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ABSTRACT

Tests were conducted on several types of fracture specimens made from a
carbon/epoxy composite.  The composite material was stitched prior to introducing
epoxy resin.  Boeing used this material to develop a composite wing box for a transport
aircraft in the NASA Advanced Composites Transport Program.  The specimens
included compact, extended compact, and center notched tension specimens.  The
specimens were cut from panels with three orientations in order to explore the effects of
anisotropy.  The panels were made with various thicknesses to represent a wing skin
from tip to root.  All fractures were not self-similar depending on specimen type and
orientation.  Unnotched tension specimens were also tested to measure elastic
constants and strengths.  The normal and shear strains were calculated on fracture
planes using a series representation of strain fields for plane anisotropic crack
problems.  The fracture parameters were determined using a finite element method.
Characteristic distances for critical tension and shear strains were calculated for each
specimen and a failure criterion based on the interaction of tension and shear strains
was proposed.
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INTRODUCTION

Tests were conducted on a carbon/epoxy composite material to measure fracture
properties that could be used in developing allowables to design for damage tolerance
criteria.  Unnotched tension specimens were also tested to measure elastic constants
and strengths.  ASTM standards were used.  The carbon/epoxy composite material was
made from a three dimensional preform using a resin film infusing process in an
autoclave.  The preform, which contained IM7 yarns in the spanwise (longitudinal)
direction and AS4 yarns in the chordwise (transverse) and bias (±45°) directions, was
stitched prior to introducing epoxy resin.  Boeing used this material to develop a
composite wing box for a transport aircraft in the NASA Advanced Composites
Transport Program [1].

The crack-tip strain fields for planar anisotropic crack problems can be
determined using a series expansion.  Fracture parameters (stress intensity factor and
T-stress) were determined using a J-integral method with finite element results [2].  The
series expansion of the strain field contains a singular term which dominates the
magnitude of the strains near the crack tip.  The next largest term represents a uniform
stress or strain field and is sometimes called the T-stress.  This term was shown to
govern the stability of the crack path in isotropic materials [3].  When the crack path is
perturbed, the crack will naturally return to its original path only for a negative value of
T-stress.

Panels were made with various numbers of fabric layers to represent the
variation in thickness from tip to root.  Fracture specimens of various configurations and
loading directions were cut from the panels and tested to determine the influence of T-
stress and anisotropy on fracture properties. The three specimen configurations were
the center notch tension (CNT), the extended compact tension (ECT), and the compact
tension (CT) specimen.  For isotropic solids, the T-stress varies from negative to
positive for these specimen configurations [4].  The specimens were cut with three
orientations in order to apply the loads in the longitudinal, bias, and transverse
directions.  For longitudinal and transverse loading, the specimens are specially
orthotropic.  However for bias loading, the specimens are anisotropic, and shear and
extension deformations are coupled.

For the elastic case, stresses and strains are infinite at the crack tip due to the
singular terms.  Thus, the distance from the crack tip to the point where the stress or
strain reaches a critical value is often used as a fracture parameter. For a given critical
value of stress or strain, fracture toughness is approximately proportional to the square
root of this characteristic distance.  With some specimen types and material
orientations, the fracture path was not in the same direction as the original crack.  In
these cases when the crack growth was not self similar, both normal and shear strains
are present along the fracture path.  Thus, characteristic distances for critical values of
shear and tension strains were calculated for these fracture paths, and an interaction
equation was determined.
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SYMBOLS

a crack length for ECT and CT specimens measured from load line
a’ crack length for ECT specimens measured from specimen edge
2a crack length for CNT specimens
B biaxiality ratio, Ts(πa)1/2/KΙ

COD crack opening displacement
do characteristic distance
gnα coefficient
E Young’s modulus
G shear modulus
K stress intensity factor
L specimen length
n index
O(r1/2) terms of radius (r) higher than 1/2
P applied load
r radius from the crack tip
S compliance matrix
t thickness normalized by fiber mass fraction of 66%
t’ measured thickness
T transformation matrix
Ts T-stress
W overall width of CNT specimen and width of ECT and CT specimens measured

from load line
W’ overall width of ECT specimen
x1,x2 Cartesian coordinates where  x1  coincides with crack

′ ′x x1 2, Cartesian coordinates where  ′x1   coincides with fracture path
x x1 2, Cartesian coordinates where  x1   coincides with 0° fibers
δn exponent
ε engineering strain components
ςα functional
θfiber inclination of 0° fiber from the cut direction
θfrac inclination of fracture path from the cut direction
λ  +1 for positive fracture strain and –1 for a negative fracture strain (see Eq. 6)
µα roots of characteristic equation
ν Poisson’s ratio
σ stress components

Subscripts:
frac fracture path
1, 2 matrix component in Cartesian coordinate  system oriented with the crack tip
max pertaining to the max load
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r, θ matrix component in polar coordinates system oriented with the direction of
damage growth

u critical value
Q pertaining to 5% offset load
Ι mode Ι fracture
ΙΙ mode ΙΙ fracture

Abbreviations:
COD crack opening displacement
COV coefficient of variation
CNT center notch tension
CT compact tension
ECT extended compact tension
SIF stress intensity factor

EXPERIMENTS

Materials and Specimens

Preforms were made by stacking layers of a 50-inch-wide carbon warp-knit fabric
to obtain various desired thicknesses.  A three-dimensional preform was then made by
stitching through the layers using a modified lock stitch.  The yarns in the fabric were
oriented in the 0°, ±45°, and 90° directions, resulting in what is commonly known as a
fiber dominated composite.  (The warp direction of the fabric was designated the 0°
direction.)  The orientation and areal weight of each ply of the fabric are given in Table
1.  The areal weight of the fabric is equal to the fiber areal weight of 9 plies of
0.0324 lb/ft2 (158 gm/m2) prepreg tape.  Also, composites made by stacking layers of
this fabric are equivalent to balanced and symmetric laminates made from prepreg tape.
The 0° yarns were 12K IM7 carbon, the ±45° yarns were 3K AS4 carbon, and the 90°
yarns were 6K AS4 carbon.  The 3K, 6K, and 12K designate the number in thousands
of carbon fibers in a yarn.  Both the
warp and bias direction plies
contribute approximately 44% of the
yarns by weight while the remaining
12% were in the weft direction.  The
specified tolerance on areal weight
per ply was ±3%.

Stitching was done with a
numerically controlled single-needle
stitching machine using Kevlar-29
thread and a modified lock stitch.
The denier of the needle and
bobbin threads were 1600 and 400,
respectively.  The rows of stitches

Table 1.  Warp knit fabric constituents.

Ply
number

Yarn
material

Yarn
orien-
tation

Areal
weight,

lb/ft2 (gm/m2)
1 3K-AS4 +45 0.0320  (156)
2 3K-AS4 -45 0.0320  (156)
3 12K-IM7 0 0.0643  (314)
4 6K-AS4 90 0.0350  (171)
5 12K-IM7 0 0.0643  (314)
6 3K-AS4 -45 0.0320  (156)
7 3K-AS4 +45 0.0320  (156)

Total 0.2916 (1423)
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were made in the 0° direction 0.2 inches apart with 8 stitches per inch, resulting in 40
stitches per square inch.  This pattern was determined by experiments to be optimum
for maximum post-impact compression strength with minimum manufacturing costs [5].

Design studies for a 155 passenger commercial transport airplane indicated that
the thickness of the tension wing skin would vary from 2 to 8 stacks of warp-knit fabric
from wing tip to wing root.  Thus, 11 flat panels 44 by 35 inches in length and width, and
2, 4, 6, and 8 stacks in thickness were made using 3501-6 epoxy resin.  The resin was
introduced in an autoclave using a resin-film infusion process where precast tiles of
resin were placed between the lower caul plate and the preform.  The resin tiles were
sized with 2% excess resin which would flow through small holes uniformly distributed in
the upper caul plate.  All of the panels were made from the same batch of fabric and
resin.  Fiber mass and volume fractions were determined by acid digestion on 4
coupons taken from each panel.  ASTM test method D3171 [6] was used.  The average
and coefficient of variation of the fiber mass fraction measurements were 66% and
2.7%, respectively.  Detailed results are reported in the Appendix as Table  A–1

Unnotched tension specimens to be loaded in the 0°-yarn (longitudinal) direction
were cut from each panel.  From most of the panels, specimens to be loaded in the 90°
yarn (transverse) direction were also cut.  At least one transverse specimen was taken
from a panel of each thickness.  The specimen configurations, which were 1.00-inches
wide by 10.0-inches long, satisfy ASTM standard D3039/D3039M [7].

Three types of fracture specimens were cut from the composite panels––center
notch tension (CNT), extended compact tension (ECT), and compact tension (CT)
specimens.  The specimens were cut from the panels with orientations parallel
(longitudinal) and perpendicular (transverse) to the 0°-yarn direction.  In addition, some
CT specimens were cut on the bias of 45° and -45°.  If the CT specimens cut on 45°
and -45° biases are viewed from opposite sides, they are identical regarding laminate
properties and loading direction so the results from these specimens are presented
together as if  they were all +45° specimen.  They do differ slightly in that the +45 plies
within the laminate are reversed along with the stitch and bobbin thread sides of the
laminate.  Table 2 records the specimen sizes, thicknesses, range of cut lengths, and
loading directions.  Scaled sketches of the test specimens are given in Figure 1 while
detailed dimensioned drawings are included in Appendix B.  The configurations of the
CT and ECT specimens were those prescribed in ASTM E399-90 [8] and E1922-97 [9],
respectively.

The cuts were made using an ultrasonic machine with silicon carbide slurry.  The
blade of the tool was made from shim stock with a thickness that resulted in cuts with
widths of approximately 0.020 inches.  Thus, the aspect ratio of the cuts is small enough
to be mathematically equivalent to cracks for analysis purposes.

Procedure

All specimens were tested in closed-loop, servo-hydraulic testing machines.  The
fracture specimens were tested in 100-kip capacity machines, and the unnotched
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tension specimens were tested in a 50-kip capacity machine.  The testing machines
were operated in stroke control, and the stroke rate was 0.050 inches per minute.  A clip
gage was used to measure crack opening displacement (COD).  (See Appendix B for
placement of gages.)  The COD measurements were used to determine the applied
load associated with a 5% increase in compliance.  Load, stroke, date, and time were
recorded on a digital data acquisition system.  Strain for unnotched tension specimens
and COD for fracture specimens were also recorded.

Radiographs were made of several failed specimens to reveal damage.  The
specimens were radiated with an industrial X-ray unit.  The images were recorded on a
self-developing film.  A radiation-opaque dye penetrant was applied prior to radiation
exposure.  The penetrant was a liquid mixture of zinc iodide and a surfactant to facilitate
penetration.

Unnotched tension specimens

The unnotched tension specimens were tested using hydraulically actuated
wedge grips.  Two inches of each specimen end were clamped by the grips.  Instead of
bonding loading tabs to specimens, plastic shims were placed between the serrated
faces of the grips and the specimen.  Carborundum coated screen, which is normally
used for an abrasive, was placed between the plastic shims and the specimen to
increase the coefficient of friction.  The large failing loads for the 8-stack longitudinal
specimens were the upper limit for this gripping method.  The large hydraulic pressure
necessary to prevent slip was about equal to that necessary to crush the composite.

Table 2.  List of fracture tests performed.

Specimen
type

Width,
W,

inches

Length,
L,

inches

Thickness,
inches

Cut length,
a, inches

Loading
direction

CNT 9.50 19.0 0.11, 0.33 3.33–4.75 Longitudinal
CNT 12.00 24.0 0.11, 0.33 4.85–5.67 Transverse
ECT 5.6 28.0 0.11, 0.22,

0.33, 0.44
2.10–2.80 Longitudinal

ECT 5.6 28.0 0.11, 0.22,
0.33, 0.44

2.10–2.80 Transverse

CT 5.6 6.7 0.11, 0.22,
0.33, 0.44

2.10–2.80 Longitudinal

CT 9.6 11.5 0.11, 0.22,
0.33, 0.44

2.10–2.80 Longitudinal

CT 5.6 6.7 0.11, 0.22,
0.33, 0.44

2.10–2.80 Transverse

CT 9.6 11.5 0.11, 0.22,
0.33, 0.44

2.10–2.80 Transverse

CT 5.6 6.7 0.22, 0.44 2.10–2.80 45° bias
CT 5.6 6.7 0.22, 0.44 2.10–2.80 -45° bias
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Strain gages were bonded on the center of each face of the specimens.  In some
cases, a single gage was bonded on each face, and in other cases, a 0/90 rosette was
bonded on each face.  The modulus in the loading direction was determined according
to ASTM standard D 3039/D 3039M [7], and Poisson’s ratio was determined similarly
from the 0/90 rosette data.

CNT specimens

The CNT specimens were loaded through friction grips similar to the unnotched
tension specimens.  However, 1-inch-diameter bolts were used to provide the normal
force rather than hydraulically actuated wedges.  The holes for the bolts are shown in
Figure 1A and 1B.  Transferring the load between the grips and the specimen through
friction precludes stress concentrations in the specimen around the bolt holes.  Also,
clearance was sufficient between the bolts and edges of the holes in the specimen to
preclude significant bearing forces.

To prevent Euler buckling in the compression regions above and below the cut,
the specimens were sandwiched between aluminum guide plates.  The plates were
lined with 1/16-inch-thick Teflon sheet to minimize friction.  A diamond shaped opening
in the guide plates allowed access for a clip gage to be mounted over the cut along the
centerline of the specimen.  The clip gage measured the COD and had a gage length of
approximately 0.5 inches.  The gage was held in place by aluminum blocks that were
bonded to the faces of a specimen using a room temperature epoxy.  This method was
believed suitable for obtaining the 5% offset load.  Drawings of the test specimens,
guide plates, test assembly and clip gage mounting are included in Appendix B.

ECT and CT specimens

The procedure for the CT specimens was patterned after ASTM E 399-90 [8],
and the procedure for the ECT specimens is prescribed in ASTM E 1922-97 [9].  To
prevent twisting and Euler buckling in regions with compression stresses, the
specimens were sandwiched between aluminum guide plates.  The plates were lined
with 1/16-inch-thick Teflon sheet to minimize friction.  Each ECT and CT specimen was
loaded using a clevis and pin arrangement that prevent bending in either direction.  A
clip gage was mounted over the cut to measure COD.  The clip gage was clipped to
aluminum blocks bonded to the edge of the specimen.  The clip gage assembly was
similar to that used for the CNT specimens.  Detail drawings of all test specimens, guide
plates, and assembly drawings are documented in Appendix B.

ANALYSIS

Crack-tip Strain Field

Consider the coordinate systems in Figure 2.  Three Cartesian coordinate
systems with origins at the crack tip are shown.  The primary coordinate system is
defined with x1  in crack direction or, in this application, the cut.  The second coordinate
system is defined with '

1x  in the direction of the fracture path and finally the 0° fiber
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direction of the material, 1x , defines the third coordinate system.  The angles θfiber  and
θfrac  define the orientations of the 0° fiber and the fracture direction, respectively,
relative to the crack coordinate system.

For monoclinic materials with plane symmetry, Yuan has shown that the stress
fields for a cracked body can be written as follows [2]:
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The first two terms of the series expansion for stress and strain can also be
written in term of the fracture parameters as shown in equation 3 and 4
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where  KΙ  and  KΙΙ  are the mode Ι and mode ΙΙ stress intensity factors (SIF), Ts  is the T-
stress, and O(r1/2) represents higher order terms.  Comparing equation 3 to equation 1, it
can be shown that [2]
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and εΙ and εΙΙ  can be obtained from σΙ and σΙΙ and equation 2.
The equations 1 through 4 are written in the crack-tip coordinate system.  The

strains along the fracture plane can be written
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The values of the coefficients  (εΙ)frac,  (εΙΙ)frac,  and  (εT)frac  in equations 6 depend
only upon  θfrac  and the elastic constants.  The coefficients for normal and shear strains
(εθθ  and  εrθ, respectively) were calculated for the three loading directions (longitudinal,
transverse and bias) and were normalized by the S22 compliance.  The shear strains
were then plotted against  θfrac  in Figure 3.  The coefficients for radial strain (εrr) are not
considered because they do not contribute to the surface tractions on the fracture
surface defined by θfrac.  Isotropic results are shown in each figure for comparison.
Plane stress is assumed for all calculations in this report.  The subscripts in  S22 indicate
the 2 direction of crack tip coordinate system.  Thus,  S22  is different for the three
loading directions.  The values of the coefficients are either symmetric or asymmetric
with respect to  θfrac  except for the bias loading direction where the principal material
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axis is not aligned with the crack, resulting in anisotropy.  The coefficients for isotropy
and anisotropy are significantly different.  The mode Ι coefficient for the normal strain
and the mode ΙΙ coefficient for the shear strain are maximum at  θfrac = 0, whereas the
others coefficients for longitudinal and transverse loading are minimum at  θfrac = 0, and
those for bias loading are minimum near  θfrac = 0.  For the normal strain, the coefficients
for KΙΙ and T-stress (Ts) can be much greater than that for KΙ .  The Ts coefficients for the
normal strains at  θfrac = ±90° and the shear strains at  θfrac = ±45°  can also be very
large.

