and Tsai-Wu - have been compared. Failure
predicted by all three criteria proves generally conservative, with the stress-based criteria the most
conservative. For laminates that respond nonlinearly to loading, large error is observed in the
prediction of failure using maximum strain as the criterion.

This report documents the methods and results in two volumes. Volume 1 contains descrip-
tions of the laminates, their fabrication and testing, the methods of analysis, the results, and the
conclusions and recommendations. Volume 2 contains a comprehensive summary of the individual
test results for all laminates.
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Nomenclature

εxc Ultimate compressive strain parallel to the fibers.

εxt Ultimate tensile strain parallel to the fibers.

εyc Ultimate compressive strain perpendicular to the fibers.

εyt Ultimate tensile strain perpendicular to the fibers.

γxy Ultimate in-plane shear strain.

νxy Major Poisson’s ratio.

φa Void content.

ρ Density.

ρf Fiber density.

σ Stress.

Ex Modulus of elasticity parallel to the fibers.

Ey Modulus of elasticity perpendicular to the fibers.

Gxy Shear modulus in the xy plane.

S Ultimate in-plane shear strength.

v Deflection in the Y direction.

Vf Fiber volume fraction.

w Deflection in the Z direction.

w,x Vertical slope in the X direction,∂w/∂x.

Xc Ultimate compressive strength parallel to the fibers.

Xt Ultimate tensile strength parallel to the fibers.

Yc Ultimate compressive strength perpendicular to the fibers.

Yt Ultimate tensile strength perpendicular to the fibers.

CLT Classical lamination theory.

CMM Coordinate measuring machine.

FEA Finite element analysis.

RTM Resin transfer molding.

VARTM Vacuum assisted resin transfer molding.
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1. Introduction

Anisotropic carbon/glass hybrid composite laminates have been fabricated, tested and analyzed.
The laminates were fabricated utilizing the vacuum assisted resin transfer molding(VARTM) tech-
nique. Five fiber complexes, listed in Table 1.1, were utilized in the study. The fabrics were supplied
by Saertex USA (Mooresville, North Carolina). Four of the fabrics are presented in Figure 1.1. A
two part epoxy system consisting of JeffCo Products (San Diego, California) 1401-21/16 resin and
4101-21 hardener (slow) was utilized for the matrix of the laminates. Details of the fabrication are
presented in Section 2.

Twenty laminate types were manufactured for this study, listed in Table 1.2. Laminates 1, 2,
18 and 20 are each constructed of only one of the fiber complexes listed in Table1.1. Laminates 1
and 2 are pure unidirectional glass and carbon, respectively, while Laminates 18 and 20 are the two
biaxial (±45◦) glass complexes. Testing of these laminates allows measurement of the constitutive
properties of the fiber complexes used to construct all the remaining laminates. Laminates 3 and 4
differ from 1 and 2 by the addition of biaxial glass skin layers to the outside of the unidirectional glass
or carbon. This construction is representative of industrial composite spar cap (flange) fabrication.
Laminates 5, 7 and 8 modify Laminate 4 by rotating increasing fractions of the unidirectional
carbon fibers to a 20◦ orientation relative to the long axis of the coupons. Laminates 6 and 9
modify Laminate 3 by doing the same to the unidirectional glass fibers. The testing of these
laminates allows a determination of the magnitude of shear-tension coupling that can be obtained
with varying magnitudes of anisotropy, as well as the impact on the various components of strength
and modulus. Laminates 10, 11 and 12 reflect variations on Laminate 7 in which the off-axis fibers
are oriented at angles of 10◦, 15◦, and 25◦. By comparing the results for laminates 7, 10, 11 and 12,
it should be possible to discern the influence of fiber angle on the shear-tension coupling, strength
and modulus. Laminates 13 through 16 are designed to investigate alternative skin arrangements in
which the ±45◦ glass fibers are either oriented differently (+20◦/− 70◦) or are replaced by entirely
different glass skin reinforcement fibers (+75◦/−55◦, −70◦ or 90◦). Finally, laminate 21 is designed
to reflect a biaxial (±45◦) carbon fiber complex.

Tensile strength and modulus tests were performed on all laminates in the 0◦ material orienta-
tion. In the 90◦ material orientation, tensile tests were performed on laminate items 1 through 16.
Compressive strength and modulus tests were performed on laminate items 1 through 16. In-plane
shear strength and modulus tests were performed on all laminates. Interlaminar shear strength tests
were performed on items 1 through 16. Edgewise compression tests were performed on laminates
items 5 through 16. Details of the testing are presented in Section 3.

Analysis of the laminates was performed using classical lamination theory (CLT) and finite
element analysis (FEA). Classical lamination theory was utilized to characterize the influence of
the end constraints on the elastic properties of the anisotropic laminates. CLT was also used to
determine the level of coupling in the anisotropic laminates. Finite element analysis was utilized
to perform a linear first ply failure analysis of the laminates in tension and compression. Details
of the analysis are presented in Section 4.
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Figure 1.1: Constitutive fiber complexes. (Clockwise from upper right: 12 oz/yd2 double bias glass,
15 oz/yd2 unidirectional carbon, 6 oz/yd2 unidirectional glass, 16 oz/yd2 unidirectional glass.)
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Table 1.1: Constitutive fiber complexes.
Saertex style number: S32CU970-00520-1270-264000
15 oz/yd2 Unidirectional Carbon Fabric

• 0◦ carbon fibers (24,000 tows) of nominal areal weight 502 g/m2 (14.81 oz/yd2)

• 90◦ Polyethersulfone(PES) fibers of nominal areal weight 4 g/m2

• +60◦ E-glass fibers of nominal areal weight 6 g/m2

• −60◦ E-glass fibers of nominal areal weight 6 g/m2

The four layers are stitch bonded with nominal 6 g/m2 PES fibers.

Saertex style number: S35EU990-00210-1270-464018
6 oz/yd2 Unidirectional Glass Fabric

• 0◦ E-glass fibers of nominal areal weight 213 g/m2 (6.28 oz/yd2)

• Random mat E-glass fibers of nominal areal weight 35 g/m2 (0.94 oz/yd2)

The two layers are stitch bonded with nominal 12 g/m2 PES fibers.

Saertex style number: S15EU910-00580-1200-100000
16 oz/yd2 Unidirectional Glass Fabric

• 0◦ E-glass fibers(1,200 tows) of nominal areal weight 528 g/m2 (15.57 oz/yd2)

• 90◦ E-glass fibers(68 tows) of nominal areal weight 54 g/m2 (1.59 oz/yd2)

The two layers are stitch bonded with nominal 18 g/m2 PES fibers.

