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ABSTRACT
In this study the effect of embedded sensor tube on fatigue life of composite structure under
compression fatigue has been determined. Specimens were prepared using carbon/epoxy prepregs
stacked in [(90/0/90)3 90/0]s with sensor embedded in the midplane between two 0° plies. The tests
were performed at frequency of 5Hz, R = 10 at different stress levels and the results plotted on SN plot clearly show a reduction in fatigue life with the run-out cycle for specimen with sensor tube
reduced to almost 70% of the static compression strength compared to 80% for the specimens
without sensor tube. In all the cases the failure was sudden, catastrophic, showing brooming kind
of failure and in no instance the sequence of failure could be determined. Later the microscopy
study revealed the crack initiating at the crack tip of the “resin-eye” and arresting at the sensor
tube, mode of failure could not be inferred from this observation.
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CHAPTER 1
INTRODUCTION
Composite material consists of two important constituents, they are, fiber and the matrix
phase, where the fiber plays the role of carrying majority of the axial load and the matrix helps in
transferring the load to the fibers, protects fibers from the environment i.e. corrosion and promotes
adhesion. Composites are increasingly being used in aerospace industry for structural components
like the wing flaps, ailerons, landing gear doors and also for many non-structural applications,
owing to some of the advantages over the metals such as, high strength to weight ratio, high
modulus and high fatigue resistance [1, 2]. Even though composites being superior to metals, they
have some issues in terms of manufacturing and on-site repair. In the manufacturing process of
composites, curing is one of the important aspects of it, where the measurement and controlling
temperature of the cure process of composite parts and repair patches are achieved by using surface
mounted thermocouples [1]. But these surface mounted thermocouples are reading temperatures
reflected off the surface and not the actual part temperature distribution, which may lead to a nonuniform/ uncured repair patch. The other way of measuring the part temperature is by mounting to
the edge of the laminate while curing, which at best would give only the isolated temperature and
not the bulk temperature distribution, which again may lead to uncured laminate/repair patch. For
example, take the case where on-site repair of composite parts is done, here the soft patch (uncured
prepregs) and adhesive are cured using heat blanket, controlling this blanket using surface mounted
thermocouple may not be right, as heat loss may occur due to the adjoining parts, backside exposed
to environment (ambient conditions), which would require the temperature be varied to
compensate for the heat loss. One way to counter this is to embed smaller thermocouples, but it
would run along the whole length of the composite causing wiring problems and could also cause
1

vacuum bag leaks. So, one of the ways to overcome this is to embed sensor tube into the composite
layup (i.e. between plies/ adhesive bond layer).
Many studies [3, 17, 18, 26] have been performed on using fiber optic sensor with
composites till date, for the purpose of measuring temperature, strain, cracks and many other
sensing applications for structural health monitoring of aircraft, to see if embedment of fiber optic
has any effect on structural integrity.
The microwire sensor tube used in this study comes in diameter of 250µm and 32mm long
as seen in the figure 1 below.

Figure 1. Microwire sensor tube
The microwire temperature measurement system (MTS) (by Avpro Inc., [36]) is used to
measure the cure temperature from the embedded magnetic micro-wire sensor, which is actually
encapsulated in a tube of larger magnitude made of titanium. This tube having diameter greater
than the ply thickness, causes layer waviness/out-of-plane waviness [16]. This inclusion of the
sensor tube into a composite structure creates an area of stress concentration, a weak element in
the structure, from where the damage can initiate and propagate, thus affecting the mechanical
properties like tensile strength, in-plane shear, compressive strength and fatigue life. These issues
2

need to be addressed or studied in depth for this system to be implemented, which could solve the
problems of wired thermocouples, uncured laminate or repair patch.
Some in-depth studies have been performed [14,25,27] to see the effect of layer waviness
(out-of plane) on the properties of composites, but not many studies on the effect of embedded
sensor tube on fatigue life under compression-compression have been performed or recorded. So
in this study the effect of the sensor tube on compression fatigue life of cross-ply laminate will be
studied followed with microscopy study to characterize the mode of failure along with finite
element analysis, to get indications of the failure sites/mode of failure.

3

CHAPTER 2
LITERATURE REVIEW
Microwire sensor tube can be introduced into the composite laminate by surface mounting
or embedding into the laminate during fabrication process. As we discussed before the purpose of
embedding sensor into the structure is to avoid the problems of uncured laminate or uncured repair
patch. This inclusion of sensor tube perpendicular to the adjacent fibers causes undulation of the
0° i.e. through the thickness waviness (or out of plane waviness). The edge view of the sensor tube
embedded in the laminate can be seen in the figure 1 shown in the above section.
The sensor tube can be embedded in two ways: 1) Parallel to the fiber direction (i.e. along
the loading axis) 2) Perpendicular to the adjacent fibers. Bicos and Tracy [16] have shown that
lenticular region formed due to the OF placed adjacent to the fiber direction was found to have
deleterious effect on the mechanical behavior of the composite by promoting interlaminar and
interfacial cracking, which causes the composite to delaminate and fail prematurely. Similarly,
Leka and Bayo [17], have shown that, when inclusion is embedded parallel to adjacent layers,
there are no local perturbations, on the other hand, when placed perpendicular, local perturbations
of the fibers occur and for inclusion diameter greater than the half thickness of the ply, the waviness
extends into other plies. For this reason the latter configuration was chosen to emulate the worst
case scenario and figure 2 shows both the configurations.

4

Figure 2. Sensor configurations
In this section studies related to the effect of embedding inclusions, waviness, geometry
and stacking sequence on the mechanical properties of the laminate are reviewed.

2.1 Fatigue Properties and Compression Failure Theories
Fatigue Properties
Composites fatigue behavior is different from homogeneous materials (i.e. metals),
because of its anisotropy and heterogeneity. In metals, fatigue life is spent mostly in nucleating
the crack, growing the crack and ultimately failure of the specimen, while in composites matrix
cracks, fiber splitting, delamination, debonding occurs individually or interactively, which makes
5

the study and prediction of fatigue behavior difficult. Not only this, under compression the
properties can vary depending on the fixture, test method, specimen dimensions and alignment,
which makes it even more difficult to predict the fatigue behavior. The failure theories for
compression are as follows:
Failure theories for compression
Fiber-micro buckling: - Initially Rosen [3] proposed a model, where in columns of fibers
in an elastic foundation (Matrix), was subjected to compression and the composite model would
fail by elastic buckling. Two modes of fiber-micro buckling were determined, Extensional and
Shear shown in the Figure 3. When fiber volume fraction, Vf < 30%, extensional mode occurs,
buckling out of phase and when fiber volume fraction, Vf > 30%, shear mode occurs, buckling in
phase. The matrix resists this fiber-micro buckling and the degree of buckling is controlled by the
resin toughness/modulus.