Fracture Criteria

Failure is assumed to occur on the plane  θfrac when either the normal or shear
strain on that plane reaches a critical value  (εu)frac  at a characteristic distance  do.
Substituting  εfrac = (ε u)frac  and  r = do  into equation 6, neglecting terms of  O(r1/2), and

solving for  odπ2 ,

2π
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The  λ  in equation 7 is +1 depending on the sign of equation 6.  The fracture

parameter  odπ2   is used instead of the distance  do  to obtain a fracture parameter

proportional to the strength for small values of  Ts.  The use of the critical distance  do

directly, would have resulted in a failure parameter proportional to strength squared
(assuming small values of  Ts).

The five fracture paths θfrac that correspond to planes normal to the fiber
directions are 0°, 45°, 90°, -45°, and -90°.  (Values of θfrac < -90° or θfrac > 90° are not
considered.)  The
critical fibers are
those normal to
these paths.  The
critical fiber types
are given in Table 3
for each of these
paths.  The value of
(εθθ(u))frac  used for
fiber tension failure
is 0.0148 for AS4 fibers and 0.0171 for IM7 fibers [10] and the value of  (εrθ(u))frac  used
for shear failure is 0.022.  (The average value of shear failing strain for woven and
braided textile composites in reference 10 is 0.0110; however, use of twice the average
value gave more satisfactory results.  This seemed justified, because the variation in
shear strength was very large among specimens of a given type and even larger
between tubular and flat specimen types.)

Table 3.  Critical fiber for different failure directions.

θfracLoading
Direction θfiber 0° 45° -45° 90° -90°

Longitudinal 90° IM7 AS4 AS4 AS4 AS4
Transverse 0° AS4 AS4 AS4 IM7 IM7

Bias 45°
-45°

AS4 AS4
IM7

IM7
AS4

AS4 AS4
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Calculations of KΙ, KΙΙ, and Ts

Values of  KΙ,  KΙΙ, and  Ts  were calculated using the procedure described in
reference 2 which uses finite element results and a J integral calculation.  In Figure 4, KΙ

is normalized by the applied load and plotted against  2a/W for the CNT specimens and
against  a/W  for the ECT and CT specimens.  Ts is also plotted in Figure 4 as a function
crack length but is normalized by KΙ.  KΙΙ  is zero except for the CT specimens with bias
loading, and the ratio of KΙΙ/KΙ for this case is plotted against a/W in Figure 5.  Third-
degree polynomial equations were fit to the data and plotted in each figure.  The curve-
fit equations which are listed in Table 4 were used to determine the critical stress
intensity factors and Ts for each fracture test conducted.

Values for isotropic properties are also plotted in Figure 4 to show the influence
of anisotropy. The equations that were used to calculate the curves in Figure 4 for the
isotropic case are as follows:

Table 4.  Curve fit equations for various figures.

Fig. Specimen y x Curve Equation R

Longitudinal y= 0.8020 +1.408 x -2.961 x2 +3.273 x3KΙ/S(πa)1/2 2a/W
Transverse y= 0.8020 +1.408 x -2.961 x2 +3.273 x3

Longitudinal y= -0.6204 -0.1803 x

CNT

Ts(πa)1/2/KΙ 2a/W
Transverse y= -1.382 -0.4161 x
Longitudinal y= 9.418 -38.04 x +88.05 x2 -26.50 x3KΙtW

1/2/P a/W
Transverse y= 9.418 -38.04 x +88.05 x2 -26.50 x3

Longitudinal y= 0.4539 -3.843 x +9.889 x2 -7.143 x3

ECT

Ts(πa)1/2/KΙ a/W
Transverse y= 0.3700 -4079 x +11.58 x2 -7.841 x3

Longitudinal y= 7.880 -15.38 x +37.88 x2 +4.251 x3

Transverse y= 7.688 -21.37 x +46.69 x2 +4.608 x3

KΙtW
1/2/P a/W

Bias y= 8.012 -20.86 x +45.96 x2 +4.292 x3

Longitudinal y= 0.02464 +.3098 x +5.798 x2 -7.813 x3

Transverse y= -0.6524 +4.401 x -3.946 x2 +0.4100 x3

4

CT

Ts(πa)1/2/KΙ a/W

Bias y= -0.6627 +4.417 x -5.639 x2 +1.746 x3

5 CT KΙΙ/KΙ a/W Bias y= 0.03507 +0.5602 x -1.333 x2 +1.0159 x3

Longitudinal y= 8.496 +1.220x 0.638All
Transverse y= 15.25 +0.2792x 0.157

10

CT

∆ Slope (Pmax-PQ)/ PQ

Bias y= 16.103 +0.07053x 0.047
Longitudinal y= 25.85 -59.94 log(x) 0.950KQ t/a
Transverse y= 41.39 -2.090 log(x) 0.352
Longitudinal y= -8.433 -15.44 log(x) 0.901TsQ t/a
Transverse y= -24.28 -2.759 log(x) 0.770
Longitudinal y= 83.45 -10.01 log(x) 0.174KQ t/a
Transverse y= 32.70 -6.211 log(x) 0.552
Longitudinal y= 0.9746 -2.317 log(x) 0.511

CNT

TsQ t/a
Transverse y= 0.2574 -1.739 log(x) 0.500
Longitudinal y= 73.40 -14.66 log(x) 0.636
Transverse y= 32.91 -6.046 log(x) 0.500

KQ t/a

Bias y= 14.59 -36.24 log(x) 0.857
Longitudinal y= 17.33 -0.1991 log(x) 0.028
Transverse y= 6.798 +0.1817 log(x) 0.006

11

CT

TsQ t/a

Bias y= 2.151 -3.837 log(x) 0.860
12 CT KΙΙQ t/a Bias y= 1424 -4216 log(x) 0.863
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CNT specimen (references 12 and 4, respectively)

K t W
P a

a WΙ

π
π= ( )sec / (8)

T a
K

s π

Ι

= ( )[ ]- 1+ 0.085 2a/W (9)

ECT specimen (reference 9)

y a W a W a W= − − ( ) + ( ) − ( )0 08834 0 05964 1 146 0 45372 3. . / . / . / (10)

where the  a’  and  W’  are measured from the specimen edge rather than
the load line and  a’/W’ = (4a/W + 1)/5.  No results were available for  Ts.

CT specimen (reference 8 and 4, respectively)

y a W a W a W= − − ( ) + ( ) − ( )0 2014 0 1252 2 523 0 96402 3. . / . / . / (11)

T a
K

. . a/W . a/W . a/Ws

I

π
= − + ( ) − ( ) + ( )0 4199 4 408 6 211 2 8702 3 (12)

The above polynomial equation was fit to the biaxiality ratios that were
tabulated in reference 4.  For bias loading,  KΙΙ = 0  for the isotropic case.

Anisotropy did not affect values of  KΙ  for the CNT and ECT specimens, but did
influence the CT specimen.  The longitudinal loading values were about 13% greater
than those for transverse loading for this case.  The values for bias loading were in
between and were in agreement with the isotropic case.  The values of  KΙ  for the CNT
specimen were between 1% and 2% less than those for the isotropic case.  This
difference was probably caused by the finite length of the specimen and uniform
displacement boundary condition.

The value of  KΙΙ  in Figure 5 for the CT specimen with bias loading was about
11% of  KΙ.  The ratio declined only very slightly with increasing  a/W.  For the isotropic
case,  KΙΙ  is of course zero.

Anisotropy did strongly affect the magnitude of  Ts,  but not the sign.  The values
of  Ts  were negative for the CNT specimen and positive for the ECT and CT specimens.
The absolute magnitudes of  Ts  were greatest for the CNT specimen and smallest for
the ECT specimen, and those for the CT specimen were in between.
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TEST RESULTS

Unnotched Tension Tests

Failure load and strain were measured for each test specimen.  Stress was
calculated using the width and a thickness that was normalized to a uniform 66% fiber
mass fraction which was the average mass fraction for all panels.  (See Table A-1.)
Slopes of the stress strain curves were determined using a linear regression analysis for
strains between 0.001 and 0.003.  Young’s modulus was taken as the slope for the
strain parallel to the loading direction, and Poisson’s ratio was calculated as the ratio of
the slopes for the strains perpendicular and parallel to the loading directions.

Average values of strength, failing strain, Young’s modulus, and Poisson’s ratio
are summarized in

Table 5 for longitudinal and transverse loading.  The values are averages for all
thicknesses, and each is the average of more than 15 measurements.  Coefficients of
variation, which are shown in parentheses, are reasonably low.  Strength and Young’s
modulus for longitudinal loading are more than two times those for transverse loading
because of the larger areal weight of the longitudinal yarns.

Strength and Young’s modulus are plotted against thickness in Figure 6 and
Figure 7 for longitudinal and transverse loading, respectively.  The strengths and moduli
decline noticeably with increasing thickness for longitudinal loading but not for
transverse loading.  The strengths of specimens that failed very near or in the grips
were not included in the averages nor plotted in Figure 6 and Figure 7.  Thus, it seems
unlikely that the larger pressures necessary for gripping the thicker specimens caused
the decrease in strength.  Also, increasing gripping pressure should not have caused
Young’s modulus to decrease.  Even though the decline in strength and modulus with
thickness is noticeable, the coefficient of variation is only 6.5% for strengths and 4.7%
for modulus.

All calculations in this report were made using the laminate elastic constants
shown in Table 6.  Here the subscript 1 and 2 in this case denote the primary 0° and 90°
fiber directions, respectively.  The laminate constants were calculated using lamination
theory and the AS4/3501-6 and IM7/3501-6 lamina properties shown.  The lamina
moduli in the fiber direction were adjusted so that the laminate E11 would match the
experimental unnotched tension results available at that time.  Since that time,

Table 5.  Results from tension tests.

Loading
direction

   Strength,
  Ksi  (COV)

Failing strain,
             (COV)

Young’s modulus,
    Msi   (COV)

Poisson’s ratio
           (COV)

Longitudinal  130  (6.5%) 0.0117  (7.5%) 11.3  (4.7%) 0.377  (8.1%)
Transverse 45.4  (5.9%) 0.0112  (9.8%) 4.70  (4.9%) 0.169  (4.1%)
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additional unnotched tension data was added to the data base causing a slight
discrepancy between the E11 and E22 values derived by experiments and lamination
theory (less than 5% and 9%, respectively).  This difference is not believed to be
important in the context of this report.

Detailed test results and calculated failure parameters to be discussed in the next
section are listed in the tables of Appendix A for each test specimen.  The data is
grouped by type and loading direction.

Fracture Tests

COD and PQ

Graphs of crack opening displacement (COD) plotted against load are shown in
Figure 8.  Two graphs each are shown for the CNT, ECT, and CT specimens.  The 5%
offset line is shown in each figure.  Values of  Pmax  and  PQ, which are the maximum
load and the load corresponding to a 5% offset, are shown as symbols.  For a given
specimen type, the top graph represents the smallest Pmax/PQ case while the bottom
represents the largest Pmax/PQ case.  Thus, the variety of measured COD behaviors is
represented.  In most cases, the increase in COD due to stable damage progression
was large, but in some the increase was small (bottom CNT response).  Also, the
difference between  Pmax  and  PQ  was significant in most cases, but in some cases the
first peak was the largest (top CT response).  The magnitude of the COD and applied
load were quite different in each case because of differences in specimen thickness and
crack length.  The specimen number associated with each response is noted on each
graph so that the response can be related to the detailed experimental data provided in
Appendix A.

The values of  Pmax/PQ  were arranged in ascending order and plotted in Figure 9.
A different symbol was used for each specimen type and loading direction.  The mean
value of  Pmax/PQ  is 1.0947 and the values for the mean plus and minus one standard
deviation are 1.1701 and 1.0192, respectively.  For each specimen type and loading
direction, the ratios varied widely.  However there does seem to be some segregation in
values with specimen type.  The eight lowest values of  Pmax/PQ  were for CT specimens
(five were unity) and, the largest four values were for ECT specimens.  The average
values of Pmax/PQ were similar for each loading direction.  The mean values for

Table 6.  Material property values used in analysis.

Laminate AS4/3501-6 IM7/3501-6
E11 (Msi) 11.8 18.0 22.0
E22 (Msi) 5.16 1.60 1.60
G12 (Msi) 2.48 0.80 0.80
ν12 0.401 0.34 0.34
ν21 0.176 0.025 0.025
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longitudinal, transverse and bias were, 1.114, 1.070, and 1.106, respectively.  The
standard deviations were also similar, 0.0896, 0.0567,and 0.0510, respectively.

The crack length is approximately proportional to the value of COD/P.  Thus an
increase in slope of the COD versus load curve is an indication of failure at the notch tip
of fibers in the loading direction.  Figure 10 shows the percent increase in slope
(COD/P) that occurs between Pmax and PQ plotted against the corresponding percent
increase in load.  The percentage in each case is taken with respect to the value at PQ.
Different specimen types are indicated by different symbols and a linear regression line
is shown for each loading direction.  The strongest correlation is for longitudinal loading
with nearly a one for one correlation.  The correlation is small for transverse loading and
is nearly zero for bias loading.  Thus, the damage evolution that occurs between  PQ

and  Pmax  for longitudinal loading may be characteristically different from that for
transverse and bias loading.

Effect of thickness on values of KΙQ, KΙΙQ, and TsQ

In order to determine the effect of thickness on the fracture results, values of  KΙQ

and  TsQ  are plotted against the logarithm of the thickness ratio t/a in Figure 11 for CNT,
ECT, and CT specimens.  Values of KΙΙQ were zero for all cases except for the CT
specimen loaded in the bias direction.  These values of KΙΙQ are plotted in Figure 12
against the logarithm of thickness.  The subscript  Q  indicates that values of  PQ  were
used to make the calculations.  The range of thickness ratios is nearly an order of
magnitude for longitudinal and transverse loading but only a factor of two for bias
loading.  Different loading directions are indicated by different symbols.  For the CNT
specimens with longitudinal loading, the values of  KΙQ decrease 40% from the smallest
to largest values of  t/a, whereas those with transverse loading are mostly unchanged
with increasing thickness.  This response is somewhat similar to that observed for the
unnotched tension specimen where the strength in the longitudinal direction decreased
with thickness while the strength in the transverse direction remained unchanged
(Figure 6 and Figure 7).  Scatter for the longitudinally loaded ECT specimens was much
greater than for the other tests configurations and loading directions.  The regression
line for  KΙQ in this case decreased only 9% with increasing  t/a  which is less than the
coefficient of variation (15.8%).  For the CT specimens, the values of  KΙQ decrease less
than 14% with increasing  t/a  for longitudinal and transverse loading and 19% for bias
loading.  The decrease is more significant for bias loading case because the range of
t/a  values is much smaller.  The variation of TsQ  in Figure 11 and KΙΙQ  in Figure 12 with
thickness  is similar to the variation in  KΙQ  because  KΙΙQ  and  TsQ  are approximately
proportional to KΙQ.  Note that in the CNT case the magnitude of TsQ is decreasing
similar to the variation in KΙQ noted earlier but the slope of the curve is positive because
the TsQ values for this case are negative.  For the ECT specimen, the effect on TsQ due
to increased thickness seems intensified over the effect on KΙQ while for the CT
specimen the effect on TsQ seems diminished.
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Fracture paths

Fracture paths were self-similar (θfrac = 0°) for all specimen types with transverse
loading and for all CNT specimens with longitudinal loading.  Radiographs showing self
similar crack growth are presented as Figure 13 and Figure 14 for a failed CNT
specimen loaded longitudinally and a failed CT specimen loaded transversely.  For the
CNT specimen, radiographs are shown for both notch tips.  The wide white lines are the
cuts, and the wide dark regions indicate damage along the fracture paths.  The small
white spots within the damage region of the CNT specimen are gaps in the material
indicating that the specimen was nearly pulled apart.  The small dark spots near the
damaged regions are stitch locations.  On the other hand, the failure path for all CT
specimens with longitudinal loading was  θfrac = 90° and with bias (θfiber = 45°) loading
was  θfrac = 45° as shown in Figure 15 and Figure 16 respectively.