Saertex style number: U32EX010-00400-1270-264000
12 oz/yd2 Double Bias (±45◦) Glass Fabric

• +45◦ E-glass fibers of nominal areal weight 200 g/m2 (5.90 oz/yd2)

• −45◦ E-glass fibers of nominal areal weight 200 g/m2 (5.90 oz/yd2)

The two layers are stitch bonded with nominal 6 g/m2 PES fibers.

Saertex style number: U32EX010-01291-1270-264000
38 oz/yd2 Double Bias (±45◦) Glass Fabric

• +45◦ E-glass fibers of nominal areal weight 643 g/m2 (18.96 oz/yd2)

• −45◦ E-glass fibers of nominal areal weight 643 g/m2 (18.96 oz/yd2)

The two layers are stitch bonded with nominal 6 g/m2 PES fibers.
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2. Laminate Fabrication using VARTM

The laminates evaluated in this study were fabricated using a vacuum assisted resin transfer mold-
ing (VARTM) process. The VARTM process is a derivative of resin transfer molding (RTM). It
differs from RTM primarily by eliminating the need for matched-metal tooling and resin injection
equipment. With VARTM, the pre-form is stacked on a metal tool and a conformal vacuum bag
replaces the matched metal tool. Instead of injecting the resin under pressure, the bagged pre-form
is placed under a vacuum which draws resin through a port from a reservoir.

The first step in the VARTM process is stacking the pre-form on the metal tool. Inlet and outlet
ports are positioned around the pre-form as required. The pre-form and ports are sealed under a
conformal bag. Respective ports from the bagged pre-form are attached to the resin reservoir and
the vacuum pump. When a vacuum is established in the bagged pre-form, the resin inlet ports
are opened to infuse the pre-form. Infusion is complete when resin is observed in the outlet ports.
When the infusion is complete, the ports are closed, maintaining the vacuum, and the part is cured.
Details of the VARTM process used in this study are described in this section. A picture of the
VARTM setup and a panel being infused is presented in Figure 2.1.

(a) VARTM Equipment (b) Panel Infusion

Figure 2.1: VARTM panel infusion and equipment.

2.1 Aluminum Tool

Three flat aluminum tools measuring 116.8-cm long by 53.3-cm wide by 8.5-mm thick were con-
structed for this study. The tool surface was ground with a hand held flat grinder until all visible
blemishes were removed from the surface. Then the tools were tested for flatness using a coordinate
measuring machine(CMM). Approximately 200 points were measured by probe for each tool. The
measurements were analyzed to evaluate flatness utilizing the Geomeasure software. A flatness of
0.762-mm was maintained on all tools. Small holes in the tools were sealed using B-15 mold sealer.

The tools were coated with six layers of Frekote NC 44 releasing agent. Each coat was applied
in intervals of 15 minutes. The tools were then cured in the oven for 30 minutes at 215◦ F. After
every 6-8 uses, one layer of Frekote NC 44 was applied to maintain the de-molding property.
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2.2 Bagged Pre-Form

A Masonite template measuring 91.4-cm long by 45.7-cm wide by 0.635-cm thick was utilized to
cut the fabrics for stacking. For the 10◦, 15◦, 20◦ and 25◦ oriented layers, three right triangles with
a hypotenuse measuring 91.4-cm long were utilized to orient the Masonite template. After being
cut, the fabric was stacked and aligned to boundaries drawn on the tool. After all of the layers
were stacked on the tool, quarter inch polyethylene tubing was positioned at each end to provide
injection and vacuum ports. Next, two layers of flow media were stacked on the fabric. The flow
media measured 96.5-cm long by 45.7-cm wide. It was offset 7.62-cm towards the injection port
leaving 2.54-cm of composite fabric without flow media near the vacuum port. Finally, the entire
assembly was sealed under a vacuum bag. The components utilized to bag the pre-form are listed in
Table 2.1. A sketch of the bagged pre-form is presented in Figure 2.2. After bagging the pre-form,
the vacuum integrity of the seal was verified. A vacuum loss of less than 1-in Hg per 12 hours was
defined as the acceptable limit.

Table 2.1: Components of the VARTM bagging.
Component Product Identification
Flow media Delstar #141-4336
Peel-ply Decomp D4444
Sealant Airtech AT-200Y
Vacuum bag Decomp D316

Figure 2.2: The bagged pre-form.

2.3 Infusion, Curing & Post-Curing

The bagged pre-form was checked for vacuum integrity and left over night, after which the vacuum
integrity of the bagged pre-form was checked. After ensuring that the vacuum loss in the bagged
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part was less than 1 in-Hg, it was placed in the oven and the heating cycle program was switched
on. Through the side opening of the oven, all the tubes from the bagged part were pulled out and
labeled as inlet or outlet, depending upon the location of the port. The outlet port was connected
to the resin trap and the inlet port was left to be dipped in the conditioned resin system. While the
oven was ramping up to 30◦C, resin and hardener were poured in separate paper cups. Both the
resin and hardener were then placed in the oven along side the bagged pre-form. After conditioning
the resin system to a temperature of 30◦C, the resin and hardener were removed from the oven.
Resin and hardener were then mixed in the ratio of 100:30 by weight. A wooden tongue depressor
was used to stir the mix properly. In the meantime, the oven temperature ramped up to 35◦C and
maintained at that temperature for another two hours.

While the resin was being conditioned in the oven, the vacuum pump was switched on and the
vacuum integrity of the system without the bagged part was checked. Once the part was conditioned
at 35◦C, and the system connected, the outlet valve of the part connected to the resin trap was
opened. The inlet port tube was then dipped into the paper cup containing the conditioned resin
system. The inlet valve was then opened to begin infusion. Once the resin exits the outlet port and
enters the resin trap, both the inlet and outlet valves were closed and the vacuum pump turned
off. A sketch of the VARTM system is presented in Figure 2.3.

Bagged Pre−Form

OvenInlet Port Outlet Port
Gage

Pump

Tank Trap
ResinResin

PI

Figure 2.3: Vacuum assisted resin transfer molding.

The procedure to infuse, cure and post-cure the laminates is summarized by:

1. Check the vacuum integrity of the bagged part one day prior to infusion and leave it over
night.

2. Ensure that the loss in vacuum is less than 1 in-Hg in the same part, next morning.

3. Place the part in the oven and connect the outlet tube to the resin trap.

4. Turn on the oven and let the temperature climb up to 30 deg. C in 15 minutes.

5. During these 15 minutes, pour resin and hardener in two separate paper cups and place them
along side the tool in the oven.
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6. The oven temperature remains at 30 deg. C for 40 minutes in order to condition the resin
and hardener.