Figure 3. Shear and Extensional Mode of failure under compression (Ref 33)
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Fiber Kinking: - This is one of the failure mechanisms under compression, which causes
reduction in compression strength. In one of the studies, Argon [5] suggested that off-axis or
misaligned fibers to the loading direction leads to fiber kinking, which occurs at lower stress level
than buckling strength.
Transverse Tension: - Composites under compression causes transverse tensile stress to act
on it, which can result in composite failure owing to the fact that composites are weak along this
direction.
The discussed failure mechanisms are mostly governed by fiber/matrix or resin properties
as shown in experiments [5, 6], where high modulus fiber with stiffer matrix produces high
compressive strength. In the studies performed by Greszczuk [5], it was discovered that graphite
fibers with low modulus resin led to fiber micro buckling in shear mode, intermediate resin led to
fiber splitting and high modulus resin led to fiber compression. Therefore, matrix plays a critical
role in compression failure mechanism. The failure mechanism or sequence observed typically has
been matrix cracks, fiber splitting delamination propagation along the length and width; which
leads to fiber buckling and catastrophic failure [8-10].

2.2 Effect of fiber or layer waviness under compression-compression fatigue
Layer waviness can be introduced into the composite structure or laminate intentionally by
embedment of sensor or any inclusion having diameter greater than the ply thickness adjacent to
the fiber direction, unintentionally it is introduced as manufacturing defect, due to the matrix, fiber
and tooling having different coefficients of thermal expansion causing longitudinal and transverse
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stress to develop in the part. The temperature gradient of the part during processing and matrix
during consolidation is another cause for this waviness, as seen in this study [14].
In one of the studies [15], carbon/epoxy laminates with different stacking sequences and
optical fiber sensor embedded in different configurations were fabricated as shown below in Table
1.
Table 1. Notations for specimen configuration. (Ref 15)
Laminate Type

Stacking sequence

Optical fiber

A

[0°]18

No

B

[02/902/02/902/0]s

No

C

[902/02/902/02/90]s

No

A-T

[03/FO/015]

Yes

A-M

[09/FO/09]

Yes

B-T

[02/90/FO/90/02/902/02/902/02/902/02] Yes

B-M

[02/902/02/902/0/FO/0/902/02/902/02]

Yes

The tests performed on unidirectional laminates showed a decrease in stiffness and
strength, with 6% reduction when tested at 75% of compressive strength level. Among the
configurations mentioned above, A-M showed the most degradation in properties than A-T with
asymmetric condition. The specimens showed signs of delamination, cracking in areas of
compression load. Cross-ply laminates showed less fatigue resistance than unidirectional
laminates, where configuration B-M was most affected as the failure occurred at very low number
of cycles. This may be attributed due to the fact that mid-plane is the region subjected to high shear
stress. Unidirectional and cross-ply laminates with OF embedded in between 3rd and 4th plies
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completed fatigue test, while the mid-plane position has shown to be more detrimental than the
above configuration.
In the study performed by C.Y.Huang et al [21], unidirectional carbon/epoxy composite
laminate with vasculatures of various dimensions were fabricated using stainless steel wires having
high rigidity and melting point. The steel wire was coated with polytetrafluoroethylene for easy
removal of the wire after curing of the laminate. During consolidation, this inclusion, caused
uneven local pressure distribution, which resulted in small voids adjacent to the resin pocket. The
authors suggested that these voids could initiate cracks, leading to pre-mature failure and the
fatigue tests showed a reduction in fatigue life compared to the wave free specimens.
In another study [23], 6 unidirectional layers of carbon/epoxy with 2mm thickness were
fabricated, where fiber waviness was introduced by placing two polymer rods of diameter 0.5mm,
transverse/perpendicular to the surrounding fiber direction close to the top and bottom outer layers
as shown in the Figure 4 below. This out-of-plane waviness had severe influence on the fatigue
life under compression-compression loading. For the case of α=45° the fatigue life was reduced
by 50%.

Figure 4. a) Schematic of the laminate cross-section b) Microscopic image (Ref 23)

9

Also the distance between the two rods were varied, to see the effect of variation of alpha
on the principal stress concentrations acting around the inclusion and the effect of it on fatigue life.
From the Graphs in Figure 5 below, it can be seen that for the case when α is close to 90°, with
minimal fiber waviness, least max principal stress acts around the inclusion.

Max Principal Stress (MPa)

3.9

3.8
3.7
3.6
3.5
3.4
3.3
3.2

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
α( )

Figure 5. The variation of principal stresses with alpha. (Ref 23)
The author concluded that static FEA could give the indication of the fracture location and
mode for the specimens with wavy layers under fatigue loading. Figure 8 below shows the stress
concentrations around the inclusion.