The fracture paths for the longitudinally loaded ECT specimens were complex
and varied.  The radiographs of three failed ECT specimens are shown in Figure 17-
Figure 19.  In Figure 17, the fracture path is  θfrac = -45°.  In Figure 18, the overall
fracture path is  θfrac = 0°  but the path meanders.  In Figure 17 and Figure 18, the initial
fracture path appears to be  θfrac = ±90° but changes to  θfrac = -45° and 0°, respectively.

In Figure 19, two fracture paths are revealed in the failed ECT specimen.  The
fracture path originating at the end of the cut is  θfrac = ±90°.  The fracture that initiates at
the free edge opposite the cut and propagates toward the cut has the appearance of a
shear-kink type compression failure caused by the large bending stress in the net
section.  Similar failures occurred in longitudinally loaded ECT specimens with
thicknesses of 2 and 4 stacks (0.11 and 0.22 inches) but not in specimens with a
thickness of 8 stacks (0.44 inches).  Of the two specimens with a thickness of 6 stacks
(0.33 inches), a compression-like failure occurred in one but not in the other.  Thus, the
propensity for the compression-like failures varies inversely with thickness.  The order of
occurrence of the failures that initiated at the end of the cut and at the free edge is not
obvious from the COD versus load graph (Bottom ECT graph in Figure 8).  However,
since compression failures were never observed alone, they may have been the second
to initiate.

Use of odπ2  as a failure parameter

Values of  odπ2   were calculated using equation 7 for each observed fracture

path and for both the normal tension strain,  εθθ,  and the shear strain,  εrθ.  The critical
values of  KΙQ,  KΙΙQ,  and  TsQ  in Table 6 were calculated for  t/a = 0.1  using the
regression curves in Figure 11 and Figure 12.  The value  t/a = 0.1  is approximately the
smallest value of  t/a  common to the CNT, ECT, and CT specimens.  The coefficients
(εθθ(Ι))frac,  (εθθ(ΙΙ))frac,  (εθθ(T))frac,  (εrθ(Ι))frac,  (εrθ(ΙΙ))frac, and  (εrθ(T))frac  were determined for each

value of  θfrac  using the curves in Figure 3.  The critical distance parameter
odπ2  is

plotted against crack extension direction in Figure 20 for each test specimen type and
for both tension and shear strains.  Even though the results are for the discrete values



20

of θfrac = 0°, 45°, 90°, -45°, and –90°, continuous curves are drawn through the values to
assist in visualizing the results.  The curves were drawn using a spline fit method. A
larger critical distance parameter can be interpreted as larger strains driving growth in
that direction.  Detailed calculations dealing with failure of specimens normalized to a t/a
ratio of 0.1 are listed in Appendix A.

For longitudinal loading, the curves for the critical distance due to normal strain
are similar in shape with all having a maximum at  θfrac = 0°.  However, there is some
separation between the curves.  The failures for the CNT specimens and for one of the
ECT specimens were self-similar (θfrac = 0°).  The other ECT specimens failed along

θfrac = -45° and ±90°.  The maximum values of odπ2   due to normal strain and

longitudinal loading was about 7% higher for the CNT and ECT specimen which
exhibited self similar crack growth than it was for the CT which did not fail in the θfrac = 0°
direction.  Because failures of the ECT and CT specimens failed in directions other than
θfrac = 0° where the critical distance parameter is highest for the normal strain, shear

must contribute to the fracture in these cases.  The curves for odπ2   due to shear

strain with longitudinal loading reach a maximum at  θfrac = ±90°.  The minimum value of

odπ2   for shear occurs at θfrac = 0°.

All tests conducted in transverse loading direction failed in a self-similar manner.
The odπ2  curves due to the normal strain for the three specimen types are virtually

identical for transverse loading and similar in shape to that seen for longitudinal loading
The maximum odπ2  values were on average about 12% higher for the transverse

direction than they were for the longitudinal loading direction. The curves for shear
strain due to transverse loading are also quite close for the ECT and CT specimens, but
the CNT curve is about 15% higher than the other two.  The critical distance due to
shear in the fracture direction  (θfrac = 0°)  is zero indicating that shear did not help drive
the fracture process for these tests.  The shape of the shear curves are quite different
from those seen for longitudinal loading.  The values of  odπ2  for shear in the

transverse direction is a maximum at  θfrac = +45° but no failures were observed in that
direction for transversely loaded specimen.

Only CT specimens were tested with bias loading.  The  odπ2   curve for normal

and shear strain for this case is plotted on Figure 20.  The curve due to normal strain is
somewhat similar in shape to those for transverse and longitudinal loading but it is
skewed toward positive values of  θfrac.  The value of  

odπ2   due to normal strain at

θfrac = 0° and -45° are about equal but all specimens failed in the θfrac = 45° direction

where the 
odπ2  due to shear strain was larger.  The shear curve for bias loading is

asymmetric and has two maxima, one at  θfrac = -45°  and one at  θfrac = 90°.  The fact
that failure occurred in a direction that was not a maximum for either normal or shear
strain but where both were large is an indication that there is an interaction between
these two crack driving forces.
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To examine the influence of normal and shear strain on fracture path, the critical

values of odπ2  for normal strain were plotted against the critical odπ2 values for

shear in Figure 21.  The values for each type of specimen are plotted separately.
Critical values in all five fracture directions (θfrac = 0˚, ±45˚, and ±90˚) and in each
loading direction were plotted, but actual failures were observed only in the directions
marked with an "X".  Because of material symmetry in the longitudinal and transverse
loading cases, the critical values in the θfrac = ±θ  directions are the same.  For
longitudinal and transverse loading, self-similar failures lie on the ordinate, and non-self-
similar failures lie to the right of the ordinate.  For bias loading, all failures lie to the right
of the ordinate.

Two failure criteria are also plotted in Figure 21.  These failure criteria were fit to
all the critical points corresponding to observed failures (those marked with an "X") from

all of the specimen types.  The "maximum odπ2  cirterion" requires that neither the

normal or shear value of odπ2  be greater than their respective critical value.  This

criterion therefore ignores any interaction between the normal and the shear.  The

average value of  odπ2   for specimens that failed with an absence of shear (in a self-

similar manner) was 0.361 in.   with a coefficient of variation of only 7.3%.  Thus, a
maximum normal strain criterion represents self-similar failures accurately.  On the
other hand, for failures that were not self similar, the values of  odπ2  range from

approximately 0.03 to 0.28 in.  for normal strain and from 0.20 to 0.54 in.  for shear
strain.  Thus, failures that were not self-similar are not well represented by maximum
strain criteria, indicating a significant interaction between shear and tension.

The "polynomial criterion" was generated by fitting a second order polynomial
through all the data marked with an "X" in Figure 21.  Although the values of  odπ2

were accurately represented for observed critical fracture paths, the criterion could not
be used to accurately predict the fracture paths because the curve also fell though
points representing failure directions that were not observed in testing.  For example the
polynomial criterion indicates that 0° and 45° fracture paths are equally likely for CNT
specimens with transverse loading, but only 0° fracture paths were observed.  Because
the polynomial failure criterion does fall through all the observed critical values, it can be
used to predict the strengths of the CNT, ECT, and CT specimens with longitudinal,
transverse, and bias loading correctly.  The strength of actual structures however might
not be predicted accurately with this criterion because the fracture path could not be
correctly predicted.  The fracture path must be predicted correctly in order to determine
the effect of structural elements on the ultimate strength of the structure and on the
arrest and containment of the fracture.

The polynomial 
odπ2  criterion provides a failure criterion that is independent of

loading direction which distinguishes it from a criterion based on KΙQ  where the critical
values change significantly with loading direction as seen in Table 7.  The critical KΙQ
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values vary due to their dependence on modulus which varies with loading direction.
Unlike KΙQ, the odπ2 parameter is also influenced by the T-stress.

Influence of T-stress

The T-factor is defined by λ ε εij s ij T frac
u frac

T− ( ) ( )[ ]( )

−

/
1

 and a separate T-factor can

be calculated for each critical strain component (normal or shear).  The sign of the T-
factor indicates the sign of the critical strain but no negative (compression) values for
normal strain were calculated for fracture paths observed in tests.  The deviation of the
T-factor from +1 indicates the relative magnitude of the Ts contribution to the failure
strain calculated from equation 6.  If |T-factor|>1, the T-stress augmented strains due to
the stress intensity at the crack tip causing an early failure while if |T-factor|<1, the T-
stress reduced these strains.  Values of the T-factor for the fracture paths observed in
the tests loaded in the longitudinal direction were ranked and plotted in Figure 22 for
critical normal and shear strains.  For critical tension, the values of T-factor range from
0.98 to 1.30, but the value of 1.30 is of no consequence because the resulting  odπ2

is very small (The failure was dominated by shear instead of normal strain).  Neglecting
values that correspond to  odπ2  < 0.1, the values of T-factor, for normal strain, range

only from 0.981 to 1.050.  For critical shear, the values of T-factor range from 0.915 to
1.000.  The range of the T-factor for observed fracture paths indicates that the T-stress
influences values of  

odπ2   by less than 8% for either normal or shear strain.

Although the T-stress had less than a 8% effect on the magnitude of  
odπ2 , the

sense or sign of the T-stress has been shown to play an important role in influencing the
stability of the fracture path.  In reference 3, Cotterell determined the approximate
isotropic stress field for a crack with a small kink at one end and showed that a negative
T-stress would cause an extension of the kinked end to turn back toward the direction of

Table 7.  Summary of fracture parameters for different specimen.

P = PQ  and  t/a = 0.1Specimen
type

Loading Fiber
Direction

θfiber

Observed
Fracture

Path
θfrac

KIQ,
ksi in.

KIIQ,
ksi in.

TsQ,
ksi in.

2πdo  for

θfrac = 0°,
in.

CNT Longitudinal 90° 0° 85.8 0 -23.87 0.329
ECT Longitudinal 90° 0°,45°,90° 93.5 0 3.3 0.339
CNT Transverse 0° 0° 41.4 0 -21.5 0.395
ECT Transverse 0° 0° 38.9 0 2.0 0.372
CT Transverse 0° 0° 39.0 0 6.78 0.369

Average
COV

0.361
7.3%

CT Longitudinal 90° 90° 88.1 0 17.5 0.310
CT Bias 45°,-45° 45°,-45° 50.8 5.6 5.988 0.340
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the main crack, resulting in overall self-similar crack extension.  In the present
investigation of orthotropic composites, the T-stress is only negative for the CNT
specimens with both longitudinal and transverse loading, and indeed, the cracks did
extend in a self-similar manner. (See Table 7.)  The T-stress is positive for the
longitudinal and bias loaded ECT and CT specimens, and cracks grew in a non-self
similar manner.  However, contrary to Cotterell’s prediction, all transversely loaded ECT
and CT specimens extended in a self-similar manner even though the T-stress was
positive.  Therefore, a negative T-stress was sufficient for self-similar crack extension
but not necessary.

Comparisons to historical data.

An average value of  odπ2  = 0.30 .in  due to normal strain was reported by

Poe[14] for CNT specimens of specially orthotropic composite materials with self-similar
fracture paths.  The shear component would be zero due to the self-similar fracture
direction.  The calculations by Poe were made using maximum loads and equation (6)
with  θfrac = 0°  but without the T-stress term.  The median value of  Pmax/PQ  in Figure 9

is 1.095.  Dividing  odπ2  = 0.30  by 1.095 gives  odπ2  = 0.274 .in ,  which is 24%

less than the average value of 0.361 .in  found in this study.

Harris and Morris[15] reported fracture test results for [0/90]ns, [0/±45/90]ns, and
[0/±45]ns laminates of various thicknesses made from T300/5208 carbon/epoxy prepreg
tape.  CT and three-point-bend specimens (TPB) were used for the thicker laminates
and CNT specimens for all thicknesses.  Values of  odπ2   were calculated using

equation 7 and plotted against thickness in Figure 23.  The calculations were made with
the 5% offset load  PQ  and  θfrac = 0°, and the T-stress term was neglected.  The elastic
constants in reference 15 and a value of  (εθθ(u))frac = 0.010  were used.  The values of

odπ2   for the [0/90]ns and [0/±45/90]ns laminates decrease with increasing thickness.

They appear to have reached a minimum at  t/a = 0.7.  However, the values for the
[0/±45]ns laminates increase with increasing thickness.  For the [0/90]ns and [0/±45/90]ns

laminates, the values of  odπ2   for the various specimen types are in good

agreement.  For the [0/±45]ns laminates, on the other hand, the values for the TPB and
CT specimens are significantly less than those for CNT specimens.  All failures were
self-similar except those for the [0/±45]ns CT specimens that were  θfrac = 45°.

The values of  odπ2   for the [0/90]ns laminates with  t/a = 0.1  are in good

agreement with the average value of 0.368 in.  for the stitched warp-knit composites
with self-similar failures found in this study.  Those for the [0/±45/90]ns laminates are
about 25% smaller, and those for [0/±45]ns are about 45% smaller.
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CONCLUDING REMARKS

Tests were conducted on center notched tension (CNT), extended compact
tension (ECT), and compact tension (CT) specimens made from a carbon/epoxy
composite.  The composite material, which was made from a stitched warp-knit fabric,
contained 44% 0° yarns, 44% ±45° yarns, and 12% 90° yarns.  The modulus in the
longitudinal direction was twice that in the transverse direction.  In order to determine
the influence of anisotropy, specimens were cut with three orientations from panels –
longitudinal, transverse, and on a 45° bias.  The specimens loaded longitudinally and
transversely were specially orthotropic, but the specimens loaded on the bias were
anisotropic.  Crack opening displacements (COD) were measured and loads  PQ

corresponding to a 5% offset in the COD versus load curves were determined.  The
mean ratio of the maximum load  Pmax  to  PQ  was 1.09.  The standard deviation was
0.07.

The panels were made with thicknesses ranging from 0.22 to 0.88 inches to
represent a wing skin from tip to root.  Values of fracture toughness were calculated for
the offset loads  PQ.  For CNT specimens with longitudinal loading, the mean value of
fracture toughness for 0.33-inch-thick specimens was 40% less than the mean value for
0.11-inch-thick specimens.  However, with transverse loading, the mean values were
essentially equal.  The difference was 19% or less for the other specimen types and
loading directions.

Failures were self-similar for all specimens with transverse loading and for all
CNT specimens with longitudinal loading.  Except for one ECT specimen, failures were
not self-similar for ECT and CT specimens with longitudinal loading nor for the CT
specimens with bias loading.  The ECT specimens with longitudinal loading were the
only type to fail along more than one path.  The thinner ECT specimens also failed in
compression on the edge opposite the cut due to large bending stresses.  The failure
appeared to a shear-kinking type material failure.  The compression failures never
occurred alone.

The normal and shear strains were calculated on fracture planes using a series
representation of strain fields for plane anisotropic crack problems developed by Yuan.
The singular terms and the uniform stress term (T-stress) were included.  For
specimens with self-similar failures, shear strains were zero along the fracture paths.
But for specimens with failures that were not self-similar, large shear strains were
calculated along the fracture paths.  Characteristic distances for tension and shear
strains were calculated for each specimen.  For specimens with self-similar failures, the
values of the characteristic distance were reasonably constant and were in agreement
with other values in the literature for carbon/epoxy composites.  When failures were not
self-similar, the values of characteristic distance for critical tension strain were smaller.
A polynomial failure criterion was applied to the characteristic distances for critical
tension and shear strains.  The predictions of strength using this criterion were
reasonably accurate, but the predictions of fracture paths were not accurate.  A stability
analysis for a kinked crack may be required to predict fracture paths.
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Figure 4.  Normalized KΙ and Ts as a function of crack length for each test specimen type and material direction.
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Figure 6.  Plot of unnotched tension strengths and moduli
versus thickness for longitudinal loading.