7. Resin and hardener are removed from the oven at the end of this cycle and mixed together
in the ratio 100:30 by weight.

8. The oven temperature ramps up to 35 deg. C in the meantime and holds at this stage for 2
hours.

9. Pre-heat the tooling in the oven at 35◦C for one hour.

10. Start the vacuum pump.

11. When a vacuum of 28 in-Hg is achieved, connect the closed vacuum and injection port valves
to the respective ports routed from the oven.

12. Open the vacuum port valve and verify the bag vacuum integrity.

13. Open the injection port valve to initiate the resin infusion.

14. Close the vacuum port valve when resin starts entering the resin trap.

15. Turn off the vacuum pump.

16. Ramp the oven temperature to 60◦C in one hour and hold for six hours.

17. Ramp up the oven temperature to 85◦C in one hour and hold for two hours.

18. Ramp up the oven temperature to 100◦C over in one hour and hold for two hours.

19. Ramp down the oven temperature to ambient in one hour.

20. Cut all the tubes using a knife and pull the part with tool out of the oven.

21. De-mold the laminate from the tool.

The post-cure was designed to simulate the effects of storage of the material for 6 months at
ambient conditions. Note that all fabrication was performed without humidity control.

The time required to infuse the laminate was determined by the permeability of the fabric.
Fabrics with lower permeability required more time to infuse. The permeability of a fabric is
related to the diameter, fabric construction, tow separation, fiber orientation with respect to the
resin flow direction, viscosity of the resin, packing density of the fibers and the filament diameter.
Fabrics with large diameters exhibit lower permeability. The filament diameter of the carbon used
in this study was 7 µm and the glass was greater than 15 µm. Therefore, laminates comprised
mostly of carbon infused faster than laminates comprised mostly of glass. The variation of infusion
times with laminate is listed in Table 2.2.

Physical testing was performed on the laminates to evaluate the VARTM process. The laminates
were evaluated based on fiber volume fraction, Vf , using ASTM D2584,1 void content, φa, using
ASTM D2734,2 and density, ρ, using ASTM D792,3 the results of which are listed in Table 2.2.
A complete presentation of the physical test results is presented in Appendix A. The method
employed to measure the fiber volume fraction for hybrid composites deviated from the standard
practice. The burn off temperature as per the standard is supposed to remain at 565 ±30◦C, or
other temperature compatible with the composite system, that will burn off the matrix and leave
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Table 2.2: VARTM infusion times and physical test results.
Infusion Fiber Volume Void Fraction Density
Time Fraction - Vf φa ρ

Laminate (min) (%) (%) (kg/m3)
1 45 48.3 -0.74 1,855
2 27 60.2 -1.09 1,550
3 38 48.6 -0.36 1,855
4 27 54.9 -1.29 1,605
5 34 54.2 -1.19 1,605
6 32 48.3 -1.40 1,772
7 24 52.3 -1.20 1,578
8 27 53.6 -1.23 1,578
9 24 46.3 0.34 1,550
10 27 53.2 -2.06 1,605
11 27 52.5 -1.17 1,578
12 23 54.4 -0.44 1,578
13 26 43.4 -0.17 1,495
14 24 53.9 -1.68 1,605
15 23 44.7 -1.32 1,522
16 27 43.0 -1.25 1,522
18 19 47.5 0.39 1,827
20 25 55.0 -0.19 1,938
21 18 56.1 -1.84 1,550

the reinforcement. In order to ensure that carbon reinforcement does not burn off, a temperature
of 500◦C was used for all hybrid composites. The void content was dependent on the resin system,
fiber geometry and external leaks. In addition to the fabrication process, fiber volume fraction was
affected by separation of the fiber tows and gaps due to stitch bonding, which reduced the fiber
volume fraction. Properties of the laminates presented in the succeeding sections were not corrected
for fiber volume fraction because the variation between laminates appeared to be dependent on the
fabric and matrix rather than the fabrication process.

The values for void content shown in Table 2.2 are generally negative. Calculation of the void
content uses the values for the fiber volume fraction measured previously. Given uncertainties in
this measurement as well as uncertainties in the processes employed in measuring void content, it is
not uncommon to obtain small negative values for coupons that have very low void content. In the
present testing, however, calculation of void fraction was further complicated by the hybrid nature
of most of the laminates, where assumptions had to be made about the ratio of glass to carbon
in each coupon based upon the nominal areal weights of the constitutive materials. However, the
areal weight varies from the nominal weight and varies from region to region of each fabric, and
all of these factors introduce uncertainty in to the calculation. Since the results are small negative
numbers, however, we believe this suggests that our void content was generally quite small.

23



24



3. Laminate Testing

Mechanical testing was performed to measure the elastic properties and strength of the laminates.
Elastic properties and strength were determined from tensile, compressive and in-plane shear test-
ing. Interlaminar shear strength tests were performed. Out-of-plane displacement, axial strain,
transverse strain and in-plane shear strain measurements were taken using photogrammetry data
from edgewise compression tests. All testing was performed at ambient temperature and humidity.
Details of the testing are presented in this section.

3.1 Tensile Testing

Tensile specimens were tested per ASTM Standard D3039-00.4 The specimens were nominally
22.86-cm long by 2.56-cm wide with thicknesses varying with laminate schedule. Tabs were required
on the tension specimens and measured 5.08-cm long and 0.157-cm thick. This resulted in a nominal
gauge section of 12.7-cm. A sketch of the specimen is presented in Figure 3.1.

11.43 cmNOT TO SCALE

5.08 cm 12.7 cm 5.08 cm

22.86 cm

Figure 3.1: Tensile test specimen.

Initially, a 10.16-cm wide untabbed specimen was utilized but failure occurred in the grips
of the test fixture. A 2.08-cm wide untabbed specimen was tested but also failed in the grips.
Coupons machined with a dog-bone gauge section were judged unacceptable due to broken fibers,
especially at the free edges. Acceptable failures were obtained with the ASTM D3039 tabbed
tension specimen.

Tension tests were performed in the axial, or 0◦ material orientation, and the transverse, or 90◦

material orientation. The strains were measured using either biaxial gauges or rectangular rosettes,
shown in Figure 3.2.

(a) Biaxial Rosette (b) Rectangular Rosette

Figure 3.2: Strain gauges used in the tensile tests.
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Figure 3.3: Tensile test fixture.