Figure 6. A) Max principal Stress and B) Min principal Stress in the vicinity of the rods. (Ref 23)
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Adams D.O and Hyer.M.W [24] studied the effects of layer waviness on the compression
response of carbon/polysulphone laminates under static and fatigue loading conditions. Three step
process was used to fabricate the laminate of stacking sequence [902/02/902/02/902/02w]s with wavy
layer of 1.5 thickness in amplitude and 9 layer thickness length. The static test results show a
reduction of 36% in compression strength, with 0° wavy layer carrying only 20% of the over-all
load capacity of the laminate. The fatigue tests on laminates with moderate wavy layer showed
one and half decade loss of life compared to the wave-free specimens.
Raghavan [13] carried out experimental study where coupons of 6 unidirectional NCF
layers with varying shift angle creating out of plane waviness were fabricated and compressively
tested under static and fatigue load conditions. The static tests on coupons with shift angle under
10° showed no considerable reduction in compressive strength while the coupons with shift angles
about 10° to 25° showed a 40% reduction in compressive strength compared to straight coupons.
Similarly, fatigue tests showed a decreasing trend in number of cycles to failure with increasing
shift angles supporting the fact that greater wavy region has to rotate by shallower angle as seen
in study below [28].
A.P.Mouritz [28] studied the effect of z-pinning on compressive strength, in-plane modulus
and fatigue life of composites along with the damage mechanism causing the knockdown of these
properties. Carbon/Epoxy prepreg tape were used to fabricate the laminates. These laminates were
examined under the microscope to see the misalignment of the fibers for varying diameters of pin,
shown in the figure below.
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Figure 7. Fiber waviness vs Pin diameter (Ref 27)
Similar to other studies of embedding inclusions, in this study of A.P.Mouritz [28] also the
inclusion of these pins resulted in resin-rich region. Spacing the pins far apart created discrete
resin-rich regions (for .5% pins case), while the case when spaced closely, the waviness reduced
to <2°. Static compression tests showed a reduction in the modulus, with highest reduction for
unidirectional laminates and least for [±45]s, due to the fact that there are more load bearing fibers
(0°) displaced around the pins. Whereas, the fatigue tests carried out at frequency of 5Hz and R=.6
at 75%-95% of the ultimate compressive strength showed a reduction in fatigue life as compared
to the case with no pins, not only this, as the pin size was increased, the fatigue life reduced. And
the reason for this could be that under fatigue loading, as the number of cycles increase the wavy
fiber region rotates due to plastic flow of polymer matrix and at certain stage/ angle unstable kink
band formation leads to fatigue failure. So for higher pin diameter, the fiber has to rotate by
shallower angle and possibly the reason for a decrease in S-N curve, which can be seen in reference
[28].
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2.3 Failure mechanisms
Many studies have been performed as discussed above to determine the loss of fatigue life
at macro level (laminate), where they have also focused on determining the mode of failure leading
to the ultimate failure. Here are some of the studies explaining the mode of failure observed under
compression for static and fatigue cases.
J.M.A Silva et al [15] performed compression fatigue tests on carbon/epoxy laminates with
various stacking sequence and locations of optical fiber sensors. Delamination and cracking in the
areas of compression load was observed.
C.Y.Huang [21] performed study on the carbon/epoxy laminates with vasculatures of
various dimensions and observed the following failure sequence shown in the figure below.

Figure 8. Failure mechanism observed under C-C fatigue (Ref 21)
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For the case with resin having lesser toughness than the laminate, cracks were observed to
initiate, propagate in the resin rich region and expanding it with ultimate failure via fiber microbuckling. Whereas for the case with resin having higher fracture toughness, the failure initiation
occurred by fiber-matrix splitting along the resin pocket i.e. delamination and ultimate failure via
fiber micro-buckling.
Adi adumitroaie et al [23] performed compression fatigue tests on 6 ply unidirectional
laminate with thickness of 2mm embedded with two polymer rods of .5mm with varying distance
from each other and observed the following failure sequence. For the case with waviness angle α
< 70°, initially matrix cracking in the resin zone, followed by delamination of the unsupported
outer region causing bending of the inner layers, shear fracture, kink band formation and then final
failure or one or two layers of kink band with other layers failing via shear fracture. While for
70°<α<90°, failure occurred through two lines of shear fracture intersecting at the center of inner
layers causing delamination.
In the study performed by Adams.D.O. and Hyer.M.W [24], both compressive static and
fatigue case, the failure was sudden and catastrophic. The mode of failure observed in most of the
specimens was brooming failure with out of plane splaying of layers and delaminations near the
wavy region. But, in no case the sequence leading to final failure could be determined or solely
based on delamination, which could have been caused by post-failure crushing. The images of
failed specimens can be seen in figures 9, 10 and 11.

14

Figure 9. Shear Fracture at the tab termination end (Ref 24)

Figure 10. Brooming failure at layer wave location (Ref 24)

Figure 11. Post-failure condition of layer wave specimen (Ref 24)
15

Compression-Compression fatigue test carried out in one of the studies[11], on
graphite/epoxy laminates with different stacking sequence of [0]24T, [90]24T, [±45]6s and
[(±45)5/016/904] c. Greater wear-out was observed in matrix-dominated laminates [±45]6s and
[90]4T, but this did not show direct effect on the endurance limit as the fiber dominated laminate
[0]24T showed a 39% drop in endurance limit, due to the degradation in fiber/matrix interface.
Whereas the laminate [(±45)5/016/904] c showed less reduction in endurance limit owing to the
stabilizing ability of outer plies on fiber micro-buckling. Finally it was concluded that resin-rich
region did not have any significant effect on the fatigue wear out, instead fiber/matrix degradation
was responsible for it and the stacking sequence plays a significant role in the fatigue life of
composite as seen in [23],[32].
2.4 Other Studies related to the effect of inclusion or waviness on laminate properties
In the study performed by J.A.Etches and G.F.Fernando [25], EFPI sensors with cladding
diameter of 125µm were embedded into the composite panel made using carbon fiber prepregs of
thickness .125mm stacked in sequence [0/90/90/0/0/90/0/90] s giving it a thickness of 2mm with
16 plies. Tension/Compression fatigue test at R=-2.5 showed a reduction in fatigue life at this high
stress level and the sensor themselves did not perform as expected.
While Paul and Schoeppner [36] carried out tensile tests on laminates with two stacking
sequences and showed that [0/90]4s graphite/epoxy laminates embedded with sensor perpendicular
to adjacent fibers did not have significant effect on the tensile properties and stiffness, but [90/0]4s
laminates showed reduction in strength and stiffness due to the undulations/perturbations caused
in 0° fiber layers.
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D.C.Lee, J.J.Lee and S.J Yun [33] carried out static and fatigue test on glass/epoxy
composites with embedded optical fiber sensors and showed that the sensor had a significant effect
on the tensile fatigue life, while very less effect on the stiffness and strength under static tensile
load. U.I.K Galapathi [25] performed a study on ply waviness effect on fatigue life and showed
that glass fiber/epikote MSG RIMR 235 resin with waviness had considerable reduction in tensile
fatigue life compared to the wave-free specimens.
In the studies performed by Rosenfield and Huang [8] for glass fiber composites, it was
observed that delamination occurred between 0° and off-axis plies independent of the stacking
sequence. Not only this, delamination occurred sooner with 0° outer plies, which was supported
by Ratwani and Kan [9] and the reason why the reduction in endurance limit for fiber dominated
laminates is maximum as seen in this study [11].
Dosedal and Stefan [3] carried out static compression tests on laminate having orientation
from an existing aircraft embedded with optical fiber sensor of various sizes, orientations, number
and location. Sensor perpendicular to the adjacent fiber layers resulted in “resin-eye” and fiber
layer waviness which had led to 27% reduction in compressive strength for sensor of diameter
240µm compared to sensor of diameter 125µm. The failure mechanism/sequence observed was
matrix cracks, which led to the delamination of surrounding plies and ultimate failure.
The study performed by Robert and Davidson [26], where unidirectional graphite/epoxy
laminates with 100µm sensor was embedded perpendicular to the adjacent fibers showed 26%
reduction in their longitudinal compressive strength, while another system of graphite/epoxy did
not show the same suggesting that the degradation is caused due to the test method fixture and not
the optical sensor. Initiation of failure in all cases occurred in the resin-rich region without any
degradation in properties. They also performed tensile fatigue test on cross ply laminates
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embedded with 140µm diameter sensor parallel to the 0/90 interface, for which the cracks initiated
at the sensor/composite interface only for few specimens and concluded optical sensor did not
have significant role in the premature fatigue degradation, probably due to less wave severity
owing to the size of the optical sensor.
2.5 Studies related to strain concentrations around embedded sensor tube
As discussed previously, that introducing a sensor tube or inclusion into a laminate perpendicular
to the surrounding fibers causes perturbation of the surrounding fibers and many have done research to
quantify this effect in terms of local stresses and strains using moire interferometry and finite element
methods. Some of the studies are discussed below:

Czarnek et al [18] performed uniaxial tension test on cross-ply laminate with optical fiber
placed perpendicular and parallel to the surrounding fibers. He revealed that strain concentration
is 4 times the far field strain, parallel to the loading direction, which is about 3.6 and strain
concentration of 14.2 perpendicular to the loading direction. Carmen and Sendeckyj [35] suggested
that this high stress concentration is due to the extremely compliant coating on the fiber, which
meant that the actual stress concentration is less.
Salehi et al [19] performed similar test on different stacking sequence and showed similar
results as Czarnek et al [18] for parallel strains, but not the perpendicular strains. And suggested
that the high strain concentrations are found to be on the optical fiber coating. Not only this, the
failure initiates parallel to the loading direction in the region where parallel strains are 3.6 times
the far field strains.
Singh et al [20], performed compression tests on unidirectional laminates with different
sensor diameters and coatings. Strains from Moire interferometry were similar to results from
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salehi [19]. The results suggested that the stress in the wavy region is a function of sensor diameter
similar to the study by A.P.Mouritz [28].
Roberts and Davidson [26] performed finite element analysis to determine stress
concentrations around the fiber optic sensor embedded transversely to the surrounding fibers in
unidirectional and cross-ply laminates. The stresses were 34% higher than the applied stress at the
resin rich region near the fiber coating along the mid-plane. The shear stresses were maximized at
the fiber and resin-rich region interface. Not only this, the stress concentrations were shown to be
directly a function of sensor diameter, with lower stress concentrations for stiffer resin and smaller
embedded sensors.
Leka and Bayo [17] performed fatigue test for ten cycles and showed that there is no
degradation between the host and sensor interface. While the test performed by Singh et al [20]
i.e. compression fatigue showed residual strains near the fiber optic sensor for very less number of
cycles.
In another study [22] the effect of gage length on the compressive fatigue life was assessed,
where euler buckling curves were plotted to determine the critical specimen gage length below
which no buckling would take place. From the graph below, for a factor of safety of 4, a gage
length of 17mm for ±45° and 0°. Fatigue tests were carried out at R=10 and frequency of 1Hz to
prevent specimen heating due to hysteresis and the results showed a drop in fatigue life
complimenting the fact that as the gage length is increased the chances of it buckling/bending
increases with compressive stress on the concave surface. Failure in unidirectional specimens was
generally catastrophic with delamination of the outer strands buckling away from the specimen.
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2.6 Compression test methods comparison
The various compression test methods were compared in this study [29], which can give
different results, for the same material being tested. The various test methods compared were
SACMA SRM 1R, ASTM D695, ASTM D3410, ASTM 5467 and ASTM D6641. Of the methods
mentioned, SACMA yielded the highest compressive strengths, while the 4-point bend test gave
higher strength than SACMA, but it was time consuming test, making it non-viable and ASTM
D695 has shorter gage length, being least prone to buckling, but still giving results 10%-20% lower
than other methods owing to the fact that it is end loading method of compression testing. Finally,
the choice of test method depends on the time, cost, availability and the material being tested. For
our study, ASTM D6641 was chosen, since it gave results similar to SACMA and was easily
available.
As seen above, very limited studies related to the effect of waviness or inclusion on
compression fatigue life of composites has been found. And based on the results observed in
literature, inclusions have had detrimental effect on compressive properties of the composite
laminate/structure when embedded perpendicular to the surrounding fibers, which causes the fibers
disturbance and formation of resin-rich (“resin-eye”) region. In this study as well compression
fatigue will be performed on carbon/epoxy cross-ply laminate with embedded sensor tube, to see
degradation in fatigue life and to determine the sequence/mode of failure by visual inspection.
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CHAPTER 3
PROBLEM STATEMENT AND OBJECTIVE
3.1 Problem Statement
In this study, the effect on compressive fatigue life due to the embedded sensor tube, was
investigated. The specimen used for this study have dimensions based on ASTM D6641[32], as
shown below.

Sensor tube (Top View)

Figure 12. Dimensions of the specimen (Ref 32) with centrally located sensor tube (Top view and
Side view)
The specimens were cut from cross-ply laminates with balanced and symmetric stacking
sequence of [(90/0/90)3/0/90]s with a total of 22 plies of 5320 UD carbon/epoxy material system
was used. The reason we opted for this stacking sequence was to introduce lenticular region in the
mid-plane and measure the effect of this region on the in-plane properties, in our case compression
fatigue life.
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3.2 Objective and scope
This study was performed to measure fatigue life of 5320 carbon/epoxy cross-ply composite
laminates embedded with sensor tube during fabrication process. Since there is no standard for
compression fatigue testing, Combined loading compression [30] test method was used for this
research. The main scope of this study were:
1. To embed the sensor tube into the laminate perpendicular to the 0° mid-plies.
2. To determine the number of cycles to failure of specimens with and without waviness.
3. To know the mode of failure and sequence of events leading to final failure under
compression-compression fatigue.
4. For a better understanding of the failure observed in the experiment, stress fields from
linear elastic FEA performed by Akhil [33] had to be obtained.
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CHAPTER 4
EXPERIMENTAL WORK
4.1 Test coupon fabrication and geometry
The test coupons for this study were fabricated from 5320 Carbon/Epoxy UD prepreg
lamina stacked in the sequence [(90/0/90)3 90/0]s. Plies of dimensions 14”x14” were cut, then the
tools for the layup were prepared, which can be seen in figure 13. Two laminates had to be
fabricated, one control laminate without the sensor tube and the other with the sensor tube. The
plies were laid ply-by-ply in the above sequence with great care to avoid any wrinkles on plies
while removing the peel-ply. When it comes to the laminate in which the sensor tube had to be
placed in the mid plane, care was taken in calculating the position of the tube, taking into
consideration the specimen geometry and how the specimens would be cut-out from the panel, this
was critical as the position of the tube here would decide the final position of the tube in the cutout specimen. The schematics below explains the position of the tube in the laminate. Tubes of
length greater than the laminates were placed in their respective positions on the laminate so as to
allow the position of the tube to be determined once the laminate was cured and clear tapes were
used to keep the tubes in place during layup process. Once all the plies were stacked the laminates
were cured with a two-step process, with cure profile shown in figure 15. The figures 13 and 14
show the Layup schematic and the panel configuration schematic of the fabrication process.
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Figure 13. The layup schematic.