Figure 7.  Plot of unnotched tension strengths and moduli
versus thickness for transverse loading.
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Figure 12.  Critical values of KΙΙ from bias direction CT tests.
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Left notch tip

Right notch tip

Figure 13.  Radiograph of longitudinally loaded CNT specimen (CNT-3L2C) .
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Figure 14.  Radiograph of transversely loaded CTspecimen (CT-2T6).

Figure 15.  Radiograph of longitudinally loaded CT specimen (CT-2L6).
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Figure 16.  Radiograph of bias loaded (θfiber=45°) CT specimen
(CT-2LT, (θfracture=45°)).

Figure 17.  Radiograph of longitudinally loaded ECT specimen (ECT-L7).
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Figure 18.  Radiograph of longitudinally loaded ECT specimen (ECT-L2).

 Figure 19.  Radiograph of longitudinally loaded ECT specimen (ECT-L3).
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Figure 21.  Interaction of odπ2  values for critcal normal tension and shear strains for different specimen types.
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Figure 22.  Ranking of T-factors for fracture paths observed in test specimens
loaded in the longitudinal direction.
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Table  A–1.  Fiber volume and mass fractions.

Sample Sheet Thickness, Thickness Density, Fiber Fiber

number number stacks inches per stack, lb / f t 3 mass volume
inches fraction fraction

2 C - 1 2C 2 - - 96 .1 0 .644 0.560
2 C - 2 2C 2 - - 96 .1 0 .604 0.525
2 C - 3 2C 2 - - 95 .5 0 .583 0.504
2 C - 4 2C 2 - - 97 .4 0 .624 0.550

Average 0.1140 0.0570 96.3 0.614 0.535
Deviation 0 .5 0 .020 0.020

COV 0.6% 3.3% 3.8%
3 - 1 3 2 - - 98 .0 0 .696 0.618
3 - 4 3 2 - - 98 .6 0 .649 0.579
3 - 7 3 2 - - 98 .0 0 .664 0.589

Average 0.1074 0.05370 98.2 0.670 0.595
Deviation 0 .3 0 .018 0.015

COV 0.3% 2.6% 2.5%
4 - 1 4 2 - - 98 .6 0 .679 0.606
4 - 4 4 2 - - 98 .6 0 .683 0.609
4 - 7 4 2 - - 98 .0 0 .654 0.580

Average 0.1108 0.05540 98.4 0.672 0.598
Deviation 0 .3 0 .012 0.012

COV 0 % 1.8% 2.0%
5 - 1 5 4 - - 98 .6 0 .663 0.592
5 - 2 5 4 - - 98 .6 0 .663 0.591
5 - 3 5 4 - - 97 .4 0 .634 0.559
5 - 4 5 4 - - 98 .0 0 .646 0.573

Average 0.2184 0.05460 98.2 0.652 0.579
Deviation 0 .5 0 .012 0.013

COV 0.5% 1.8% 2.2%
6 - 1 6 4 - - 98 .6 0 .681 0.608
6 - 2 6 4 - - 97 .4 0 .669 0.590
6 - 3 6 4 - - 99 .3 0 .683 0.613
6 - 4 6 4 - - 98 .6 0 .680 0.607

Average 0.2136 0.0534 98.5 0.678 0.605
Deviation 0 .5 0 .005 0.007

COV 0.6% 0.7% 1.2%
F 4 4 - 1 F44 4 - - 98 .0 0 .654 0.580
F 4 4 - 2 F44 4 - - 97 .4 0 .660 0.581
F 4 4 - 3 F44 4 - - 97 .4 0 .634 0.559
F 4 4 - 4 F44 4 - - 98 .0 0 .651 0.578
Average 0.2250 0.0563 97.7 0.650 0.575

Deviation 0 .3 0 .008 0.008
COV 0.3% 1.2% 1.3%
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Table 1.  Concluded.
Sample Sheet Thickness, Thickness Density, Fiber Fiber
number number stacks inches per stack, g/cc mass volume

inches fraction fraction
6 A - 1 6A 6 - - 1 .57 0.659 0.585
6 A - 2 6A 6 - - 1 .57 0.649 0.576
6 A - 3 6A 6 - - 1 .57 0.652 0.579
6 A - 4 6A 6 - - 1 .57 0.654 0.581

Average 0.3380 0.0563 1.57 0.654 0.580
Deviation 0 .00 0.003 0.003

COV 0.0% 0.5% 0.5%
1 - 1 1 6 - - 1 .51 0.657 0.560
1 - 4 1 6 - - 1 .50 0.651 0.552
1 - 7 1 6 - - 1 .51 0.659 0.562

Average 0.3468 0.0578 1.51 0.656 0.558
Deviation 0 .00 0.003 0.004

COV 0.3% 0.5% 0.7%
2 - 1 2 6 - - 1 .58 0.672 0.600
2 - 4 2 6 - - 1 .58 0.666 0.594
2 - 7 2 6 - - 1 .6 0 .694 0.627

Average 0.3273 0.05455 1.59 0.677 0.607
Deviation 0 .01 0.011 0.013

COV 0.6% 1.6% 2.2%
7 - 1 7 8 - - 1 .57 0.635 0.563
7 - 2 7 8 - - 1 .56 0.631 0.556
7 - 3 7 8 - - 1 .56 0.630 0.555
7 - 4 7 8 - - 1 .56 0.631 0.556

Average 0.4443 0.0555 1.57 0.632 0.558
Deviation 0 .00 0.002 0.003

COV 0.2% 0.3% 0.5%
8 - 1 8 8 - - 1 .59 0.687 0.617
8 - 2 8 8 - - 1 .58 0.667 0.595
8 - 3 8 8 - - 1 .58 0.676 0.603
8 - 4 8 8 - - 1 .59 0.681 0.612

Average 0.4313 0.0539 1.59 0.678 0.607
Deviation 0 .01 0.006 0.008

COV 0.3% 0.9% 1.3%

Average 0.0557 1.57 0.656 0.581
Deviation 0.0016 0.02 0.018 0.020

COV 2.9% 1.0% 2.7% 3.5%

All Sheets
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Table  A–2.  Unnotched tension test results for longitudinal loading.

Specimen Width, Failing aStrength, Failing abYoung's Poisson's
no.  inches load, psi strain modulus, rat io

Actual aNormal- l b f Msi
ized

TEN-1L3 0.106 0.108 0.995 13 ,951 129 ,924 0.0110 11.7
TEN-2L3 0.108 0.110 1.013 14 ,314 128 ,875 0.0114 11.3
TEN-3L3 0.108 0.110 1.013 14 ,819 133 ,360 0.0117 11.4
Average 0.107 0.109 1.007 14 ,361 130 ,719 0.0114 11.5

Deviation 0.001 0.001 0.010 4 3 6 2 , 3 4 6 0.0003 0.2
COV 1.0% 1.0% 1.0% 3.0% 1.8% 2.9% 1.8%

TEN-1L4 0.111 0.113 1.008 15 ,452 135 ,062 0.0125 11.3
TEN-2L4 0.110 0.112 1.006 15 ,240 134 ,833 0.0119 11.4
TEN-3L4 0.111 0.113 1.013 15 ,387 134 ,839 0.0122 11.3
Average 0.111 0.113 1.009 15 ,360 134 ,911 0.0122 11.3

Deviation 0.001 0.001 0.004 1 0 9 1 3 0 0.0003 0.1
COV 0.5% 0.5% 0.4% 0.7% 0.1% 2.7% 0.7%

TEN-1L2C 0.115 0.107 0.998 15 ,747 147 ,301 0.0129 11.8 0.359
TEN-3L2C 0.114 0.106 0.999 14 ,129 133 ,787 0.0119 11.9 0.356
TEN-4L2C 0.112 0.105 1.003 14 ,694 140 ,034 0.0115 12.1 0.423
TEN-5L2C 0.114 0.106 1.006 15 ,671 146 ,737 0.0119 12.1 0.409
TEN-6L2C 0.113 0.105 1.008 14 ,694 138 ,553 0.0113 12.3 0.416

Average 0.114 0.106 1.003 14 ,987 141 ,282 0.0119 12.0 0.392
Deviation 0.001 0.001 0.004 6 9 9 5 , 7 2 6 0.0006 0.2 0.032

COV 0.9% 0.9% 0.4% 4.7% 4.1% 5.2% 1.6% 8.3%

Average 0.111 0.109 1.006 14 ,918 136 ,664 0.0119 11.7 0.392
Deviation 0.003 0.003 0.006 6 7 6 6 , 0 3 4 0.0006 0.4 0.032

COV 2.6% 2.9% 0.6% 4.5% 4.4% 4.6% 3.2% 8.3%

TEN-1L5 0.218 0.215 1.004 27 ,676 128 ,481 0.0111 11.7 0.384
TEN-2L5e 0 .215 0.212 1.007 28 ,795 134 ,861 0.0117 11.7 0.370
TEN-3L5f 0 .206 0.203 1.003 19 ,180 94 ,091 0.0078 12.3 0.370

Average 0.213 0.210 1.005 28 ,236 131 ,671 0.0114 11.9 0.375
Deviation 0.006 0.006 0.002 7 9 1 4 , 5 1 1 0.0004 0.4 0.010

COV 2.8% 2.8% 0.2% 2.8% 3.4% 3.4% 3.1% 2.8%

TEN-1L6 0.211 0.217 1.010 28 ,390 129 ,450 0.0124 11.3 0.372
TEN-2L6ef 0 .213 0.218 1.005 26 ,090 118 ,811 0.0107 11.3 0.413
TEN-3L6 0.200 0.205 1.005 27 ,140 131 ,475 0.0107 10.4 0.324
Average 0.208 0.214 1.006 27 ,765 130 ,463 0.0116 11.0 0.348

Deviation 0.007 0.007 0.003 8 8 4 1 , 4 3 2 0.0012 0.6 0.034
COV 3.3% 3.3% 0.3% 3.2% 1.1% 10.2% 5.1% 9.6%

Sheet 5

Sheets 3, 4, and 2C

Sheet 6

Thickness,
 inches

Sheet 3

Sheet 2C

Sheet 4
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Specimen Width, Failing aStrength, Failing abYoung's Poisson's
no.  inches load, psi strain modulus, rat io

Actual aNormal- l b f Msi
ized

TEN-1LF44 0.233 0.230 1.007 25 ,894 112 ,009 0.0103 10.9 0.369
TEN-2LF44 0.232 0.228 1.009 3 0 ,666 133 ,097 0.0118 11.0 0.393
TEN-3LF44 0.233 0.229 1.012 29 ,138 125 ,755 0.0115 10.8 0.337

Average 0.232 0.229 1.009 28 ,566 123 ,620 0.0112 10.9 0.366
Deviation 0.001 0.001 0.002 2 , 4 3 7 1 0 , 7 0 5 0.0008 0.1 0 .028

COV 0.3% 0.3% 0.2% 8.5% 8.7% 6.8% 0.8% 7.6%

Average 0.218 0.218 1.007 28 ,243 127 ,875 0.0114 11.3 0.370
Deviation 0.012 0.010 0.003 1 , 5 3 0 7 , 6 1 7 0.0007 0.6 0 .025

COV 5.6% 4.5% 0.3% 5.4% 6.0% 6.1% 5.2% 6.7%

TEN-1L1c 0 .347 0.344 1.001 44 ,315 128 ,586 0.0130 10.9
TEN-2L1g 0 .347 0.345 1.006 43 ,424 125 ,254 0.0114 10.8
TEN-3L1 0.347 0.345 0.995 45 ,487 132 ,518 0.0144 10.4
Average 0.347 0.345 1.000 44 ,901 130 ,552 0.0137 10.7

Deviation 0.000 0.000 0.005 8 2 9 2 , 7 8 0 0.0010 0.2
COV 0.1% 0.1% 0.5% 1.8% 2.1% 7.2% 2.3%

TEN-1L2 0.328 0.337 1.003 43 ,567 129 ,027 0.0119 10.9
TEN-2L2g 0 .327 0.336 1.004 42 ,896 127 ,162 0.0115 11.0
TEN-3L2d 0 .326 0.335 1.004 45 ,078 134 ,106 0.0118 11.2

Average 0.328 0.336 1.004 44 ,323 131 ,567 0.0119 11.0
Deviation 0.000 0.000 0.001 1 , 0 6 8 3 , 5 9 2 0.0001 0.2

COV 0.1% 0.1% 0.1% 2.4% 2.7% 0.5% 1.6%

TEN-1L6A 0.341 0.337 1.003 41 ,942 123 ,866 0.0113 10.7 0.356
TEN-2L6A 0.340 0.337 1.012 41 ,815 122 ,461 0.0112 10.9 0.362
TEN-3L6A 0.344 0.341 1.007 38 ,821 113 ,197 0.0105 10.8 0.376
TEN-4L6A 0.331 0.328 1.006 43 ,186 130 ,925 0.0127 10.7 0.391
TEN-5L6A 0.331 0.328 1.008 41 ,376 125 ,275 0.0107 11.4 0.449

Average 0.337 0.334 1.007 41 ,428 123 ,145 0.0113 10.9 0.387
Deviation 0.006 0.006 0.003 1 , 6 0 5 6 , 4 2 3 0.0009 0.3 0 .037

COV 1.8% 1.8% 0.3% 3.9% 5.2% 7.6% 2.6% 9.6%

Average 0.337 0.337 1.005 42 ,843 126 ,662 0.0119 10.9 0.387
Deviation 0.008 0.006 0.004 2 , 0 9 1 6 , 3 8 2 0.0011 0.3 0 .037

COV 2.5% 1.8% 0.4% 4.9% 5.0% 9.5% 2.4% 9.6%

Table A-2.  Continued.
Thickness,

 inches

Sheet F44

Sheets 5, 6, and F44

Sheet 1

Sheet 2

Sheet 6A

Sheets 1, 2, and 6A
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Specimen Width, Failing aStrength, Failing abYoung's Poisson's
no.  inches load, psi strain modulus, rat io

Actual aNormal- l b f Msi
ized

TEN-1L7f
0 .443 0.424 1.004 47 ,700 112 ,044 0.0103 11.3 0.334

TEN-1L8f 0 .440 0.452 1.008 40 ,272 88 ,457 0.0076 11.5 0.371
TEN-2L8 0.443 0.455 1.010 51 ,700 112 ,624 0.0107 10.5 0.368
Average 0.441 0.453 1.009 51 ,700 112 ,624 0.0107 10.8 0.368

Deviation 0.002 0.002 0.001 0.7 0 .002
COV 0.5% 0.5% 0.1% 6.5% 0.6%

Average 0.442 0.443 1.007 51 ,700 112 ,624 0.0107 11.1 0.358
Deviation 0.002 0.017 0.003 0.5 0 .020

COV 0.4% 3.8% 0.3% 4.8% 5.7%

Average 1.006 130 ,393 0.0117 11.3 0.377
Deviation 0.005 8 , 5 1 1 0.0009 0.5 0 .030

COV 0.5% 6.5% 7.5% 4.7% 8.1%
aNormalized to 66% fiber mass fraction.
bModulus was calculated between 1000 and 3000 µstrain.
cStrain at 118.26 ksi; gages failed subsequently.  Not included in average and deviation.
dSpecimen slipped in the grips the first three times it was loaded.
eTransverse strain measured on only one side.
fFailed in grip.
gSpecimen failed at or very near a grip.

All sheets

Sheets 7 and 8

Sheet 8

Thickness,
 inches

Table A-2.  Concluded.

Sheet 7
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Table  A–3.  Unnotched tension test results for transverse loading.