The test frames were calibrated and aligned per ASTM-
E4 which specifies that the load reading should be within
1% of the target value. Testing was performed on an MTS
Alliance RF/300 electromechanical load frame with a 300-
KN load cell and on an MTS 810 Materials System load
frame with a 245-KN load cell. The Alliance test fix-
ture is presented in Figure 3.3. For each test, the load,
crosshead deflection and strain at the center of the gauge sec-
tion was measured. Loading was applied at 0.127 cm/min.
A summary of the tensile testing is listed in Table 3.1.

Table 3.1: Laminates tested for tensile strength & modulus.
0◦ 90◦

Laminate Number Gauge Number Gauge

1 3 Biaxial gauge 3 Biaxial gauge
2 3 Biaxial gauge 3 Biaxial gauge
3 3 3–gauge rosette 3 Biaxial gauge
4 3 3–gauge rosette 3 Biaxial gauge
5 3 3–gauge rosette 3 3–gauge rosette
6 3 3–gauge rosette 3 3–gauge rosette
7 3 3–gauge rosette 3 Biaxial gauge
8 3 3–gauge rosette 3 Biaxial gauge
9 3 3–gauge rosette 3 Biaxial gauge
10 3 3–gauge rosette 3 Biaxial gauge
11 3 3–gauge rosette 3 3–gauge rosette
12 3 3–gauge rosette 3 3–gauge rosette
13 3 3–gauge rosette 3 Biaxial gauge
14 3 3–gauge rosette 3 Biaxial gauge
15 3 3–gauge rosette 3 Biaxial gauge
16 3 3–gauge rosette 3 Biaxial gauge
18 3 Biaxial gauge
20 3 Biaxial gauge
21 3 Biaxial gauge
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3.2 Compressive Testing

Figure 3.4: Compressive strength
test fixture.

Compressive specimens were tested for failure and modulus per
SACMA Recommended Method SRM-1.5 The specimens were
nominally 8.08-cm long by 1.27-cm wide. Separate tests were
performed for the failure and modulus. Failure specimens were
tabbed over 3.81-cm at each end, resulting in a gauge length of
0.478-cm, Figure 3.5a. This, combined with the anti-buckling
fixture presented in Figure 3.4, was required to obtain com-
pressive failure. As a consequence of the compressive failure
specimen gauge length, it was not possible to instrument the
specimen with a strain gauge. Compressive modulus test spec-
imens were identical to the failure specimens without the tabs,
Figure 3.5b. This allowed the specimen to be instrumented
with a uniaxial strain gauge.

Three modulus and three failure specimens were tested for
each laminate. All compression tests were performed in the ax-
ial direction of the laminate. The test frames were calibrated
and aligned per ASTM-E4 which specifies that the load read-
ing should be within 1% of the target value. Compressive
testing was performed on an MTS 810 Materials System load
frame with a 98-KN load cell. For each test, the load and
crosshead deflection were measured. Loading was applied at
0.127 cm/min. For the modulus tests, strain measurements
with uniaxial gauges were taken at the gauge center. Three
modulus and three failure specimens were test for each laminate except laminate 16 (the 12 oz/yd2

double bias glass material). Successful tests of laminate 16 were not obtained due to problems with
specimen buckling.

0.23

1.27

NOT TO SCALE

3.81 3.81

8.10

All dimensions in centimeters

0.48

(a) Strength

All dimensions in centimeters

1.27

NOT TO SCALE

8.10

4.05

(b) Modulus

Figure 3.5: Compressive test specimens.
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3.3 In-Plane Shear Testing

Figure 3.6: In-Plane shear test fixture.

In-plane shear specimens were tested for failure
and modulus per ASTM Standard D5379-986 (Fig-
ure 3.6). The V-notched specimens were nominally
7.62-cm long by 1.91-cm wide with a 1.14-cm wide
notch that was machined into the specimen. A notch
angle of 90◦ was machined into all specimens.

Three specimens were tested for each laminate.
The test frames were calibrated and aligned per
ASTM-E4 which specifies that the load reading
should be within 1% of the target value. The spec-
imens were instrumented with 2 strain gauges ori-
ented at ±45 degrees, Figure 3.7. For each test, the
load, crosshead deflection and strain at the center of
the gauge section was measured. In-plane shear test-
ing was performed on an MTS 810 Materials System
load frame with a 98-KN load cell. For each test, the
load and crosshead deflection were measured. Loading was applied at 0.127 cm/min.

1.91

7.62

3.81

1.14

3.81

3.24 3.24

NOT TO SCALE

All dimensions in centimeters
Figure 3.7: In-Plane shear test specimen.
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3.4 Interlaminar Shear Strength

Interlaminar shear specimens were tested for failure per ASTM Standard D23447 (Figure 3.8).
Three specimens were tested for each of laminates 1 through 16. Development testing of interlam-
inar shear specimens was performed to ensure interlaminar failures were obtained and not tensile
or compressive failure.

Three specimens were tested for each laminate. The test frames were calibrated and aligned
per ASTM-E4 which specifies that the load reading should be within 1% of the target value. For
each test, the load and crosshead deflection were measured.

Figure 3.8: Interlaminar shear test fixture.
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3.5 Edgewise Compression

Edgewise compression testing was performed on laminates 5 through 16. The test specimens were
rectangular panels measuring 22.86-cm long by 11.43-cm wide. The test frames were calibrated and
aligned per ASTM-E4 which specifies that the load reading should be within 1% of the target value.
Out-of-plane displacement, axial strain, transverse strain and in-plane shear strain measurements
were taken using the ARAMIS photogrammetry data acquisition system.8 A camera resolution of
1280x1024 pixels was utilized that enabled resolution of strains from 0.02% to 100%.

Figure 3.9: Edgewise compression test fixture.
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4. Laminate Test Results & Analysis

The test data was reduced to characterize the elastic properties and strength of the laminates. A
classical lamination theory analysis of the anisotropic laminates was performed to characterize the
effect of end constraints on the moduli. The CLT analysis was also used to characterize the level of
extension/shear coupling in the anisotropic laminates. Appropriate use of the material properties
was examined with a first ply failure finite element analysis of each laminate. Details of the test
results and analysis are presented in this section.

4.1 Laminate Test Results

The data measured from the mechanical testing described in Section 3 was used to calculate the
elastic properties and strength of the laminates. Tensile modulus, tensile strength and Poisson’s
ratio were calculated from the tensile test data. Compressive modulus and strength was calculated
from the compressive test data. In-plane shear modulus and strength was calculated from the
in-plane shear test data.