Figure 14. Laminate schematic
The laminates for this research were consolidated with ramp rate of 2.27ᵒ F/min and total cure time
of 12 hours.
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Figure 15. The cure cycle.
The geometry of the coupons for compression fatigue test are very critical, the coupons
were cut based on ASTM D6641 Compression test Method [32]. The reason for choosing this
method will be explained later when discussing about the test fixture. The specimen dimension of
5.5 inch long and .5 inch wide were cut from the fabricated laminates using water jet cutter as seen
in figure 16 below with great care following the schematic diagrams and tolerances which can be
found in appendix D to ensure the 0° fiber direction was not misaligned as all the tests were
performed along this direction. Initially only half the laminate without embedded sensor tube was
cut, to check if testing the untabbed specimens with the CLC (Combined Loading Compression)
[30] fixture was possible, which turned out to be unsuccessful, discussed in detail in the testing
difficulties section. Later the uncut laminates were tabbed with fiber glass laminates of thickness
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2mm and film adhesive FM300 was used to bond the tabs to the laminates. The details of the
tabbing procedure followed can be found in appendix A.

Figure 16. Tabbed specimen dimensions (Ref 32)
4.2 Test Setup
The test setup includes the following important equipment’s, servo-hydraulic MTS 810
Load frame equipped with 22Kip load cell, 647 wedge grips and a computer for data acquisition.
Since the MTS is equipped with wedge grips, in order for the Wyoming CLC [30] (Combined
Loading Compression) to be used with this MTS, platens had to be installed via adapters, which
were gripped using the wedges and the platens were screwed in using studs. The CLC fixture could
rest on the platen without any constrains for static tests, but for fatigue test it had to be constrained
on the lower platen, which was done by placing rectangular metal pieces held by c-clamps, keeping
the fixture constrained along the horizontal during the test run.
Additional equipments had to be installed apart from the ones mentioned above, which
included dino-premier2 version of the digital microscope, which has resolution of 1280x1024
26

pixels and magnification of 15× – 220×, good enough to take pictures of the specimen for visual
inspection. For this, two metal blocks had to be installed for the placement of a platform, on which
the digital microscope was placed. A separate fixture had to be designed for holding the
microscope and at the same time having 3DOF. The whole setup can be seen in the figure 17
below.

Figure 17. Test Setup (Ref 34)
4.3 Test Fixture
CLC (Combined loading compression) fixture [30] was used for this research. This fixture
consists of two pairs of metal blocks, in which the individual pairs are clamped together by 4 bolts.
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The alignment rods along with the linear bearings, keeps the pairs aligned and the linear bearings
prevents frictional binding of the rods. The gripping surface is coated with tungsten carbide
particles, which enhances the gripping frictional force, increasing the shear load transfer to the
specimen. The reason for choosing this fixture was that the end-to-shear loading ratio can be
controlled by adjusting the bolt torque, allowing combined loading condition, in this condition
higher strength materials can be tested successfully than when it is under pure end-loading
condition (causing end crushing failure) and when under pure-shear loading ( less clamp force
induced stress concentration). D695 test fixture causes brooming at the protruding end of the
specimen, not only this, the compression strength is 10-20% lower compared to D6641
compression test method as seen in [32], this method is very effective for [0/90] balanced laminate,
highly orthotropic laminates, unidirectional laminates, specimens with and without tabs can also
be tested as the coating is not rough enough (100 grit) for it to cause any damage. The circular
recess allows the installation of extensometer, which is not going to be used for this study and
neither the strain gages. The fixture is shown in the figure 18 below.

Figure 18. Combined loading Compression fixture (Ref 30)
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4.4 Sample Pre-test Preparation
The specimens cut-out from the panel had to be prepared for visual monitoring or
inspection. For this, the specimens were sanded with 600 grit, 1200 grit sand paper in a container
with water and cleaned with acetone to remove any debris as a result of sanding. This resulted in
a surface good enough to visually aid in determining the crack initiation region, propagation and
failure mechanism. The images of the unpolished sample vs polished sample can be seen below.

Figure 19. Unpolished specimen (left) and Polished specimen (right)

4.5 Test Procedure
Compression-Compression fatigue tests were carried out under load control at frequency
of 5 Hz with sinusoidal waveform at R=10. There were two specimen configurations tested, one
with embedded sensor tube and the other without sensor tube. A total of 36 specimens were tested,
of which 13 without sensor and 23 with sensors. For each load case, number of specimens tested
varied. The test index can be seen in the table 2 below.
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Table 2. Test Index
Specimen
Configuration 40%
Without
Sensor
With Sensor -

60%
×1

70%
-

-

×5

Number of specimens
Load cases
75%
80%
85%
×2
×4
×4

×4

×6

90%
×4

95%
×3

×3

-

The test procedure input can be seen in the table 5 below,
Table 5. Test procedure input
Frequency

5Hz

Waveform

Sinusoidal

Test Start

Ramp up to mean load

Initial Waveform

Sine-Tapered (cycle start)

The cyclic load vs time can be seen in the figure 20 below.