Specimen Width, Failing aStrength, Failing abYoung's Poisson's
no.  inches load, psi strain modulus, rat io

Actual aNormal-  lbf  Msi
ized

TEN-1T3 0.109 0.111 1.010 5 , 2 3 6 4 6 , 8 5 8 0.0115 4.82
TEN-2T3 0.109 0.110 1.006 5 , 5 3 7 4 9 , 9 4 9 0.0111 5.10
TEN-3T3 0.108 0.110 1.006 5 , 2 7 4 4 7 , 6 0 2 0.0115 4.74
Average 0.109 0.110 1.007 5 , 3 4 9 48 ,136 0.0114 4.89

Deviation 0.000 0.000 0.002 1 6 4 1 6 1 3 0.0002 0.19
COV 0.3% 0.3% 0.2% 3.1% 3.4% 2.1% 3.9%

TEN-1T4 0.110 0.112 1.019 5 , 0 5 1 4 4 , 4 38 0.0117 4.30
TEN-2T4 0.111 0.113 1.014 4 , 8 9 4 4 2 , 6 9 4 0.0106 4.61
TEN-3T4 0.110 0.112 1.006 4 , 9 1 9 4 3 , 6 5 4 0.0110 4.65
Average 0.110 0.112 1.013 4 , 9 5 5 4 3 , 5 9 6 0.0111 4.52

Deviation 0.001 0.001 0.007 8 5 8 7 3 0.0006 0.19
COV 0.7% 0.7% 0.6% 1.7% 2.0% 5.0% 4.2%

Average 0.109 0.111 1.010 5 , 1 5 2 4 5 , 8 6 6 0.0112 4.70
Deviation 0.001 0.001 0.005 2 4 5 2 7 4 4 0.0004 0.26

COV 0.9% 1.0% 0.5% 4.8% 6.0% 3.6% 5.6%

TEN-1T5 0.222 0.219 1.006 10 ,456 47 ,496 0.0106 4.87 0.168
TEN-2T5 0.224 0.221 1.005 10 ,702 48 ,135 0.0123 4.79 0.165
TEN-3T5 0.216 0.214 1.008 10 ,278 47 ,716 0.0110 4.80 0.175
Average 0.221 0.218 1.006 10 ,479 47 ,783 0.0113 4.82 0.170

Deviation 0.004 0.004 0.001 2 1 3 3 2 5 0.0009 0.04 0.005
COV 1.7% 1.7% 0.1% 2.0% 0.7% 7.9% 0.9% 3.0%

TEN-1T6c 0 .217 0.223 1.005 10 ,505 46 ,900 0.0101 5.11 0.171
TEN-2T6 0.218 0.224 1.006 11 ,094 49 ,223 0.0130 4.65 0.169
TEN-3T6 0.214 0.220 1.005 9 , 2 9 1 4 2 , 0 8 6 0.0106 4.38 0.168
Average 0.216 0.222 1.005 10 ,297 46 ,070 0.0112 4.72 0.169

Deviation 0.002 0.002 0.000 9 2 0 3 6 4 0 0.0015 0.37 0.002
COV 1.0% 1.0% 0.0% 8.9% 7.9% 13.7% 7.8% 0.9%

Average 0.218 0.220 1.006 10 ,388 46 ,926 0.0113 4.70 0.169
Deviation 0.004 0.004 0 6 0 5 2 4 9 5 0.0011 0.24 0.003

COV 1.7% 1.7% 0.1% 5.8% 5.3% 10.0% 5.1% 2.0%

Sheet 3

Sheet 4

Sheet 3 & 4

Thickness,
 inches

Sheet 5

Sheet 6

Sheets 5 and 6
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Specimen Width, Failing aStrength, Failing abYoung's Poisson's
no.  inches load, psi strain modulus, rat io

Actual aNormal-  lbf  Msi
ized

TEN-1T1 0.339 0.337 1.004 15 ,068 44 ,519 0.0108 4.54
TEN-2T1 0.340 0.338 1.005 15 ,585 45 ,906 0.0129 4.48
TEN-3T1 0.343 0.340 1.002 13 ,356 3 9 ,169 0.0093 4.50
Average 0.341 0.338 1.003 14 ,670 43 ,198 0.0110 4.51

Deviation 0.002 0.002 0.002 1 , 1 6 7 3 , 5 5 8 0.0018 0.03
COV 0.5% 0.5% 0.2% 8.0% 8.2% 16.4% 0.6%

TEN-1T2 0.318 0.348 1.001 14 ,990 43 ,046 0.0121 4.73
TEN-2T2 0.325 0.349 1.004 16 ,086 45 ,942 0.0114 4.77
TEN-3T2 0.325 0.351 0.990 15 ,246 43 ,839 0.0113 4.78
Average 0.323 0.349 0.998 15 ,441 44 ,276 0.0116 4.76

Deviation 0.004 0.002 0.008 5 7 3 1 4 9 7 0.000 0.02
COV 1.2% 0.5% 0.8% 3.7% 3.4% 4.1% 0.5%

Average 0.332 0.344 1.001 15 ,055 43 ,737 0.0113 4.63
Deviation 0.010 0.006 0.006 9 2 4 2 5 1 1 0.0012 0.14

COV 3.1% 1.8% 0.6% 6.1% 5.7% 10.8% 3.1%

TEN-1T7 0.447 0.428 1.004 18 ,947 44 ,114 0.0087 5.11 0.1812

TEN-1T8 0.439 0.451 1.004 19 ,997 44 ,136 0.0127 4.44 0.164

TEN-2T8d 0 .434 0.446 1.005 17 ,204 38 ,367 0.0092 4.53 0.156
Average 0.437 0.449 1.005 19 ,997 44 ,364 0.0127 4.48 0.164

Deviation 0.004 0.004 0.001 0.06
COV 0.8% 0.8% 0.1% 1.4%

Average 0.440 0.442 1.005 19 ,472 44 ,125 0.0107 4.69 0.167
Deviation 0.006 0.012 0.001 7 4 2 1 5 0.0028 0.37 0.013

COV 1.4% 2.8% 0.1% 3.8% 0.0% 26.1% 7.8% 7.6%

Average 1.005 45 ,371 0.0112 4.70 0.1687
Deviation 0.005 2 , 6 7 0 0.0011 0.23 0.0070

COV 0.5% 5.9% 9.8% 4.9% 4.1%
aNormalized to 66% fiber mass fraction.
bModulus was calculated between 1000 and 3000 µstrain.
cTransverse strain measured on only one side.
dSpecimen failed at or very near a grip.

Sheet 2

Table A-3.  Concluded.

Sheet 1 & 2

 inches
Thickness,

All Sheets

Sheets 7 and 8

Sheet 8

Sheet 7

Sheet 1
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Table  A–4.  CNT test results for longitudinal loading.

Specimen Width, Crack Thick- Fiber
aAdjusted Thick- 2a/W PQ, Pmax, Fracture CODQ, CODmax, Slope, COD t/P, psi-1

no.  W,  length, ness, mass th i ck - ness kips kips path inches inches In i t ia l Final Change

inches  2a, t ' , fraction ness, rat io, θf ,

inches  inches t , t / a degrees

 inches
CNT-1L2C 9.50 3.33 0.117 0.614 0.109 0.0351 0.351 41.8 45.9 0 0.0392 0.0601 9.71E-08 1.43E-07 46.8%
CNT-2L2C 9.50 3.80 0.114 0.614 0.106 0.0301 0.400 35.5 43.4 0 0.0361 0.0624 1.05E-07 1.53E-07 45.2%
CNT-3L2C 9.50 4.27 0.115 0.614 0.107 0.0269 0.449 35.4 39.4 0 0.0438 0.0501 1.25E-07 1.36E-07 8.4%
CNT-4L2C 9.50 4.75 0.113 0.614 0.105 0.0237 0.500 35.1 38.6 0 0.0496 0.0641 1.41E-07 1.74E-07 23.4%

Average 0.114 0.614 0.106
Std. dev. 0 .002 0.000 0.001

COV 1.4% 0.0% 1.4%
CNT-1L6A 9.50 3.33 0.332 0.654 0.328 0.0995 0.351 88.5 108.0 0 0.0265 0.0456 9.58E-08 1.39E-07 44.7%
CNT-2L6A 9.50 3.80 0.332 0.654 0.329 0.0873 0.400 85.1 104.3 0 0.0296 0.0367 1.09E-07 1.16E-07 6.3%
CNT-3L6A 9.50 4.27 0.336 0.654 0.332 0.0786 0.449 85.5 89.0 0 0.0360 0.0408 1.39E-07 1.52E-07 10.0%
CNT-4L6A 9.50 4.75 0.340 0.654 0.337 0.0716 0.500 67.6 77.6 0 0.0319 0.0379 1.53E-07 1.65E-07 7.8%

Average 0.338 0.654 0.335
Std. dev. 0 .003 0.000 0.003

COV 0.9% 0.0% 0.9%
Average 0.634
Std. dev. 0 .021

COV 3.4%
aValues of thickness normalized to 66% fiber mass fraction
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Table A-4.  Continued.

KIt W / KII/ KI T (πa )1 / 2

( πa )1 / 2 / KI KI, KII, T, KI, KII, T,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

1 .07 0 - 0 . 6 8 99.0 0 - 2 9 . 6 108.8 0 - 3 2 . 5
1 .10 0 - 0 . 6 9 94.4 0 - 2 6 . 8 115.5 0 - 3 2 . 7
1 .13 0 - 0 . 7 0 102.4 0 - 2 7 . 7 113.9 0 - 3 0 . 9
1 .17 0 - 0 . 7 1 113.2 0 - 2 9 . 5 124.3 0 - 3 2 . 3

107.8 0 - 2 8 . 6 119.1 0 - 3 1 . 6
8 .0 1 .4 6 .4 0 .9

7.4% - 4 . 8 % 5.4% - 2 . 7 %
1.07 0 - 0 . 6 8 69.6 0 - 2 0 . 8 84.9 0 - 2 5 . 4
1 .10 0 - 0 . 6 9 73.3 0 - 2 0 . 8 89.8 0 - 2 5 . 5
1 .13 0 - 0 . 7 0 79.5 0 - 2 1 . 5 82.8 0 - 2 2 . 4
1 .17 0 - 0 . 7 1 67.8 0 - 1 7 . 6 77.8 0 - 2 0 . 2

73.7 0 - 1 9 . 6 80.3 0 - 2 1 . 3
5 .2 1 .7 5 .0 2 .5

7.0% - 8 . 8 % 6.2% - 1 1 . 9 %
90.7 0 - 2 4 . 1 99.7 0 - 2 6 . 5
17.1 4 .6 17.8 5 .0

18.8% - 1 9 . 2 % 17.9% - 1 8 . 8 %

For  PQ For  Pmax
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Table A-4.  Continued.

( εθθ(I)) f rac , ( εθθ(I I)) frac, ( εrθ(I)) f rac , ( εrθ(II))frac, ( εθθ(T)) frac, (ε rθ(T)) frac,

Msi-1 Msi-1 Msi-1 Msi-1 Msi-1 Msi-1

T ( 2πdo)
1 / 2, T ( 2πdo )1 / 2 , T (2πdo)

1 / 2 , T ( 2πdo)
1 / 2,

factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0624 0 0 0.403 - 0 . 0 3 4 1 0 1.063 0.384 1 0 1.069 0.424 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.056 0.364 1 0 1.070 0.451 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.058 0.395 1 0 1.065 0.443 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.062 0.439 1 0 1.069 0.485 1 0

1.060 0.395 1 0 1.068 0.451 1 0
0.003 0.032 0.002 0.025 1 0
0.3% 8.0% 0.2% 5.6% 1 0

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.050 0.267 1 0 1.053 0.326 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.050 0.281 1 0 1.053 0.345 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.052 0.305 1 0 1.047 0.316 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.042 0.258 1 0 1.042 0.296 1 0

1.049 0.278 1 0 1.049 0.321 1 0
0.004 0.021 0.006 0.021
0.4% 7.4% 0.5% 6.5%

1.054 0.337 1 0 1.059 0.386 1 0
0.007 0.068 0.011 0.073
0.7% 20.1% 1.0% 18.8%

For εθθ = 0.0171 For ε rθ = 0.0220For εθθ = 0.0171 For ε rθ = 0.0220

For  PQ For  Pmax

 For   θfrac = 0°



56

Table A-4.  Continued.

( ε θθ(I)) f rac, ( εθθ(I I)) frac, ( ε rθ(I)) f rac , ( ε rθ(II)) f rac , ( εθθ(T)) frac, ( ε rθ(T)) frac,

Msi- 1 Msi- 1 Msi- 1 Msi- 1 Msi- 1 Msi- 1

T (2πdo ) 1 / 2, T (2πdo ) 1 / 2, T (2πdo ) 1 / 2 , T (2πdo ) 1 / 2,
factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2

0 .0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.862 0.242 1.442 0.310 0.851 0.262 1.508 0.356
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.874 0.234 1.383 0.283 0.850 0.278 1.513 0.379
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.862 0.242 1.403 0.312 0.857 0.277 1.470 0.364
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.874 0.234 1.439 0.354 0.852 0.300 1.503 0.406

0.868 0.238 1.417 0.315 0.852 0.279 1.498 0.376
0.007 0.005 0.029 0.029 0.003 0.015 0.020 0.022
0.8% 2.0% 2.0% 9.2% 0.4% 5.5% 1.3% 5.8%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.899 0.177 1.275 0.193 0.880 0.212 1.357 0.250
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.899 0.187 1.274 0.203 0.879 0.224 1.358 0.265
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.896 0.202 1.287 0.222 0.892 0.209 1.302 0.234
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.913 0.176 1.224 0.180 0.902 0.199 1.265 0.214

0.902 0.185 1.265 0.199 0.888 0.211 1.320 0.241
0.008 0.012 0.028 0.018 0.011 0.010 0.045 0.022
0.8% 6.5% 2.2% 8.9% 1.2% 4.9% 3.4% 9.2%

0.885 0.212 1.341 0.257 0.870 0.245 1.409 0.308
0.019 0.029 0.085 0.066 0.020 0.039 0.100 0.075
2.2% 13.9% 6.4% 25.5% 2.4% 15.7% 7.1% 24.4%

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148 For εrθ = 0.0220

For   PQ For   Pmax

For   θfrac = 45°
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Table A-4.  Concluded.

( εθθ(I)) f rac , ( ε θθ(II)) f rac , ( ε rθ(I)) f rac , ( ε rθ(II)) f rac , ( ε θθ(T)) frac, ( ε rθ(T)) frac,

Msi- 1 Msi- 1 Msi-1 Msi-1 Msi- 1 Msi- 1

T ( 2πdo) 1 / 2 , T (2πdo )1 / 2 , T ( 2πdo) 1 / 2 , T (2πdo )1 / 2 ,

factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2

0 .0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.721 0.0391 1 0.569 0.701 0.0418 1 0.625
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.741 0.0383 1 0.542 0.700 0.0443 1 0.663
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.734 0.0411 1 0.588 0.712 0.0444 1 0.654
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.722 0.0447 1 0.650 0.703 0.0478 1 0.714

0.729 0.0408 1 0.587 0.704 0.0446 1 0.664
0.010 0.0029 0.046 0.006 0.0025 0.037
1.3% 7.1% 7.8% 0.8% 5.6% 5.6%

0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.786 0.0300 1 0.400 0.751 0.0349 1 0.488
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.786 0.0315 1 0.421 0.750 0.0369 1 0.516
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.780 0.0340 1 0.457 0.773 0.0350 1 0.475
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 0.812 0.0302 1 0.390 0.791 0.0337 1 0.447

0.791 0.0314 1 0.417 0.766 0.0351 1 0.481
0.014 0.0018 0.030 0.020 0.0013 0.029
1.8% 5.9% 7.1% 2.6% 3.8% 6.0%

0.760 0.0361 1 0.502 0.735 0.0399 1 0.573
0.035 0.0055 0.098 0.036 0.0054 0.102
4.6% 15.2% 19.5% 4.9% 13.5% 17.9%

For εθθ = 0.0148 For ε rθ = 0.0220 For εθθ = 0.0148 For ε rθ = 0.0220

For   θfrac = 90°

For   PQ For   Pmax
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Table  A–5.  CNT test results for transverse loading.

Specimen Width, Crack Thick- Fiber
aAdjusted Thick- 2a /W PQ, Pmax, Fracture CODQ, CODmax, Slope, COD t/P, psi-1

no.  W,  length, ness, mass th i ck - ness kips kips path, inches inches In i t ia l Final Change

inches  2a, t ' , fraction ness, rat io, θf ,

inches  inches t , t / a degrees

 inches
CNT-T3 12.00 5.67 0.107 0.670 0.109 0.0189 0.473 14.7 17.3 0 0.0278 0.0355 1.98E-04 2.23E-04 13.0%
CNT-T4 12.00 5.61 0.108 0.672 0.110 0.0192 0.468 14.8 17.0 0 0.0285 0.0347 1.99E-04 2.24E-04 12.6%
Average 0.108 0.671 0.109
Std. dev. 0 .000 0.001 0.001

COV 0.3% 0.2% 0.5%
CNT-T1 12.00 4.85 0.342 0.656 0.340 0.0705 0.404 50.3 58.0 0 0.0267 0.0363 1.75E-04 2.12E-04 21.0%
CNT-T2 12.00 5.28 0.324 0.677 0.333 0.0615 0.440 51.3 52.7 0 0.0299 0.0382 1.84E-04 2.41E-04 31.0%
Average 0.333 0.667 0.336
Std. dev. 0 .012 0.015 0.005

COV 3.7% 2.2% 1.5%
Average 0.669
Std. dev. 0 .009

COV 1.3%
aValues of thickness normalized to 66% fiber mass fraction
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Table A-5.  Continued.