Corrections were required of the strain data measured with the biaxial strain gauges and rect-
angular rosettes. Transverse sensitivity corrections were performed based on Micro Measurements
Technical Note 509.9 Further processing was required of the strain measured with the rectangular
rosettes, all of which were oriented 45◦ to the material axes. To obtain the strain oriented with the
material axes, the full strain tensor measured with the rectangular rosettes was rotated 45◦.

The elastic properties were calculated according to the respective standard. Remote load and
strain in the gauge section were directly measured in the tests. Remote stress was calculated from
the remote load and the initial cross-sectional area in the gauge of the test specimen. For tensile and
compressive elastic properties, the standards recommend using the range 1, 000 to 3, 000 µstrain,
which was used to reduce this data. For the in-plane shear modulus, the standard recommends using
a 4, 000 µstrain range with the lower limit in the range of 1, 500 to 2, 500 µstrain. In-plane shear
modulus was determine using the range 2, 500 to 5, 500 µstrain. A summary of the test results
is listed in Table 4.1. The complete presentation of the test data is presented in Appendix A,
contained in Volume 2.

In general, the standards apply to balanced and symmetric laminates. Using these methods to
process the data measured from the anisotropic laminates can result in an error that is attributed
to end constraints.10–13 The influence of end constraints on the elastic properties of the anisotropic
laminates is addressed later in this section. Data presented in Table 4.1 has not been corrected for
end constraints.

Material strength of the laminates was determined from visual inspection of the load versus
strain. For laminates that exhibit linear elastic response to failure, the strength is unambiguous.
For laminates that exhibit nonlinear or plastic behavior, the point of failure is not well defined. For
these laminates, failure was defined as the load at which a rapid increase in the strain was observed;
this load was generally slightly less than the maximum load at which complete failure of the coupon
occurred or at which the test was terminated. Nonlinear behavior was most pronounced in the shear
data. The ASTM standards for shear testing prescribe that ultimate shear strain is the minimum
of the value at failure or 5% strain. As noted in the testing section, strain measurements were not
available from the compressive strength testing. An estimate of the compressive strain allowable was
obtained from the compressive strength and modulus recognizing that the unidirectional laminates
exhibited linear elastic behavior to failure in compression.
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4.2 Constitutive Lamina Properties

Laminates 1, 2, 18 and 20 were utilized to calculate the constitutive properties of the unidirectional
glass/epoxy, unidirectional carbon/epoxy and two types of double bias glass/epoxy lamina, listed
in Table 4.2.

Table 4.2: Constitutive lamina properties.
Unidirectional Unidirectional Double Bias Double Bias
Glass/Epoxy Carbon/Epoxy Glass/Epoxy Glass/Epoxy

Property Units 16oz/yd2 15oz/yd2 12oz/yd2 38oz/yd2

Ex GPa 36.5 127.3 11.1 12.3
Ey GPa 12.6 8.78 11.1 12.3
νxy — 0.257 0.328 0.604 0.604
Gxy GPa 3.94 5.07 10.1 13.4
Xt MPa 703.9 1,585 112.4 104.8
Yt MPa 58.3 34.2 119.1 95.1
S MPa 62.5 73.6 122.6 128.1
Xc MPa 791.1 956.2 — 168.2
εxt strain 2.00% 1.20% 4.99% 4.99%
εyt strain 1.01% 0.39% 4.99% 4.99%
γxy strain 5.00% 5.00% 1.22% 0.97%
εxc strain 2.09% 0.78% — 1.13%
Vf % 48.3 60.2 47.5 55.0
ρf kg/m3 2,600 1,800 2,600 2,600

4.2.1 16oz/yd2 Unidirectional Glass/Epoxy Laminate Behavior

Test results for the unidirectional glass/epoxy laminate are presented in Figures 4.1 through 4.4.
It exhibited linear-elastic behavior to failure in tension (Figure 4.1) and compression in the axial
direction (Figure 4.3). In the transverse direction, the tension behavior was bilinear, elastic-plastic,
presented in Figure 4.2. The elastic range ends at approximately 0.5% strain. While the laminate
supported load to approximately 1.8% strain, the allowable was set at 1.0% strain which corresponds
to first discontinuous increase in the strain. Shear behavior, Figure 4.4, was linear elastic until
approximately 1.0% strain. In this range, the shear modulus was representative of the composite.
From approximately 1.0-2.0% strain, the shear modulus transitions from the elastic range to the
plastic range. Beyond approximately 2.0% strain, the plastic behavior was representative of the
matrix.

4.2.2 15oz/yd2 Unidirectional Carbon/Epoxy Laminate Behavior

Test results for the unidirectional carbon/epoxy laminate are presented in Figures 4.5 through 4.8.
It exhibited linear elastic behavior to failure in all tests except in-plane shear, presented in Fig-
ure 4.8. Shear behavior was similar to that of the 16oz/yd2 unidirectional glass/epoxy. It was linear
elastic until approximately 1.0% strain. From approximately 1.0-2.0% strain, the shear modulus
transitions from the elastic range to the plastic range. Beyond approximately 2.0% strain, the
plastic behavior was representative of the matrix. Note that the plastic modulus is equal to that
of the glass/epoxy, substantiating that it is representative of the matrix.
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Figure 4.1: Response of the 16oz/yd2 unidirectional glass/epoxy laminate to axial tension
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Figure 4.2: Response of the 16oz/yd2 unidirectional glass/epoxy laminate to transverse tension
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Figure 4.3: Response of the 16oz/yd2 unidirectional glass/epoxy laminate to compressive loading
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Figure 4.4: Response of the 16oz/yd2 unidirectional glass/epoxy laminate to in-plane shear loading
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Figure 4.5: Response of the 15oz/yd2 unidirectional carbon/epoxy laminate to axial tension
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Figure 4.6: Response of the 15oz/yd2 unidirectional carbon/epoxy laminate to transverse tension

36



0

5

10

15

20

25

30

35

0.0 0.2 0.4 0.6 0.8 1.0 1.2

C
om

pr
es

si
ve

 L
oa

d 
- F

c 
- K

N

Crosshead Deflection - δc - mm

Laminate 2

Specimen 1
Specimen 2
Specimen 3

Figure 4.7: Response of the 15oz/yd2 unidirectional carbon/epoxy laminate to compressive loading
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Figure 4.8: Response of the 15oz/yd2 unidirectional carbon/epoxy laminate to in-plane shear load-
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4.2.3 12oz/yd2 Double Bias Glass/Epoxy Laminate Behavior

Test results for the 12oz/yd2 double bias glass/epoxy laminate are presented in Figures 4.9 through 4.11.
The response to tension loading, Figure 4.9, was similar to the in-plane shear behavior of the uni-
directional composites. Conversely, the in-plane shear response of the double bias glass/epoxy
laminate, Figure 4.11, exhibited behavior similar to the tension response of the unidirectional lam-
inates. Compression testing of this material was omitted, as noted in Section 3.2.