Figure 20. Plot of Load Vs Time at 5Hz frequency at .85 of peak load.
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Each specimen after cutting was given a specimen ID and before each test three
measurements of width and thickness were taken using Vernier caliper, the average of these values
was used to determine the cross-sectional area and recorded in table. The specimen was then
installed in to the Wyoming CLC fixture [30]. Once installed the fixture was placed on the lower
platen of the MTS, making sure the metal strips have the fixture constrained, after which the
specimen was manually pre-loaded to 50lbs, this was to ensure the upper platen was parallel to the
lower platen and then the unloaded to 10 lbs. At this point images of the specimen were taken and
marked as ‘0’ cycle images. Now that everything was set, the test was started.
During the test at certain set intervals of cycle the test was paused, which allowed images
of the specimen gage region to be taken using the installed microscope. The test would be resumed
once the images were taken. Initially one of the specimens without sensor tube was tested without
intervals, to know the number of cycles to failure which could be used as a benchmark for other
specimens i.e. in our case the run-out cycle, which turned out to be 4.97×105 cycles. Then for the
subsequent specimens 5×105 was kept as the run-out cycle. All the specimens were tested and data
recorded at different load cases as mentioned above in table 2.
4.6 Microscopy Procedure
The mode/sequence of failure could not be determined with the method followed during
the testing phase, so a new method was adapted, for this the specimens were polished as can be
seen in the figure 27 in the results section. The test was carried out at frequency of 5Hz and 85%
stress level with short intervals of 50 cycles to determine the failure initiation sites and monitor
the crack growth. Initial test was carried out and the specimen was removed from the fixture every
200 cycles, visually inspected for any cracks around the resin rich region or the resin eye itself
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using infinity capture3. And as the test progressed the intervals were cut as short as possible nearing
the failure cycles, in our case the failure cycle was fixed at 1850. Following this procedure tests
were performed and results were recorded.
4.7 Testing difficulties
During testing phase specimen slippage was a common issue. To counter this the torque
applied for tightening the bolts on the fixture was increased to 35 in-lb from 25 in-lb. Another
issue initially encountered was unsuccessful attempt to test untabbed specimen, where the
specimen kept wearing off in clamped region, resulting in specimen slippage and failure due to
end crushing and to counter this the specimens were tabbed using fiber glass tabs of 2mm thickness
and tested.
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CHAPTER 5
RESULTS AND DISCUSSION
In this section the results of the two laminates, one controlled (without sensor tube) and the
other with embedded sensor tube in the mid plane will be presented along with the comparison
between the two configurations and whether the embedded tube has effect on the fatigue life. The
results comprise of the number of cycles to failure of every specimen tested, load cases, the crosssectional area and the S-N plot showing the fatigue life of individual specimens. Images of failed
and partially failed specimens are also presented to show the crack initiation, propagation and the
failure mechanism.
Almost all the specimens tested showed similar kind of failure mannerism, where the
failures were sudden and catastrophic, similar to failure shown in [24]. In no instance was there an
indication before failure in terms of first-ply failure showing visual delamination, etc. OR even
audible noise at a point where the test could be stopped for visual inspection. Except for some rare
cases, there was audible noise just before failure but not visually seen and some specimens failed
partially showing outer ply delaminating, where there are no lateral supports to constraint the
outward buckling. The failure mechanism will be discussed in following sections.
This study was performed to know the reduction of fatigue life due to the presence of
inclusions i.e. in our case a sensor tube was embedded in the mid plane of the laminate with
stacking sequence of [(90/0/90)3 90/0]s. Coupons were cut out this laminate and tested under
compression-compression fatigue.
Initially untabbed specimens were cut and only one of it was tested, interesting
observations were made, composite dust was forming at end of the gage region of top and bottom
surface, this indicated that the region where the specimen was clamped was wearing off, eventually
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at 130000 cycles the specimen failed due to end crushing, an undesirable failure. Later specimens
with tabs were tested.
5.1 Discussion on the Panels with and without embedded sensor tube
The panel with sensor tube was characterized by placing .0102 in diameter sensor tube
perpendicular to the adjacent fiber layers and in the mid plane of the laminate, studies revealed
that this configuration is more obtrusive than when the sensor tubes are parallel to the adjacent
fibers as seen in [15]. This perpendicular configuration causes perturbation of the adjacent fiber
layers and bridging of the fibers around the sensor tube which leads to fiber waviness and ‘resin
eye’ formation. Many studies have been performed to study the effects of waviness on composites,
which revealed that the waviness is a function of diameter of the embedded sensor tube, higher the
wave severity, greater are its effects on the compressive strength and fatigue life as seen in [20,
24, 28]. One explanation of the effect of waviness, is that, under compression, 0ᵒ fibers are prone
to buckling, so this presence of sensor tube exacerbates this waviness, causing the fibers to easily
buckle, as the resistance to buckle is reduced in this pre-buckled geometry.
Two batches of specimen were obtained from each panel and only one batch of each was
tested. 36 specimens were tested in this study, off which 13 are without sensor tube and the rest
were with sensor tube. By comparing results of these two laminates, any reduction in fatigue life
can be attributed directly to the inclusion of sensor tube and the waviness. After the initial limit
was determined for the wave free specimen, keeping this as the limit, specimens with sensor tube
were tested. In the initial test of non-virgin specimen F-W-16 at 85% stress level, the interval was
set to 5000 and the specimen failed at 1642 cycles. Whereas the wave-free specimen at the same
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stress level, failed at 4.97×105 cycles. So to obtain reliable data for the S-N plot, repeated fatigue
tests were carried out at different load cases and the results are shown in Table 3 and 4 below.

Table 3. Specimen data without sensor tube
Load Level
Percentage
( % of average
compressive strength)

R
(σmin/σmax)

Cycles to failure
(Nf)

F-WO-13

0.80

10

566000*

F-WO-14

0.80

10

650000*

F-WO-2

0.85

10

7336

F-WO-7

0.85

10

497470

F-WO-11

0.85

10

11635

F-WO-12

0.85

10

13737

F-WO-3

0.90

10

1802

F-WO-4

0.90

10

4500

F-WO-5

0.90

10

3414

F-WO-6

0.95

10

1967

F-WO-9

0.95

10

1726

F-WO-10

0.95

10

1780

Specimen Name

* Run out
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Table 4. Specimen data with sensor tube
Load Level
Percentage
( % of average
compressive strength)

R
(σmin/σmax)

Cycles to failure
(Nf)