KIt W / KII/KI T (πa )1 / 2

( πa )1 / 2
/K I KIQ, KIIQ, TQ, KImax, KIImax, Tmax,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

1 .15 0 - 1 . 5 8 38.5 0 - 2 0 . 4 45.5 0 - 2 4 . 1
1 .15 0 - 1 . 5 8 38.2 0 - 2 0 . 3 44.0 0 - 2 3 . 4

38.4 0 - 2 0 . 3 44.8 0 - 2 3 . 7
0 .3 0 .1 1 .0 0 .5

0.7% - 0 . 4 % 2.3% - 2 . 1 %
1.10 0 - 1 . 5 5 37.6 0 - 2 1 . 1 43.4 0 - 2 4 . 4
1 .13 0 - 1 . 5 6 41.7 0 - 2 2 . 7 42.8 0 - 2 3 . 3

39.6 0 - 2 1 . 9 43.1 0 - 2 3 . 8
2 .9 1 .1 0 .4 0 .8

7.3% - 5 . 0 % 0.9% - 3 . 2 %
39.0 0 - 2 1 . 1 43.9 0 - 2 3 . 8

1 .8 1 .1 1 .2 0 .5
4.7% - 5 . 2 % 2.6% - 2 . 2 %

For  PQ For  Pmax
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Table A-5.  Continued.

(εθθ(I)) f rac , ( ε θθ(II))frac, ( ε rθ(I))frac, ( ε rθ(II)) f rac , ( ε θθ(T))frac, (ε rθ(T)) frac,

Msi-1 Msi-1 Msi-1 Msi-1 Msi-1 Msi-1

T - (2πdo ) 1 / 2, T - (2πdo ) 1 / 2, T - ( 2πdo ) 1 / 2, T - ( 2πdo)
1 / 2 ,

factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2

0 .142 0 0 0.403 - 0 . 0 3 4 1 0 1.049 0.389 1 0 1.059 0.463 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 1.049 0.385 1 0 1.057 0.447 1 0

1.049 0.387 1 0 1.058 0.455 1 0
0.000 0.003 0.001 0.011
0.0% 0.7% 0.1% 2.5%

0.142 0 0 0.403 - 0 . 0 3 4 1 0 1.051 0.380 1 0 1.059 0.442 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 1.055 0.423 1 0 1.057 0.435 1 0

1.053 0.401 1 0 1.058 0.438 1 0
0.003 0.030 0.002 0.003
0.3% 7.6% 0.2% 0.7%

1.051 0.394 1 0 1.058 0.447 1 0
0.003 0.019 0.001 0.008
0.3% 4.9% 0.1% 1.9%

For ε rθ = 0.0220For εθθ = 0.0148 For ε rθ = 0.0220 For εθθ = 0.0148

For  PQ For  Pmax

 For   θfrac = 0°
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Table A-5.  Continued.

( ε θθ(I)) f rac, ( εθθ(I I)) frac, ( ε rθ(I)) f rac , ( ε rθ(II)) f rac , ( εθθ(T)) frac, ( ε rθ(T)) frac,

Msi- 1 Msi- 1 Msi- 1 Msi- 1 Msi- 1 Msi- 1

T - (2πdo ) 1 / 2, T - (2πdo ) 1 / 2, T - (2πdo ) 1 / 2 , T - (2πdo ) 1 / 2,
factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2

0 .0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 0.966 0.238 1.124 0.371 0.960 0.280 1.150 0.448
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 0.966 0.236 1.123 0.367 0.961 0.271 1.145 0.431

0.966 0.237 1.124 0.369 0.961 0.275 1.147 0.440
0.000 0.002 0.001 0.003 0.001 0.006 0.003 0.008
0.0% 0.7% 0.0% 0.7% 0.1% 2.3% 0.3% 1.9%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 0.965 0.232 1.129 0.363 0.960 0.266 1.152 0.428
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 0.963 0.257 1.140 0.407 0.962 0.264 1.144 0.420

0.964 0.244 1.134 0.385 0.961 0.265 1.148 0.424
0.002 0.017 0.008 0.031 0.001 0.002 0.005 0.006
0.2% 7.1% 0.7% 8.0% 0.1% 0.7% 0.5% 1.3%

0.965 0.241 1.129 0.377 0.961 0.270 1.148 0.432
0.002 0.011 0.008 0.020 0.001 0.007 0.004 0.012
0.2% 4.5% 0.7% 5.3% 0.1% 2.6% 0.3% 2.8%

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148 For εrθ = 0.0220

For   PQ For   Pmax

For   θfrac = 45°
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Table A-5.  Concluded.

( ε θθ(I)) f rac , ( ε θθ(II)) f rac , ( ε rθ(I)) f rac, ( ε rθ(II)) f rac , ( ε θθ(T)) f rac , ( ε rθ(T)) frac,

Msi-1 Msi- 1 Msi- 1 Msi-1 Msi- 1 Msi- 1

T - (2πdo ) 1 / 2, T - (2π do)
1 / 2, T - (2πdo ) 1 / 2 , T - (2πdo ) 1 / 2,

factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0066 - 0 . 0 9 4 0.1553 - 0 . 1 2 6 0.0849 0.000 0.895 0.015 1.000 0.272 0.879 0.018 1.000 0.321
0.0066 - 0 . 0 9 4 0.1553 - 0 . 1 2 6 0.0849 0.000 0.896 0.015 1.000 0.269 0.882 0.017 1.000 0.311

0.896 0.015 1.000 0.271 0.880 0.018 1.000 0.316
0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.005
0.0% 0.6% 0.0% 0.7% 0.2% 2.1% 0.0% 1.7%

0.0066 - 0 . 0 9 4 0.1553 - 0 . 1 2 6 0.0849 0.000 0.892 0.015 1.000 0.265 0.877 0.017 1.000 0.306
0.0066 - 0 . 0 9 4 0.1553 - 0 . 1 2 6 0.0849 0.000 0.885 0.016 1.000 0.294 0.882 0.017 1.000 0.302

0.888 0.016 1.000 0.280 0.880 0.017 1.000 0.304
0.005 0.001 0.000 0.020 0.003 0.000 0.000 0.003
0.6% 6.7% 0.0% 7.3% 0.4% 0.5% 0.0% 0.9%

0.892 0.015 1.000 0.275 0.880 0.017 1.000 0.310
0.005 0.001 0.000 0.013 0.002 0.000 0.000 0.008
0.6% 4.2% 0.0% 4.7% 0.3% 2.5% 0.0% 2.6%

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148 For ε rθ = 0.0220

For   θfrac = 90°

For   PQ For   Pmax
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Table  A–6.   ECT test results for longitudinal loading.

Specimen Width, Crack Thick- Fiber
bAdjusted Thick- a /W PQ, Pmax, Fracture CODQ, CODmax, Slope, COD t/P, psi-1

no. W,  length, ness, mass th i ck - ness, l b f l b f path, inches inches In i t ia l Final Change

inches a,  t', fraction ness, ratio, θfrac,

inches inches t , t / a degrees

 inches

ECT-L3a 5 .6 2 .55 0.104 0.670 0.106 0.0416 0.455 2 , 8 0 2 3 , 6 7 8 9 0 0.108 0.228 3.89E-06 6.56E-06 68.5%

ECT-L4a 5 .6 2 .80 0.109 0.672 0.111 0.0397 0.500 2 , 8 1 4 3 , 4 9 5 9 0 0.137 0.189 5.24E-06 6.01E-06 14.7%
Average 0.107 0.671 0.109
Std. dev. 0 .003 0.001 0.004

COV 3.2% 0.2% 3.4%

ECT-L5a 5 .6 2 .10 0.211 0.652 0.208 0.0991 0.375 9 , 2 8 8 1 0 , 1 9 4 4 5 0.115 0.171 2.45E-06 3.48E-06 42.4%

ECT-L6a 5 .6 2 .35 0.213 0.678 0.218 0.0929 0.420 7 , 5 3 0 8 , 6 8 0 4 5 , 9 0 0.118 0.172 3.25E-06 4.32E-06 33.1%
Average 0.212 0.665 0.213
Std. dev. 0 .001 0.018 0.007

COV 0.6% 2.8% 3.4%

ECT-L1a 5 .6 2 .10 0.348 0.656 0.346 0.1649 0.375 12 ,611 14 ,103 4 5 , 9 0 0.105 0.140 2.77E-06 3.45E-06 24.6%
ECT-L2 5.6 2 .35 0.325 0.677 0.334 0.1420 0.420 8 , 8 9 1 1 1 , 4 1 1 0 , 9 0 0.097 0.182 3.47E-06 5.31E-06 53.1%
Average 0.337 0.667 0.340
Std. dev. 0 .016 0.015 0.009

COV 4.9% 2.2% 2.6%
ECT-L7 5.6 2 .55 0.438 0.632 0.419 0.1644 0.455 13 ,044 1 3 , 4 7 8 4 5 , 9 0 0.122 0.164 3.73E-06 5.11E-06 36.9%
ECT-L8 5.6 2 .80 0.436 0.678 0.448 0.1599 0.500 8 , 0 1 8 1 0 , 2 7 9 4 5 , 9 0 0.096 0.169 5.22E-06 7.34E-06 40.5%
Average 0.437 0.655 0.434
Std. dev. 0 .001 0.033 0.020

COV 0.3% 5.0% 4.6%
Average 0.664
Std. dev. 0 .016

COV 2.5%
aCompression failure on edge opposite cut.
bValues of thickness normalized to 66% fiber mass fraction
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Table A-6.  Continued.

KIt ( W ' ) 1 / 2 KII/ KI T (πa )1 / 2

/ P / KI KI, KII, T, KI, KII, T,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

7 .85 0.000 0.080 87.7 0 3.7 116.9 0 4.9
9 .10 0.000 0.112 97.3 0 5.2 123.0 0 6.6

92.5 0 4.4 119.9 0 5.7
6 .8 1 .1 4 .3 1 .2

7.3% 23.8% 3.6% 20.1%

6.14 0.000 0.027 115.7 0 2.1 125.5 0 2.3
7 .00 0.000 0.055 102.1 0 3.2 120.9 0 3.8

108.9 0 2.7 123.2 0 3.0
9 .7 0 .8 3 .3 1 .1

8.9% 30.6% 2.7% 36.5%

6.14 0.000 0.027 94.4 0 1.7 105.0 0 1.9
7 .00 0.000 0.055 78.8 0 2.5 103.8 0 3.3

86.6 0 2.1 104.4 0 2.6
11.0 0 .6 0 .8 1 .0

12.7% 26.9% 0.8% 38.2%
7.85 0.000 0.080 103.2 0 4.3 102.1 0 4.3
9 .10 0.000 0.112 68.8 0 3.7 90.7 0 4.8

86.0 0 4.0 96.4 0 4.6
24.3 0 .5 8 .1 0 .4

28.2% 11.9% 8.4% 8.3%
93.5 0 3.3 111.0 0 4.0
14.8 1 .2 12.3 1 .5

15.8% 35.5% 11.1% 38.1%

For   PQ For   Pmax
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Table A-6.  Continued.

( ε θθ(I)) f rac , ( ε θθ(II)) f rac , ( ε rθ(I)) f rac , ( ε rθ(II)) f rac , ( ε θθ(T)) f rac , ( ε rθ(T)) f rac ,

Msi-1 Msi-1 Msi- 1 Msi- 1 Msi- 1 Msi- 1

T - ( 2πdo)
1 / 2 , T - ( 2πdo ) 1 / 2, T - ( 2πdo )1 / 2 , T - ( 2πdo) 1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2

0 .0624 0 0 0.403 - 0 . 0 3 4 1 0 0.993 0.318 1 0 0.990 0.422 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.990 0.351 1 0 0.987 0.443 1 0

0.991 0.334 1 0 0.989 0.433 1 0
0.002 0.024 0.002 0.015
0.2% 7.1% 0.2% 3.4%

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.996 0.420 1 0 0.996 0.456 1 0

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.994 0.370 1 0 0.992 0.438 1 0
0.995 0.395 1 0 0.994 0.447 1 0
0.002 0.036 0.002 0.013
0.2% 9.0% 0.2% 2.9%

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.997 0.343 1 0 0.996 0.381 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.995 0.286 1 0 0.993 0.376 1 0

0.996 0.315 1 0 0.995 0.379 1 0
0.001 0.040 0.002 0.004
0.1% 12.8% 0.2% 1.0%

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.991 0.373 1 0 0.992 0.369 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.993 0.249 1 0 0.990 0.328 1 0

0.992 0.311 1 0 0.991 0.349 1 0
0.001 0.088 0.001 0.030
0.1% 28.2% 0.1% 8.5%

0.993 0.339 1 0 0.992 0.402 1 0
0.002 0.054 0.003 0.045
0.2% 15.9% 0.3% 11.1%

For   θfrac = 0°

For   PQ For   Pmax

For εθθ = 0.0171 For ε rθ = 0.0220 For εθθ = 0.0171 For εrθ = 0.0220
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Table A-6.  Continued.

( ε θθ(I))frac, (εθ θ(II))f rac, (ε rθ(I))frac, (ε rθ(II))f rac, ( ε θθ(T))frac, (ε rθ(T))frac,

Msi-1 Msi- 1 Msi-1 Msi- 1 Msi-1 Msi- 1

T - (2πdo ) 1 / 2 , T - ( 2πdo ) 1 / 2 , T - ( 2πdo ) 1 / 2 , T - ( 2πdo ) 1 / 2 ,

factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2

0 .0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.020 0.254 0.963 0.183 1.027 0.340 0.952 0.241
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.029 0.284 0.949 0.200 1.037 0.361 0.936 0.250

1.025 0.269 0.956 0.192 1.032 0.351 0.944 0.246
0.006 0.021 0.010 0.012 0.007 0.015 0.011 0.006
0.6% 7.9% 1.0% 6.3% 0.6% 4.2% 1.1% 2.5%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.011 0.332 0.979 0.246 1.012 0.360 0.977 0.266

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.018 0.294 0.968 0.214 1.021 0.350 0.962 0.252
1.015 0.313 0.973 0.230 1.017 0.355 0.969 0.259
0.005 0.026 0.008 0.022 0.006 0.007 0.011 0.010
0.4% 8.4% 0.8% 9.7% 0.6% 2.0% 1.1% 3.8%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.009 0.270 0.983 0.201 1.010 0.301 0.981 0.224
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.014 0.226 0.975 0.167 1.018 0.299 0.967 0.218

1.011 0.248 0.979 0.184 1.014 0.300 0.974 0.221
0.003 0.031 0.006 0.024 0.005 0.001 0.010 0.004
0.3% 12.4% 0.6% 13.3% 0.5% 0.2% 1.0% 1.8%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.024 0.300 0.957 0.214 1.024 0.296 0.957 0.212
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.020 0.199 0.963 0.144 1.027 0.264 0.952 0.187

1.022 0.249 0.960 0.179 1.025 0.280 0.955 0.200
0.003 0.071 0.005 0.050 0.002 0.023 0.004 0.018
0.3% 28.5% 0.5% 27.8% 0.2% 8.2% 0.4% 8.8%

1.018 0.270 0.967 0.196 1.022 0.321 0.961 0.231
0.007 0.043 0.011 0.031 0.009 0.036 0.014 0.026
0.6% 15.8% 1.2% 16.0% 0.8% 11.2% 1.5% 11.1%

For εθθ = 0.0148

For   θfrac = 45°

For εrθ = 0.0220

For   PmaxFor   PQ

For εθθ = 0.0148 For εrθ = 0.0220
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Table A-6.  Concluded.