4.2.4 38oz/yd2 Double Bias Glass/Epoxy Laminate Behavior

Test results for the 38oz/yd2 double bias glass/epoxy laminate are presented in Figures 4.12
through 4.15. The response of the 38oz/yd2 double bias glass/epoxy laminate to tension loading,
Figure 4.12, was similar to the in-plane shear behavior of the unidirectional composites. Conversely,
the in-plane shear response of the laminate, Figure 4.15, exhibited behavior similar to the tension
response of the unidirectional laminates.
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Figure 4.9: Response of the 12oz/yd2 double bias glass/epoxy laminate to axial tension
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Figure 4.10: Response of the 12oz/yd2 double bias glass/epoxy laminate to transverse tension
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Figure 4.11: Response of the 12oz/yd2 double bias glass/epoxy laminate to in-plane shear loading
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Figure 4.12: Response of the 38oz/yd2 double bias glass/epoxy laminate to axial tension
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Figure 4.13: Response of the 38oz/yd2 double bias glass/epoxy laminate to transverse tension
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Figure 4.14: Response of the 38oz/yd2 double bias glass/epoxy laminate to compressive loading
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Figure 4.15: Response of the 38oz/yd2 double bias glass/epoxy laminate to in-plane shear loading
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4.3 Influence of End Constraints on Anisotropic Properties

End constraints can affect measured properties of anisotropic laminates by inducing shearing forces
and bending couples at the ends of the specimen.10–13 Corrections to the apparent moduli due
to end constraints can be performed as described in Pindera and Herakovich.12 The difference
between the apparent modulus, E′

x, that is measured in the test and the actual modulus, Ex, can
be approximated by Equation 4.1.12 This correction was formulated for the average stress and to
account for contraction of the specimen in the grips due to Poisson’s ratio effects. The η term,
Equation 4.3, is a measure of the error in the apparent modulus. This term is inversely proportional
to the aspect ratio, l/h, of the test specimen. Therefore, the effect of end constraints on the modulus
will decrease with increasing aspect ratio. The aspect ratio of the tensile specimens gauge section
was 6.

E′
x =

1
S11

(
1− 2

3η

1− η

)
(4.1)

where:

Ex =
1

S11
(4.2)

η =
3S2

16

S11

(
3S66 + 2S11

l2

h2

) (4.3)

The full compliance matrix of the laminates was not obtained from testing, because the number
of strain measurements recorded was insufficient to fully populate the matrix. An estimate of the
error, though, can be made utilizing the constitutive properties to calculate the compliance matrix
[S] from classical lamination theory (CLT). The results of this calculation are presented in Table 4.3.
Correction values in Table 4.3 are calculated from the terms in parenthesis in Equation 4.1. Note
that Equation 4.1 corrects for extension/shear coupling and therefore does not fully correct for the
extension/shear/bend coupling of laminates 8 and 9.

From the corrections listed in Table 4.3, the apparent modulus from experiment will be greater
than the actual modulus of the laminate. For the modulus in the axial direction, Ex, the maximum
increase was approximately 3%.

There was no predicted correction to the modulus in the transverse direction, Ey. This is
compatible with Rizzo’s observation on the effect of the off-axis angle on the shear coupling ratio,
S16/SXX .14 For off-axis angles of 60◦ - 90◦, the shear coupling ratio was approximately 0. Lami-
nates 5 through 9 have varying numbers of lamina at 20◦, which would be equivalent to 70◦ for the
tension tests of the laminates in the transverse direction.

The moduli calculated from classical lamination theory are compared against the apparent
moduli obtained from testing in Figure 4.16 - 4.18. The standard deviation in the experimental data
is plotted with errors bars. The moduli generally correlate with experiment. The CLT value of Ex

for laminate 5 exceeds the value from experiment, counter to the error estimated by Equation 4.1.
This indicates that the error between CLT and experiment must be attributed to factors other
than end constraints. Considering the estimated error in Table 4.3 and the error between CLT
and experiment observed in Figure 4.16, factors other than end constraints were dominant for the
tensile moduli. Those factors include variance in material, fabrication and testing. For laminates 8
and 9, the apparent tensile moduli are both lower than the modulus from CLT. This suggests that
corrections for end constraint of the laminate bending must be performed. In-plane shear modulus,
Gxy, Figure 4.18, estimated from CLT generally correlates with the modulus from experiment.
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Table 4.3: Estimated correction in the modulus based on CLT.
Ex Ey

Laminate η Correction η Correction
5 0.023 1.008 0.000 1.000
6 0.028 1.010 0.000 1.000
7 0.056 1.020 0.001 1.000
8 0.072 1.026 0.000 1.000
9 0.077 1.028 0.000 1.000
10 0.046 1.016 0.000 1.000
11 0.059 1.021 0.000 1.000
12 0.044 1.016 0.000 1.000
13 0.060 1.021 0.000 1.000
14 0.000 1.000 0.000 1.000
15 0.067 1.024 0.000 1.000
16 0.072 1.026 0.000 1.000

The largest errors in moduli are observed in laminate 21. Laminate 21 is 8 layers of 15oz/yd2

unidirectional carbon at ±45◦. Experimental data for laminate 21 is presented in section A.20.
The error in axial modulus is approximately 3.5-GPa. In-plane shear modulus calculated with CLT
for laminate 21 is nearly a factor of 2 larger than measured in experiment. The source of this
discrepancy has not been determined.

4.4 Anisotropic Coupling Properties

The shear coupling ratio, S16/S11, for the anisotropic laminates is plotted in Figure 4.19. Re-
viewing Table 1.2, laminate 4 can be identified as the uncoupled basis laminate against which to
compare laminates 5 through 12 which have varying amounts of off-axis layers. The level of coupling
achievable by rotating the glass skins of the laminates is demonstrated by laminates 13 through 16.