F-W-1

0.85

10

2751

F-W-2

0.8

10

5512

F-W-3

0.7

10

450000*

F-W-4

0.7

10

16124

F-W-5

0.7

10

500000*

F-W-6

0.7

10

414354*

F-W-7

0.7

10

5201

F-W-8

0.75

10

10413

F-W-9

0.8

10

3526

F-W-10

0.9

10

938

F-W-11

0.9

10

812

F-W-13

0.85

10

1874

F-W-14

0.85

10

3153

F-W-15

0.75

10

63161

F-W-16

0.85

10

1642

F-W-17

0.75

10

26287

F-W-18

0.6

10

575500*

F-W-19

0.9

10

378

F-W-20

0.8

10

14044

F-W-21

0.8

10

7959

F-W-22

0.75

10

14027

F-W-1-2

0.85

10

1814

F-W-1-10

.85

10

1819

Specimen Name

* Run out
As the specimens were tested and data recorded, the data was plotted on S-N graph shown below
in figure 21.
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Figure 21. Max stress vs Number of cycles to failure(log10 Nf)
The specimen data with sensor tube are represented with triangular legends, while without
sensor tube are represented by round legends and monotonic strength at N=1 is represented by a
diamond legend. From the above graph it can be inferred that the specimens with sensor tube have
considerable shift in the s-n plot compared to the one without sensor tube. This negative shift or
reduction in fatigue life may be attributed to many causes, which are, embedment of inclusion,
fiber waviness due to the perturbation of the 0° fibers around the sensor tube, voids which occur
due to the fact that, the sensor tube inclusion leaves a cavity around the sensor tube during
consolidation, which gets filled by the resin, leaving other regions of the laminate with no resin
(i.e. voids), specimen alignment also could be the cause for the reduction, as compressive
properties are more sensitive to these factors. The other factors which generally play a role in
reduction of fatigue life are frequency effect, test method, stacking sequence. Frequency level
could not have been a cause for fatigue life reduction due to the fact that the tests were performed
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at frequency of 5Hz, which is not high enough for hysteresis effect to cause thermal failure. The
test method could be one of the factors causing a reduction in fatigue life, as mentioned before that
compression properties are most sensitive to these factors. For the case of fatigue test carried out
at 90% of the average ultimate compressive strength, there is loss of more than half a decade of
fatigue life for the specimen with sensor tube. Tests were carried out at various stress levels to
obtain data for the sigma/ log10 Nf plot and the curves obtained are linear fits to the data. 2 wavefree specimens ran-out at 80% stress level, while the 3 wavy layer specimens ran-out at 70% stress
level, showing a 10% reduction in run-out cycle strength. The 5x10^5 run-out cycle strength of
wavy specimen is reduced to 70% of the static strength of controlled specimen. The above plot
includes all the specimen data, even the ones which failed at the end of the tabs by shear fracture,
similar to the failure shown in study performed by Adam [24], which could be considered as an
undesirable failure. Except for three wave-free specimens which failed in the tab region, every
other specimen failed in the gage region and the failure was observed in the wavy region. As
explained before the failure sequence could not be determined during the testing phase by failure
progression and neither the post-inspection of failed specimens conclusive enough to determine
the sequence of events leading to final failure, for which a new method was adapted and results
are presented in the microscopy section.
5.2 Mode of failure
In order to know or capture the mode of failure, images were captured at certain fixed
intervals. One of the test specimen image close to failure taken during the testing phase is shown
in the figure below, which does not reveal the kind of damage that has initiated and propagated. In
this study no visible indicators, audible noise or actuator motion, were present at a point where the
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test could be paused and the specimen analyzed for failure initiation. Except for some rare
instances where, one wave-free specimen failed partially showing the outer-ply delaminating and
another set of specimens gave audible noise prior failure, but the specimen failure was
instantaneous after the noise, which made it really difficult to stop the test for visual inspection.

Figure 22. Specimen gage region at 495000 cycles.
The image shown in figure 23 below is after the specimen had failed, which shows
brooming kind of failure. Post-Failure analysis of the other failed specimens was not possible since
the outward splaying of the layers was exacerbated due to the actuator movement after the
specimen failure, causing the specimen to crush. The failure is similar to the failure observed in
[24], where brooming failure was observed under compression-compression fatigue.
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Figure 23. Failed specimen after 4.97×105 cycles.
One of the studies has shown the failure sequence under compression-compression fatigue
of carbon/epoxy unidirectional laminates, is as follows: cracks parallel to the load direction in the
resin rich region, then delamination of the outer plies, bending of the fibers in the direction of the
delamination due to load eccentricity, causing fiber kinking and failure due to shear fracture. But
the mode of failure in this study could not be determined using the procedure followed during the
testing phase, so a better methodology was adapted discussed below in the microscopy section.
In one of the studies discussed in literature [23], FEA revealed that there are stress
concentration areas around the inclusions are the cause for early damage initiation, thereby
reducing the structural integrity. And the author suggested that linear elastic FEA could give
indications of failure sites/mode of failure. To better understand the microscopy results, internal
stresses were determined from linear elastic FEA performed by akhil [33].
5.3 Microscopy
Following the tests where an attempt to determine the mode of failure turned unsuccessful,
microscopy study was performed to determine the mode/sequence of failure. Initial tests were
performed at .85 of stress level. The series of images of one of the specimens showing damage
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initiation sequence and propagation is shown below, while rest of the images can be found in
appendix B.
Number of cycles

Sequence of failure initiation

Observation
No cracks

200

No cracks

400

No cracks

600

Figure 24. Sequence of damage initiation
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No cracks

800

No cracks

1000

No cracks

1200

Figure 24. (continued)
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Damage initiation at
the top wavy tow
region at the sensor
tube interface.

1400

Cracks observed in the
resin rich region.
Bottom wavy tow
region, failure
initiation.
1600

Cracks propagating to
the sensor tube.
The bottom wavy tow
region showing
increased damage.
1650
Delamination of the
top wavy tow region
and resin at the
sensor tube/tow
interface.

Figure 24. (continued)
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The bottom tow wavy
region delaminating
from the resin rich
region.

1700

The crack in the resin
rich region opening
up.

1750

The cracks in the resin
rich region are more
prominent and looks
to be propagating to
the sensor tube/ply
interface.
The bottom wavy tow
region looks to be
ruptured.

1800

This image was taken
just before failure.