(εθ θ(I)) f rac, (εθθ (II)) frac, ( ε rθ(I)) f rac, ( ε rθ(II))frac, ( ε θθ(T))frac, (ε rθ(T))frac,

Msi-1 Msi-1 Msi- 1 Msi-1 Msi-1 Msi-1

T - ( 2πdo)1 / 2, T - (2πdo ) 1 / 2 , T - ( 2πdo)1 / 2, T - (2πdo ) 1 / 2 ,
factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.051 0.0505 1 0.504 1.069 0.0684 1 0.671

0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.073 0.0571 1 0.559 1.094 0.0737 1 0.706
1.062 0.0538 1 0.531 1.081 0.0710 1 0.689

0.0156 0.0047 0.0388 0.0177 0.0037 0.0248
1.5% 8.8% 7.3% 1.6% 5.2% 3.6%

0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.028 0.0651 1 0.665 1.031 0.0708 1 0.721

0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.044 0.0584 1 0.586 1.053 0.0697 1 0.694
1.036 0.0618 1 0.625 1.042 0.0702 1 0.707

0.0114 0.0048 0.0555 0.0158 0.0008 0.0187
1.1% 7.8% 8.9% 1.5% 1.1% 2.7%

0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.023 0.0529 1 0.542 1.025 0.0589 1 0.603
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.034 0.0446 1 0.453 1.045 0.0594 1 0.596

1.028 0.0488 1 0.498 1.035 0.0592 1 0.599
0.0078 0.0058 0.0633 0.0139 0.0003 0.0047

0.8% 12.0% 12.7% 1.3% 0.6% 0.8%
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.060 0.0599 1 0.593 1.060 0.0592 1 0.586
0.0081 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.050 0.0396 1 0.395 1.068 0.0530 1 0.521

1.055 0.0498 1 0.494 1.064 0.0561 1 0.554
0.0070 0.0144 0.1395 0.0056 0.0044 0.0465

0.7% 28.9% 28.2% 0.5% 7.9% 8.4%
1.045 0.0535 1 0.537 1.055 0.0641 1 0.637

0.0168 0.0084 0.0850 0.0222 0.0074 0.0709
1.6% 15.7% 15.8% 2.1% 11.5% 11.1%

For εθθ = 0.0148

For   Pmax

For   θfrac = 90°

For εθθ = 0.0148 For εrθ = 0.0220For εrθ = 0.0220

For   PQ



68

Table  A–7.  ECT results for transverse loading.

Specimen Width, Crack Thick- Fiber
aAdjusted Thick- a /W PQ, Pmax, Fracture CODQ, CODmax, Slope, COD t/P, psi-1

no. W,  length, ness, mass th i ck - ness, l b f l b f path, inches inches In i t ia l Final Change

inches a, t ' , fraction ness, ratio, θ frac,

 inches inches t , t / a degrees

 inches
ECT-T3 5.6 2.55 0.109 0.670 0.110 0.0427 0.455 1 , 3 3 1 1 , 3 5 8 0 0.074 0.104 6.07E-06 8.49E-06 39.8%
ECT-T4 5.6 2.80 0.111 0.672 0.113 0.0395 0.500 1 , 2 0 6 1 , 3 3 7 0 0.090 0.102 8.02E-06 8.59E-06 7.1%
Average 0.110 0.671 0.112
Std. dev. 0 .001 0.001 0.002

COV 0.8% 0.2% 1.4%
ECT-T5 5.6 2.10 0.217 0.652 0.214 0.1034 0.375 3 , 4 4 6 3 , 5 4 4 0 0.066 0.085 3.94E-06 5.15E-06 30.8%
ECT-T6 5.6 2.35 0.217 0.678 0.223 0.0924 0.420 2 , 9 9 4 3 , 1 4 1 0 0.073 0.086 5.19E-06 6.07E-06 17.1%
Average 0.217 0.665 0.219
Std. dev. 0 .000 0.018 0.006

COV 0.0% 2.8% 2.8%
ECT-T1 5.6 2.10 0.341 0.656 0.339 0.1622 0.375 5 , 2 2 2 5 , 6 5 9 0 0.070 0.080 4.34E-06 4.80E-06 10.5%
ECT-T2 5.6 2.35 0.322 0.677 0.331 0.1372 0.420 4 , 4 8 7 5 , 0 3 3 0 0.074 0.092 5.21E-06 6.08E-06 16.6%
Average 0.332 0.667 0.335
Std. dev. 0 .009 0.015 0.006

COV 2.7% 2.2% 1.7%
ECT-T7 5.6 2.55 0.444 0.632 0.425 0.1743 0.455 4 , 3 5 5 4 , 6 2 4 0 0.064 0.070 6.10E-06 6.48E-06 6.2%
ECT-T8 5.6 2.80 0.433 0.678 0.445 0.1546 0.500 4 , 0 2 3 4 , 1 6 0 0 0.071 0.098 7.75E-06 1.05E-05 35.4%
Average 0.439 0.655 0.435
Std. dev. 0 .006 0.033 0.014

COV 1.3% 5.0% 3.1%
Average 0.664
Std. dev. 0 .016

COV 2.5%
aValues of thickness normalized to 66% fiber mass fraction
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Table A-7.  Continued.

KIt (W ' ) 1 / 2 KII/ KI T(πa )1 / 2

/ P / KI KI, KII, T, KI, KII, T,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

7 .85 0 0.173 40.0 0 2.4 41.4 0 2.5
9 .10 0 0.245 41.1 0 3.4 46.4 0 3.8

40.5 0 2.9 43.9 0 3.2
0 .8 0 .7 3 .6 0 .9

2.1% 23.1% 8.1% 29.0%
6.14 0 0.055 41.7 0 0.9 42.3 0 0.9
7 .00 0 0.118 39.7 0 1.7 42.8 0 1.9

40.7 0 1.3 42.6 0 1.4
1 .4 0 .6 0 .3 0 .7

3.4% 44.7% 0.8% 48.4%
6.14 0 0.055 40.0 0 0.9 43.1 0 0.9
7 .00 0 0.118 40.1 0 1.7 46.2 0 2.0

40.1 0 1.3 44.6 0 1.5
0 .1 0 .6 2 .2 0 .8

0.2% 47.9% 4.9% 52.0%
7.85 0 0.173 34.0 0 2.1 34.5 0 2.1
9 .10 0 0.245 34.8 0 2.9 37.0 0 3.1

34.4 0 2.5 35.7 0 2.6
0 .6 0 .6 1 .7 0 .7

1.7% 22.8% 4.8% 25.8%
38.9 0 2.0 41.7 0 2.2

2 .9 0 .9 4 .1 1 .0
7.4% 44.6% 9.9% 46.3%

For   PmaxFor   PQ
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Table A-7.  Continued.

( ε θθ(I)) f rac , ( εθθ(I I)) frac, ( εrθ(I)) f rac , ( εrθ(I I)) frac, ( εθθ(T)) frac, ( ε rθ(T)) frac,

Msi- 1 Msi-1 Msi- 1 Msi- 1 Msi- 1 Msi-1

T - (2πdo)
1 / 2, T - ( 2πdo)

1 / 2 , T - (2πdo)
1 / 2, T - ( 2πdo)

1 / 2 ,
factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2

0 .1423 0 0 0.403 - 0 . 0 3 4 1 0 0.994 0.382 1 0 0.994 0.396 1 0
0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.992 0.392 1 0 0.991 0.443 1 0

0.993 0.387 1 0 0.993 0.419 1 0
0.002 0.007 0.002 0.033
0.2% 1.9% 0.2% 7.9%

0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.998 0.400 1 0 0.998 0.406 1 0
0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.996 0.380 1 0 0.996 0.410 1 0

0.997 0.390 1 0 0.997 0.408 1 0
0.001 0.014 0.002 0.003
0.1% 3.5% 0.2% 0.6%

0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.998 0.384 1 0 0.998 0.413 1 0
0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.996 0.384 1 0 0.995 0.442 1 0

0.997 0.384 1 0 0.997 0.428 1 0
0.001 0.000 0.002 0.020
0.1% 0.1% 0.2% 4.7%

0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.995 0.325 1 0 0.995 0.330 1 0
0.1423 0 0 0.403 - 0 . 0 3 4 1 0 0.993 0.332 1 0 0.993 0.353 1 0

0.994 0.329 1 0 0.994 0.342 1 0
0.001 0.005 0.002 0.016
0.1% 1.6% 0.2% 4.7%

0.995 0.372 1 0 0.995 0.399 1 0
0.002 0.028 0.002 0.040
0.2% 7.5% 0.2% 9.9%

For   θfrac = 0°

For   PmaxFor   PQ

For εθθ = 0.0148 For ε rθ = 0.0220For εθθ = 0.0148 For ε rθ = 0.0220
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Table A-7.  Continued.

( εθθ(I)) frac, ( εθθ(II)) frac, ( εrθ(I)) frac, ( εrθ(II)) frac, ( εθθ(T))frac, ( εrθ(T))frac,

Msi- 1 Msi- 1 Msi-1 Msi- 1 Msi-1 Msi- 1

T - (2πdo )1 / 2, T - (2πdo)
1 / 2, T - (2πdo)

1 / 2 , T - (2πdo)
1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2

0 .0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.004 0.257 0.987 0.338 1.004 0.266 0.986 0.350
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.006 0.265 0.982 0.346 1.007 0.299 0.980 0.389

1.005 0.261 0.984 0.342 1.006 0.283 0.983 0.370
0.001 0.006 0.004 0.006 0.002 0.023 0.005 0.028
0.1% 2.2% 0.4% 1.7% 0.2% 8.3% 0.5% 7.6%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.002 0.267 0.995 0.355 1.002 0.271 0.995 0.361
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.003 0.255 0.991 0.337 1.003 0.275 0.990 0.363

1.002 0.261 0.993 0.346 1.002 0.273 0.993 0.362
0.001 0.009 0.003 0.013 0.001 0.002 0.004 0.002
0.1% 3.3% 0.3% 3.7% 0.1% 0.9% 0.4% 0.4%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.001 0.256 0.995 0.341 1.002 0.276 0.995 0.367
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.003 0.258 0.991 0.340 1.003 0.296 0.989 0.391

1.002 0.257 0.993 0.341 1.003 0.286 0.992 0.379
0.001 0.001 0.003 0.000 0.001 0.014 0.004 0.017
0.1% 0.4% 0.3% 0.1% 0.1% 5.0% 0.4% 4.5%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.004 0.218 0.989 0.287 1.004 0.222 0.989 0.292
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.005 0.224 0.985 0.293 1.005 0.238 0.984 0.311

1.004 0.221 0.987 0.290 1.004 0.230 0.986 0.302
0.001 0.004 0.003 0.004 0.001 0.011 0.004 0.013
0.1% 1.8% 0.3% 1.4% 0.1% 4.9% 0.4% 4.5%

1.003 0.250 0.989 0.330 1.004 0.268 0.988 0.353
0.002 0.018 0.005 0.025 0.002 0.027 0.005 0.035
0.2% 7.4% 0.5% 7.6% 0.2% 9.9% 0.5% 9.9%

For   θfrac = 45°

For   PQ For   Pmax

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148 For εrθ = 0.0220
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Table A-7.  Concluded.

( εθθ(I)) f rac , ( εθθ(I I)) frac, ( εrθ(I)) f rac , ( εrθ(II))frac, ( εθθ(T)) frac, (ε rθ(T)) frac,

Msi-1 Msi-1 Msi-1 Msi-1 Msi-1 Msi-1

T - ( 2πdo)
1 / 2, T - ( 2πdo )1 / 2 , T - (2πdo)

1 / 2 , T - ( 2πdo)
1 / 2,

factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.012 0.0156 1 0.282 1.013 0.0162 1 0.292
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.017 0.0161 1 0.290 1.019 0.0183 1 0.328

1.015 0.0159 1 0.286 1.016 0.0172 1 0.310
0.003 0.0004 0.006 0.005 0.0015 0.025
0.3% 2.4% 2.1% 0.5% 8.6% 8.1%

0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.004 0.0161 1 0.294 1.005 0.0164 1 0.299
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.009 0.0155 1 0.280 1.009 0.0167 1 0.302

1.007 0.0158 1 0.287 1.007 0.0165 1 0.300
0.003 0.0005 0.010 0.003 0.0002 0.002
0.3% 3.1% 3.4% 0.3% 1.1% 0.8%

0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.004 0.0155 1 0.282 1.005 0.0167 1 0.304
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.009 0.0156 1 0.283 1.010 0.0180 1 0.326

1.007 0.0156 1 0.283 1.007 0.0173 1 0.315
0.003 0.0001 0.001 0.004 0.0009 0.015
0.3% 0.6% 0.2% 0.4% 5.3% 4.9%

0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.010 0.0132 1 0.240 1.011 0.0135 1 0.244
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.015 0.0136 1 0.245 1.015 0.0145 1 0.261

1.012 0.0134 1 0.243 1.013 0.0140 1 0.252
0.003 0.0003 0.004 0.003 0.0007 0.012
0.3% 2.0% 1.7% 0.3% 5.1% 4.8%

1.010 0.0152 1 0.275 1.011 0.0163 1 0.294
0.005 0.001 0.020 0.005 0.002 0.029
0.4% 7.3% 7.4% 0.5% 10.0% 9.9%

For   θfrac = 90°

For   PQ For   Pmax

For εθθ = 0.0171 For ε rθ = 0.0220 For εθθ = 0.0171 For ε rθ = 0.0220
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Table  A–8.  CT results for longitudinal loading.

Specimen Width, Crack Thick- Fiber Adjusted Thick- a /W PQ, Pmax, Crack CODQ, CODmax, Slope, COD t/P, psi-1
no. W,  length, ness, mass th i ck - ness, l b f l b f path, inches inches In i t ia l Final Change

inches  a,  t', fraction nessa, ratio, θf,

inches inches t , t / a degrees

 inches
CT-2L31 5.6 2.55 0.107 0.670 0.109 0.0420 0.455 2 , 3 5 4 2 , 6 5 8 9 0 0.150 6.76E-06
CT-2L41 5.6 2.80 0.110 0.672 0.112 0.0393 0.500 2 , 3 7 0 2 , 4 9 1 9 0 0.183 0.199 8.34E-06 8.94E-06 7.1%
CT-1L31 9.6 4.40 0.107 0.670 0.109 0.0243 0.458 3 , 5 8 5 3 , 6 7 4 9 0 0.171 0.186 5.08E-06 5.50E-06 8.2%
CT-1L41 9.6 4.80 0.108 0.672 0.110 0.0226 0.500 3 , 3 8 6 3 , 3 8 6 9 0 0.194 0.194 6.05E-06 6.34E-06 4.7%
Average 0.108 0.671 0.110
Std. dev. 0 .001 0.001 0.002

COV 1.2% 0.2% 1.4%
CT-2L5 5.6 2.10 0.218 0.652 0.216 0.1040 0.375 6 , 1 6 6 6 , 2 2 9 9 0 0.154 0.157 5.13E-06 5.43E-06 5.7%
CT-2L6 5.6 2.35 0.212 0.678 0.218 0.0903 0.420 5 , 2 7 5 5 , 7 7 1 9 0 0.162 0.185 6.36E-06 6.97E-06 9.6%
CT-1L5 9.6 3.60 0.220 0.652 0.218 0.0612 0.375 8 , 0 7 8 9 , 2 1 8 9 0 0.182 0.228 4.66E-06 5.39E-06 15.7%
CT-1L6 9.6 4.00 0.213 0.678 0.219 0.0533 0.417 7 , 5 1 5 8 , 1 5 1 9 0 0.207 0.237 5.73E-06 6.36E-06 10.9%
Average 0.216 0.665 0.218
Std. dev. 0 .004 0.015 0.000

COV 1.9% 2.3% 0.1%
CT-2L11 5.6 2.10 0.344 0.656 0.342 0.1640 0.375 9 , 1 5 6 9 , 5 1 8 9 0 0.156 0.182 5.62E-06 6.56E-06 16.6%
CT-2L21 5.6 2.35 0.325 0.677 0.333 0.1383 0.420 7 , 4 6 9 8 , 0 7 2 9 0 0.150 0.171 6.35E-06 7.06E-06 11.2%
CT-1L11 9.6 3.60 0.344 0.656 0.342 0.0955 0.375 12 ,660 12 ,660 9 0 0.159 0.159 4.12E-06 4.29E-06 4.1%
CT-1L21 9.6 4.00 0.323 0.677 0.332 0.0808 0.417 12 ,293 12 ,571 9 0 0.177 0.201 4.63E-06 5.29E-06 14.1%
Average 0.334 0.667 0.337
Std. dev. 0 .012 0.012 0.000

COV 3.4% 1.8% 0.1%
CT-2L7 5.6 2.55 0.438 0.632 0.420 0.1718 0.455 8 , 9 4 1 9 , 3 1 0 9 0 0.155 0.190 6.91E-06 8.54E-06 23.6%
CT-2L8b 5 .6 2 .80 0.437 0.678 0.449 0.1560 0.500 8 , 8 4 0 9 0
CT-1L7 9.6 4.40 0.441 0.632 0.422 0.1003 0.458 12 ,603 13 ,131 9 0 0.210 0.222 6.68E-06 7.13E-06 6.8%
CT-1L8 9.6 4.80 0.435 0.678 0.447 0.0907 0.500 11 ,661 12 ,615 9 0 0.222 0.288 8.12E-06 1.02E-05 25.6%
Average 0.438 0.655 0.434
Std. dev. 0 .003 0.027 0.016

COV 0.6% 4.1% 3.6%
Average 0.664
Std. dev. 0 .016

COV 2.4%
aValues of thickness normalized to 66% fiber mass fraction
bOnly maximum load was recorded.
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Table A-8.  Continued.