The effect of varying the number of off-axis layers and type of axial layers is illustrated by
reviewing laminates 4 through 9 which have varying numbers of off-axis carbon layers at 20◦ and
either carbon or glass core. The 4 core layers of 0◦ carbon in laminate 5 are replaced by 5 layers
of 0◦ glass in laminate 6. This results in a negligible increase in the shear coupling ratio and a
substantial decrease in the axial stiffness, Ex(Table 4.4). In laminate 7, 2 of the core layers of
0◦ carbon in laminate 5 are rotated to 20◦ resulting in approximately a 50% increase in shear
coupling ratio with an approximately 40% decrease in axial stiffness. Laminate 9 is identical to
laminate 8 with the exception of layer 4, which is 0◦ carbon in laminate 8 and glass in laminate 9.
This substitution of glass for carbon results in a negligible increase in shear coupling ratio and an
approximately 35% decrease in axial stiffness.

The effect of varying the angle of the off-axis plies while keeping the number of angle plies
constant is illustrated by studying, in this order, laminates 4, 10, 11, 7 and 12. Four layers are
oriented off-axis 10◦ in laminate 10, 15◦ in laminate 11, 20◦ in laminate 7 and 25◦ in laminate 12.
With increasing angle, there is an increase in reduction of the axial stiffness. The shear coupling
ratio is maximum at 15◦ in laminate 11 and decreases after that. Laminate 10, with an axial
stiffness reduction of 0.86, exhibits a shear coupling ratio approximately equal to laminate 7, which
has an axial stiffness reduction of 0.61. A plot of this reduced set of coupling ratios is presented in
Figure 4.20.

43



 0

 20

 40

 60

 80

 100

 120

3 4 5 6 7 8 9 10 11 12 13 14 15 16 18 20 21

M
od

ul
us

 - 
E

x 
- G

P
a

Laminate

CLT
Experiment

Figure 4.16: Correlation of axial modulus, Ex, from CLT with experiment.
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Figure 4.17: Correlation of transverse modulus, Ey, from CLT with experiment.
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Figure 4.18: Correlation of axial modulus, Gxy, from CLT with experiment.

Table 4.4: Effect of coupling on axial modulus.
S16
S11

Ex

Laminate (Msi) Reduction
4 0.00 15.16 1.00
5 -0.89 13.10 0.86
6 -0.91 5.53 0.36
7 -1.33 9.30 0.61
8 -1.48 7.66 0.51
9 -1.50 4.96 0.33
10 -1.30 12.98 0.86
11 -1.42 10.73 0.71
12 -1.15 8.47 0.56
13 -1.37 7.39 —
14 -0.15 15.51 —
15 -1.45 7.15 —
16 -1.53 7.18 —
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4.5 Linear First Ply Failure Analysis

Two aspects of the laminates tested in this study prompted a linear first ply failure analysis.
Thirteen of the laminates were hybrid carbon/glass laminates and twelve of the laminates were
anisotropic. The analysis was performed to provide insight into which of these factors, in addition
to the nonlinear material behavior and end constraint effects, was dominant and how that would
affect use of the allowables.

The analysis was performed for the tension and compression tests. ANSYS15 was utilized for the
analysis. The laminates were modeled with the SHELL91 element, an 8-node nonlinear, layered
element that supports plasticity and large-strain. Double bias glass epoxy was modeled as one
layer. Three failure criteria are defined in ANSYS: max strain, max stress and Tsai-Wu. All three
criteria were calculated for each of the laminates. The max strain criteria defines failure as the
exceedence of the strain allowables in the principal material directions. Similarly, the max stress
criteria defines failure as the exceedence of the strength in the principal material directions. The
Tsai-Wu criteria defines a failure surface in stress space which is supposed to account for combined
loading conditions.

Boundary conditions were applied to the ends of the model which restrained the model from
shearing but allowed contraction due to the effect of Poisson’s ratio, noted as v = 0 at the center in
Figure 4.21. These boundary conditions closely approximated those used in Pagano and Halpin10 to
derive the analytical correction for end constraints. Pagano and Halpin utilized an applied strain as
the end loading, while an end stress, σ, was applied to the current analysis. Additionally, the bend
coupling in laminates 8 and 9 necessitated constraining the ends from bending and twisting, noted as
w = 0 and w,x = 0 in Figure 4.21. Essentially, this is a clamped condition that allowed contraction
due to Poisson’s ratio effects. Comparison of this boundary condition with rigid and free boundary
conditions is presented in Figure 4.22 for laminate 8 which demonstrated a nonlinear response.
Note that the boundary condition utilized in the failure analysis approximates the experimental
data better than either the free or rigid boundary condition. Note that the model was restrained
from free-body motion in the X direction due to application of equal and opposite stresses at each
end.

4.5.1 Axial Tensile Failure

Correlation of the linear first ply failure analysis with experiment for axial tensile loading is pre-
sented in Table 4.5 and Figure 4.24. The layer predicted to fail is listed in Table 4.5 for each criteria.
For the max strain and max stress criteria, the component of the allowable that was exceeded is
listed in addition to the layer.

Estimated failure of the unidirectional laminates was within 2% of the experimental value for all
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Figure 4.21: Failure analysis boundary condition.
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criteria. Using the max strain criteria, failure was predicted in the 0◦ lamina for the uncoupled and
least coupled laminates, laminates 3 through 5. Transverse failure was predicted in laminates 13
and 16. Shear failure of the double bias glass skins was predicted for laminates 6 through 12 and 14.
The double bias glass responds linearly to shear, Figure 4.11, which supports the max strain failure
prediction for the coupled laminates. In addition, failure of the double bias skins was observed in
the testing, Figure 4.23. The error in the max strain failure prediction for laminates 18, 20 and 21
was a result of the nonlinear shear-like behavior of those laminates in tension.

The failure predicted by the stressed based criteria was consistently more conservative than max
strain. For the uncoupled laminates, the max stress criteria was more conservative than Tsai-Wu.
As coupling increased, the Tsai-Wu criteria became increasingly more conservative than max stress.
This trend was also observed in a comparison of failure criteria by Soden, Hinton and Kaddour.16

In general, failure predicted with the stress based criteria was a result of exceeding shear al-
lowables. A result of this was that the stress based criteria more accurately captured the failure
of laminates 18, 20 and 21 than the max strain criteria. The layers and components of failure
predicted with max stress correspond to constitutive lamina directions that respond nonlinearly,
either the double bias glass or the off-axis carbon. Employing a nonlinear material model should
improve the correlation with experiment of all of the criteria.

4.5.2 Transverse Tensile Failure

Correlation of the linear first ply failure analysis with experiment for transverse tensile loading
is presented in Table 4.6 and Figure 4.25. The layer predicted to fail is listed in Table 4.6 for
each criteria. For the max strain and max stress criteria, the component of the allowable that was
exceeded is listed in addition to the layer.