Figure 24. (continued)
Analyzing the images two failure sites were discovered 1) Resin eye tip and the 2) Wavy
tow region at the sensor tube interface. The images also showing signs of delamination at the
sensor tube interface of the wavy tow region and propagating along the resin-ply interface.
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5.4 Linear Elastic Finite element analysis
Microscopy images were closely analyzed and two failure sites were discovered 1) Resin
pocket tip and 2) Wavy tow region at the sensor tube interface. To know the stresses acting in these
sites, the results from the linear elastic FEA performed by Akhil [33] were obtained. Normal stress
along y-axis at different increments corresponding to the experimental load cases can be seen in
the figure below.
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Figure 25. Normal Stress σyy vs Arc length
From the above plot it can be seen that peak stresses occur at the resin-pocket tip and
probably the reason for cracks initiating in this region, observed during the testing phase. And
the cracks propagating as a result of tensile stresses acting in the resin pocket.
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Figure 26.Equivalent stress vs Arc Length
And now if look at the effective stresses peaking at the resin-pocket tip, these peak stresses
exceed the shear strength of the resin which is 5.95 Ksi, which is probably the reason for cracks
initiating in this region, observed during the testing phase
The second damage site observed during the testing phase as mentioned at the start of this
section was the wavy tow region at the sensor tube interface. The normal and shear stresses at the
damage site including the locations at a finite distance away from the sensor tube at different stress
levels are shown in figures 26 and 27.
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Figure 27. Local normal stress/Remote compressive stress vs Remote compressive stress
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Figure 28. Local shear stress / Remote compressive stress vs Remote compressive stress
The normal stresses are almost 2.5 times the remote stress at the damage site (i.e. interface
between the sensor tube and wavy tow region), while the other locations away from the sensor
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tube, experiencing stresses same as the case for wave-free specimen. These results clearly indicate
that wavy tow region is prone to pre-mature failure. Whereas the local shear stress shown in the
above figure is very less compared to the applied remote stress.
The plots below, show the comparison of normal stress σxx at various remote stress levels
to the normal stress determined using classical laminate theory. The normal stress σxx from
classical laminate theory [2] in the mid-plane for a running load of Nx = -11200 lb/in was
determined to be -246.5 Ksi and the procedure followed to determine this value can be found in
the appendix C. Whereas the FEA results for the case with sensor tube at 85% stress level shows
that wavy tow region experiences normal stress concentrations of about -299.747 Ksi, again
indicating the probable cause for damage initiating in this region.
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Figure 29. Normal stress vs Arc length
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Now consider the normalized remote stresses and the local normal stresses with respect to
laminate strength and 0° lamina compressive strength, as a function of time. For an applied remote
stress level, the local normal stress i.e. sigma max experienced by the tow would be higher
compared to the laminate as a whole during the fatigue cycle based on the results shown in figure
below.

Local Normal Stress/ 0 degree lamina
strength
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Remote compressive stress/Laminate compressive strength

Figure 30. Local normal stress/0° lamina strength vs Remote stress/Laminate compressive
strength
The above discussions and results indicate the probable cause for the wavy tow region to
rupture along with the cracks at the resin pocket tip observed during the experimental study.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
In this study compression fatigue tests were performed at frequency of 5 HZ, R=10 and at
various stress levels of 60,70,75,80,85,90,95 percent of the static compressive strength. This
inclusion of sensor tube causes perturbation of the surrounding fiber layers leading to the formation
of “resin-eye” and fiber waviness, which seems to have significant effect on the compression
fatigue life as seen in the S-N plot for a given stress level. The mode/sequence of failure could not
be determined as the failures were sudden and catastrophic showing brooming kind of failure
similar to one of the studies [24]. Following the tests, a better methodology was adapted to
determine the sequence of failure, from which two failure sites were discovered 1) Cracks at the
resin pocket tip propagating to the sensor tube and ply interface 2) The wavy tow region rupturing
due to fiber micro-buckling. To know the local stresses at the failure sites results from linear elastic
FEA [33], were obtained, which clearly showed the reason for the damage to initiate at these sites
during the fatigue cycle.

6.2 Recommendations


To determine if temperature change causes any further reduction in compression fatigue
life in the presence of inclusion.



Explore other configurations of embedding sensor tube has any effect on compression
fatigue life.
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To use/determine a better test method for compression fatigue properties.
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APPENDIX A
Tabbing Procedure
Laminate Preparation
The cured laminates had to be tabbed, due to the unsuccessful attempt in testing the
untabbed specimens as explained in the experimental study. The two laminates one controlled and
the other with sensor tube were divided into two halves giving us three individual laminates of
dimension 14” x 7” to allow ease of tabbing. The laminate gage region was taped using two layers
of .5 inch width tape and sanding was performed on the non-gage region of the laminate using 600
and 400 grit sand paper along with surface water test to check if the laminate is ready for bonding
the tabs. Once sanding and surface water test was performed, laminates were kept in the oven at
194ᵒ F for 30 minutes to dry the laminates, similar procedure was followed for fiberglass tabs.
Following this the laminate gage region was taped using two layers of .5 inch tape and clamped
with .25 square inch bar to protect the gage region from the adhesive and for the ease of tabbing
film adhesive FM 300 was used, which were cut in accordance to the tab dimensions and placed
in the non-gage region along with the fiber glass tabs of 2mm thickness flushed to the metal bars.
Finally the laminates were envelope bagged and oven cured to 100 DOC following the cure cycle
shown in the figure 31 below.
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Figure 31. Film Adhesive cure cycle 100% DOC
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APPENDIX B
Microscopy Images

Figure 32. Microscopy images of two edges of the specimen F-W-10
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Figure 33. Microscopy images of two edges of the specimen F-W-2
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Figure 33. (continued)
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Figure 33. (continued)
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Figure 33. (continued)
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APPENDIX C
Laminate Theory Math
In order to determine the mid-plane normal stresses classical laminate theory [2] was used.
Firstly the stiffness matrix was determined using the formulas below,

Q11 

E1
(1  v12  v21 )

Q22 

E2
(1 12  21 )

Q12  Q21 

12  E2
1 12  21

Q66  G12
For our case the Laminate is balanced, symmetric and orthotropic.

 N x   A11 A12
N  
 y   A21 A22
 N xy   A31 A32


 M x   B11 B12
 M y   B21 B22

 
 M xy   B31 B32

A13
A23
A66
B13
B23
B66

B11 B12
B21 B22
B31 B32
D11 D12
D21 D22
D31 D32

B13    x 
 
B23    y 
B66   xy 
 
D13    x 
D23    y 
 
D66   xy 

Since the laminate is symmetric, coupling stiffness matrix Bij = 0 i.e. there is no coupling between
In-plane loading and out-of-plane deformation. Therefore, the above matrix is reduced to,

 N x   A11
  
 N y    A21
 N xy   0
 

A12
A22
0

 M x   D11

 
 M y    D21
 M xy   0



D12
D22
0

0    x 
 
0    y 
A66   xy 
0   x 
 
0    y 
D66   xy 
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The stiffnesses were determined for lamina thickness t = .005 in and stacking sequence of
[(90/0/90)3 90/0]s using the expression below,
n

Aij   Qijk ( zk  zk 1 )
k 1

And for a running load of Nx = -11200 lb/in, Ny = 0 and Nxy = 0, the global strains were determined.
From which, the mid-plane stresses were determined to be,

 xx  246.3 ksi
 yy  3.3 ksi
 xy  0 ksi
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APPENDIX D
Laminate Schematics

Figure 34. First Portion of Laminate with sensor tube schematics
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Figure 35. Second Portion of the laminate with sensor tube schematics
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Figure 36. Laminate without sensor tube schematics
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