In general, the same failure was predicted with the strain and stress based criteria. The predic-
tions were conservative and consistently a result of matrix failure. The error in the failure predicted
with max strain for laminates 1, 3, 18 and 21 was a result of the nonlinear behavior of those lam-
inates. For laminates 1 and 3, the bilinear behavior of the 16oz/yd2 unidirectional glass was not
captured by the max strain criteria. For laminates 18 and 20, the nonlinear shear-like response was
not captured.

4.5.3 Compressive Failure

Correlation of the linear first ply failure analysis with experiment for compressive loading is pre-
sented in Table 4.7 and Figure 4.26. As in the case of tension, the layer predicted to fail is listed
in Table 4.7 for each criteria. The component of the allowable that was exceeded is listed for max
strain and max stress.

Figure 4.23: Failed laminate 8 tension specimen.
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Figure 4.24: Correlation of axial tensile failure analysis with experiment.
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Estimated failure of the unidirectional laminates correlated well with experiment, within 5%
for all failure criteria. With the exception of max strain failure of laminate 9, compressive failure
was due to carbon in laminates 4 through 16 for all criteria. The same compressive failure was
obtained with max strain and max stress for most laminates. For laminates 5, 7, 11, 12 and 15, the
transverse component of failure was predicted by the max strain criteria. This suggests expansion of
the double bias skins due to Poisson’s ratio exceeded the transverse limit of the carbon layers. As in
the case of tension, the max strain criteria did not accurately capture the behavior of laminate 21.

Tsai-Wu criteria consistently predicted the most conservative failure stress. The failure pre-
dicted by Tsai-Wu was approximately half the value observed in experiment for the coupled lami-
nates. The data requirements for Tsai-Wu exceed those for max strain and max stress. Allowables
for transverse compression of the unidirectional laminae were not obtained from testing. Based
on representative data in Jones,17 these compressive allowables were set equal to three times the
tension allowable perpendicular to the fibers. No compression allowable data was obtained for the
double bias glass lamina. In this case, the compression allowables were set equal to the tension
allowables. Clearly, these assumptions have the largest impact on Tsai-Wu criteria and contribute
to the lack of correlation between Tsai-Wu and experiment.

A compressive interaction effect of carbon with the double bias glass layers was observed com-
paring laminates 2 and 4. Laminate 4 was essentially laminate 2 sandwiched between two layers of
double bias glass. The experimental compression strength of laminate 4 was greater than laminate 2,
while a decrease was observed in the analysis. Furthermore, laminate 4 failed in the experiment
at 1.0% strain compared to 0.78% strain for laminate 2. The experimental data indicates that the
interaction between the double bias skins and the unidirectional carbon improves the compressive
failure of the carbon. This effect was not estimated by the analysis and contradicts results presented
by Soutis18 for T800/924C carbon-fibre/epoxy with a stacking sequence of [(±45/02)3]s. A noted
difference between laminate 4 and the laminate study by Soutis is that laminate 4 is a carbon/glass
hybrid. Further study into this interaction is required.
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Figure 4.26: Correlation of compressive failure analysis with experiment.
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5. Conclusions and Recommendations

The conclusions to be drawn from the testing and analysis reported in the previous sections are:

• Test results for the tensile moduli for all of the anisotropic laminates correlate generally well with
those determined using classical lamination theory without further correction for the effects of end
constraints imposed by the test fixtures. The coupons used in the present tests exhibited gage aspect
ratios of 5:1, and no conclusions can be drawn as to whether end constraints might be significant for
shorter coupons.

• Test results for shear moduli for the anisotropic laminates suggest that end constraints are affecting
the results.

• The results indicate that extension/shear coupling is maximized with the least loss in axial tensile
stiffness by using carbon fibers oriented 15◦ from the long axis for approximately two-thirds of the
laminate volume (discounting skin layers), with reinforcing carbon fibers oriented axially comprising
the remaining one-third of the volume.

• First-ply failure predicted by finite element analyses proves generally conservative for all three of the
failure criteria examined maximum stress, maximum strain, and Tsai-Wu with the stress-based cri-
teria the most conservative. For laminates that respond nonlinearly to loading, large error is observed
in the prediction of failure using maximum strain as the criterion.

Appropriate follow-up to this study would include testing anisotropic laminates in which higher
fractions of the fibers are rotated to smaller angles than were studied here. In the present study, the
only trade-off of fiber angle is conducted by examining 10◦, 15◦, 20◦, and 25◦ fibers, all comprising
approximately two-thirds of the core laminate (i.e., excluding the biaxial glass skins). Higher
concentration of off-axis fibers is examined in Laminate 8, but only with 20◦ fibers. Therefore, the
conclusion that two-thirds of the fibers oriented at 15◦ provides the best combination of coupling
and stiffness is true only within the envelop of laminates studied here. It may be that a higher
concentration of fibers turned to 10◦, or nearly all of the fibers turned to an even smaller angle
might offer a superior combination of coupling and stiffness.

It would also be appropriate to consider further tests to discern the influence of the test fixture
end constraints on the in-plane shear modulus and strength measurements. As noted above, the
results of the present study suggest the end constraints are significant for shear tests. However,
as also noted in the text of the report, an insufficient number of strain measurements (i.e., com-
ponents of strain) were recorded with each laminate to fully populate the stiffness matrix. In the
present study, we have been able to determine whether the stiffness matrix predicted with classical
lamination theory does or does not correlate well with the experimental results, which provides an
indication of whether end constraint effects are or are not significant for certain tests. However,
the methods do not necessarily lend themselves to highly accurate correction of results where end
constraint effects are influencing the test results, as is the case for in-plane shear. Therefore, dur-
ing any follow-on tests, we recommend that all coupons be instrumented with three-element strain
rosettes for axial tension, transverse tension, and in-plane shear tests. This would enable fully
populating the stiffness matrix and a more accurate correction for end constraint effects.

Finally, recommended follow-up to the first-ply failure analysis would include nonlinear failure
analyses. A number of nonlinear failure criteria have been published, and it would be interesting
to verify them against the test results for the anisotropic materials examined in the present study.
All of the linear failure criteria studied here are conservative because they neglect the nonlinear
stress-strain behavior of the materials particularly the ±45◦ glass and the off-axis fibers near
failure. Nonlinear failure criteria would ostensibly be more accurate, albeit at the cost of higher
computation time.
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