K It ( W )1 / 2 KII/ KI T(πa)1 / 2

/ P /K I KI, KII, T, KI, KII, T,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

9 .140 0 0.630 83.5 0 18.6 94.3 0 21.0
10.199 0 0.652 91.3 0 20.1 95.9 0 21.1

9 .206 0 0.632 98.0 0 16.7 100.4 0 17.1
10.199 0 0.652 101.0 0 17.0 101.0 0 17.0

93.5 0 18.1 97.9 0 19.0
7 .8 1 .6 3 .3 2 .3

8.3% 8.7% 3.4% 12.2%
7.672 0 0.544 92.6 0 19.6 93.6 0 19.8
8 .419 0 0.598 86.1 0 18.9 94.1 0 20.7
7 .672 0 0.544 91.8 0 14.9 104.8 0 17.0
8 .364 0 0.595 92.7 0 15.6 100.5 0 16.9

90.8 0 17.2 98.3 0 18.6
3 .2 2 .4 5 .4 2 .0

3.5% 13.8% 5.5% 10.6%
7.672 0 0.544 86.7 0 18.4 90.2 0 19.1
8 .419 0 0.598 79.7 0 17.5 86.1 0 19.0
7 .672 0 0.544 91.7 0 14.8 91.7 0 14.8
8 .364 0 0.595 100.1 0 16.8 102.4 0 17.2

89.6 0 16.9 92.6 0 17.5
8 .6 1 .5 6 .9 2 .0

9.6% 8.9% 7.5% 11.3%
9.140 0 0.630 82.3 0 18.3 85.7 0 19.1

10.199 0 0.652 84.9 0 18.7
9 .206 0 0.632 88.6 0 15.1 92.4 0 15.7

10.199 0 0.652 85.9 0 14.4 92.9 0 15.6
85.6 0 15.9 89.0 0 17.3

3 .2 2 .1 4 .2 0 1 .9
3.7% 13.1% 4.8% 10.8%
90.1 0 17.1 94.4 0 18.1

6 .3 1 .9 6 .1 2 .0
7.0% 10.8% 6.5% 10.9%

For   PQ For   Pmax
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Table A-8.  Continued.

( εθθ(I)) frac, ( εθθ(II)) frac, ( ε rθ(I)) f rac , ( ε rθ(II)) frac, ( ε θθ(T)) frac, ( ε rθ(T))frac,

Msi- 1 Msi- 1 Msi-1 Msi- 1 Msi- 1 Msi-1

T ( 2πdo)
1 / 2, T (2πdo )1 / 2 , T ( 2πdo )1 / 2 , T ( 2πdo)

1 / 2,

factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2

0 .0624 0 0 0.403 - 0 . 0 3 4 1 0 0.964 0.294 1 0 0.960 0.330 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.962 0.320 1 0 0.960 0.336 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.968 0.346 1 0 0.967 0.354 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.967 0.356 1 0 0.967 0.356 1 0

0.965 0.329 1 0 0.963 0.344 1 0
0.003 0.028 0.004 0.013
0.3% 8.5% 0.4% 3.8%

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.962 0.325 1 0 0.962 0.328 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.964 0.303 1 0 0.960 0.330 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.971 0.325 1 0 0.967 0.370 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.970 0.328 1 0 0.967 0.355 1 0

0.967 0.320 1 0 0.964 0.346 1 0
0.004 0.012 0.004 0.020 1 0
0.5% 3.7% 0.4% 5.8% 1 0

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.965 0.305 1 0 0.963 0.317 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.966 0.281 1 0 0.964 0.303 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.971 0.325 1 0 0.971 0.325 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 1.000 0.365 1 0 0.967 0.361 1 0

0.975 0.319 1 0 0.966 0.326 1 0
0.016 0.036 0.004 0.025 1 0
1.7% 11.2% 0.4% 7.6% 1 0

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.965 0.290 1 0 0.963 0.301 1 0

0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.964 0.299 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.971 0.314 1 0 0.970 0.327 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.972 0.305 1 0 0.970 0.329 1 0

0.969 0.303 1 0 0.967 0.314 1 0
0.004 0.012 0.003 0.016
0.4% 4.0% 0.4% 5.1%

0.969 0.319 1 0 0.965 0.333 1 0
0.009 0.024 0.004 0.022
0.9% 7.5% 0.4% 6.6%

For εθθ = 0.0171 For εθθ = 0.0171

For   θfrac = 0°

For   PQ For   Pmax

For ε rθ = 0.0220 For ε rθ = 0.0220
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Table A-8.  Continued.

( εθθ(I)) frac, ( εθθ(II)) frac, ( εrθ(I)) frac, ( εrθ(II)) frac, ( εθθ(T))frac, ( εrθ(T))frac,

Msi- 1 Msi- 1 Msi-1 Msi- 1 Msi-1 Msi- 1

T (2πdo )1 / 2, T (2πdo)
1 / 2, T (2πdo)

1 / 2 , T (2πdo)
1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2

0 .0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.112 0.263 0.839 0.152 1.128 0.301 0.821 0.168
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.121 0.290 0.828 0.164 1.128 0.307 0.821 0.171
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.099 0.305 0.853 0.182 1.102 0.314 0.850 0.185
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.101 0.315 0.851 0.187 1.101 0.315 0.851 0.187

1.108 0.293 0.842 0.171 1.115 0.309 0.836 0.178
0.010 0.023 0.012 0.016 0.016 0.006 0.017 0.010
0.9% 7.7% 1.4% 9.3% 1.4% 2.0% 2.0% 5.4%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.118 0.294 0.831 0.167 1.120 0.297 0.830 0.169
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.114 0.272 0.836 0.156 1.126 0.300 0.823 0.168
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.087 0.283 0.867 0.173 1.101 0.327 0.851 0.194
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.092 0.287 0.861 0.173 1.100 0.313 0.851 0.186

1.103 0.284 0.849 0.167 1.112 0.309 0.839 0.179
0.016 0.009 0.018 0.008 0.013 0.014 0.014 0.013
1.4% 3.2% 2.1% 4.8% 1.2% 4.4% 1.7% 7.1%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.110 0.273 0.840 0.158 1.115 0.285 0.835 0.163
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.105 0.249 0.846 0.146 1.114 0.272 0.836 0.156
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.087 0.283 0.867 0.173 1.087 0.283 0.867 0.173
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.100 0.312 0.852 0.185 1.102 0.320 0.849 0.189

1.100 0.279 0.851 0.166 1.105 0.290 0.847 0.170
0.010 0.026 0.011 0.017 0.013 0.021 0.015 0.014
0.9% 9.3% 1.3% 10.2% 1.2% 7.2% 1.8% 8.2%

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.110 0.259 0.841 0.150 1.115 0.271 0.835 0.155

0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.112 0.268 0.838 0.155
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.089 0.273 0.865 0.166 1.093 0.286 0.860 0.172
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.084 0.264 0.870 0.162 1.092 0.287 0.861 0.174

1.094 0.265 0.859 0.160 1.103 0.278 0.848 0.164
0.014 0.007 0.016 0.008 0.012 0.010 0.014 0.010
1.2% 2.8% 1.8% 5.3% 1.1% 3.7% 1.6% 6.4%

1.102 0.281 0.850 0.166 1.108 0.297 0.842 0.173
0.012 0.019 0.014 0.012 0.013 0.019 0.015 0.012
1.1% 6.9% 1.6% 7.5% 1.2% 6.2% 1.7% 7.1%

For εrθ = 0.0220

For   θfrac = 45°

For   PQ For   Pmax

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148
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Table 8.  Concluded.

( εθθ(I)) frac, ( εθθ(I I)) frac, ( εrθ( I )) frac, ( ε rθ(I I)) frac, ( εθθ(T)) frac, ( εrθ(T))frac,

Msi- 1 Msi-1 Msi-1 Msi-1 Msi- 1 Msi- 1

T ( 2πdc ) 1 / 2 , T ( 2πdc)
1 / 2, T ( 2πdc ) 1 / 2 , T ( 2πdc ) 1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.322 0.060 1 0.480 1.379 0.071 1 0.542
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.357 0.068 1 0.524 1.382 0.073 1 0.551
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.279 0.069 1 0.563 1.288 0.071 1 0.577
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.286 0.071 1 0.580 1.286 0.071 1 0.580

1.311 0.067 1 0.537 1.334 0.071 1 0.562
0.036 0.005 0.045 0.054 0.001 0.019
2.7% 6.8% 8.3% 4.1% 1.1% 3.4%

0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.346 0.068 1 0.532 1.350 0.069 1 0.537
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.330 0.063 1 0.494 1.372 0.071 1 0.541
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.241 0.062 1 0.527 1.285 0.074 1 0.602
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.256 0.064 1 0.532 1.284 0.071 1 0.577

1.293 0.064 1 0.521 1.323 0.071 1 0.564
0.052 0.003 0.018 0.045 0.002 0.031
4.0% 4.2% 3.5% 3.4% 2.7% 5.5%

0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.317 0.063 1 0.498 1.333 0.066 1 0.518
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.298 0.057 1 0.458 1.330 0.063 1 0.495
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.241 0.062 1 0.527 1.241 0.062 1 0.527
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.282 0.070 1 0.575 1.290 0.072 1 0.588

1.284 0.063 1 0.514 1.299 0.066 1 0.532
0.032 0.006 0.049 0.043 0.005 0.040
2.5% 8.9% 9.6% 3.3% 7.0% 7.5%

0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.316 0.059 1 0.473 1.333 0.063 1 0.492
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.324 0.062 1 0.488
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.246 0.060 1 0.509 1.259 0.064 1 0.530
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.194 0 1.233 0.058 1 0.493 1.257 6.4% 1 0.533

1.265 0.059 1 0.492 1.293 0.063 1 0.511
0.044 0.001 0.018 0.041 0.001 0.024
3.5% 2.1% 3.7% 3.2% 1.7% 4.8%

1.290 0.064 1 0.518 1.312 0.068 1 0.542
0.040 0.005 0.036 0.045 0.004 0.035
3.1% 7.1% 7.0% 3.4% 6.5% 6.5%

For   θfrac = 90°

For εθθ = 0.0148 For γ rθ = 0.0220

For   PmaxFor   PQ

For εθθ = 0.0148 For γrθ = 0.0220
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Table  A–9.  CT results for transverse loading.

Specimen Width, Crack Thick- Fiber Adjusted Thick- a /W PQ, Pmax, Crack CODQ, CODmax,

no. W, length, ness, mass th i ck - ness, l b f l b f path, inches inches In i t ia l Final Change

inches a,  t', fraction nessa, rat io, θf ,  

inches inches t ,  t/a degrees

 inches
CT-2T31 5.6 2 .55 0.107 0.670 0.109 0.0421 0.455 1 , 0 8 1 1 , 2 9 7 0 0.075 0.114 7.20E-06 9.60E-06 33.3%
CT-2T41 5.6 2 .80 0.111 0.672 0.113 0.0395 0.500 1 , 1 4 4 1 , 2 1 2 0 0.071 0.090 6.66E-06 8.40E-06 26.0%
CT-1T31 9.6 4 .40 0.106 0.670 0.108 0.0242 0.458 1 , 6 6 8 1 , 7 8 8 0 0.091 0.111 5.62E-06 6.73E-06 19.7%
CT-1T41 9.6 4 .80 0.107 0.672 0.109 0.0222 0.500 1 , 6 0 0 1 , 6 2 4 0 0.106 0.118 6.96E-06 7.88E-06 13.3%
Average 0.108 0.671 0.110
Std. dev. 0 .002 0.001 0.002

COV 1.9% 0.2% 2.0%
CT-2T5 5.6 2 .10 0.223 0.652 0.221 0.1064 0.375 3 , 4 0 1 3 , 4 0 1 0 0.081 0.081 5.23E-06 5.26E-06 0.4%
CT-2T6 5.6 2 .35 0.212 0.678 0.218 0.0903 0.420 2 , 9 2 2 2 , 9 9 3 0 0.087 0.095 6.22E-06 6.91E-06 11.1%
CT-1T5 9.6 3 .60 0.219 0.652 0.217 0.0610 0.375 4 , 1 3 8 4 , 7 2 1 0 0.095 0.132 4.87E-06 6.06E-06 24.4%
CT-1T6 9.6 4 .00 0.215 0.678 0.221 0.0537 0.417 4 , 0 8 9 4 , 0 8 9 0 0.115 0.115 5.97E-06 6.21E-06 4.0%
Average 0.217 0.665 0.219
Std. dev. 0 .005 0.015 0.002

COV 2.3% 2.3% 0.9%
CT-2T11 5.6 2 .10 0.343 0.656 0.341 0.1633 0.375 4 , 6 2 0 4 , 8 1 3 0 0.078 0.091 5.51E-06 6.41E-06 16.4%
CT-2T21 5.6 2 .35 0.325 0.677 0.333 0.1381 0.420 3 , 8 9 3 4 , 1 5 9 0 0.082 0.095 6.64E-06 7.62E-06 14.7%
CT-1T11 9.6 3 .60 0.344 0.656 0.342 0.0956 0.375 7 , 0 6 3 7 , 0 9 9 0 0.101 0.111 4.69E-06 5.36E-06 14.4%
CT-1T21 9.6 4 .00 0.321 0.677 0.329 0.0803 0.417 5 , 8 7 7 6 , 1 0 7 0 0.094 0.104 5.05E-06 5.59E-06 10.8%
Average 0.333 0.667 0.336
Std. dev. 0 .010 0.012 0.006

COV 3.1% 1.8% 1.8%
CT-2T7 5.6 2 .55 0.441 0.632 0.422 0.1729 0.455 4 , 5 0 3 4 , 9 8 3 0 0.079 0.095 7.09E-06 8.02E-06 13.2%
CT-2T8 5.6 2 .80 0.434 0.678 0.446 0.1551 0.500 3 , 9 7 7 4 , 3 8 6 0 0.085 0.104 9.23E-06 1.06E-05 14.7%
CT-1T7 9.6 4 .40 0.444 0.632 0.425 0.1010 0.458 6 , 2 4 5 6 , 2 4 5 0 0.104 0.104 6.85E-06 7.08E-06 3.3%
CT-1T8 9.6 4 .80 0.428 0.678 0.440 0.0892 0.500 5 , 6 4 5 6 , 0 6 6 0 0.117 0.144 8.65E-06 1.05E-05 20.9%
Average 0.437 0.655 0.433
Std. dev. 0 .006 0.027 0.011

COV 1.3% 4.1% 2.6%
Average 0.664
Std. dev. 0 .162

COV 24.4%
aValues of thickness normalized to 66% fiber mass fraction

Slope, COD t/P, psi-1
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Table A-9.  Continued.

KIt ( W )1 / 2 KII/K I T (πa) 1 / 2

/ P /K I KI, KII, T, KI, KII, T,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

 
8 .073 0 0.572 34.4 0 7.0 41.3 0 8.3
9 .252 0 0.613 40.4 0 8.3 42.8 0 8.8
8 .145 0 0.575 41.2 0 6.4 44.1 0 6.8
9 .252 0 0.613 44.8 0 7.1 45.5 0 7.2

40.2 0 7.2 43.4 0 7.8
4 .3 0 .8 1 .8 0 .9

10.8% 11.6% 4.2% 12.2%
6.483 0 0.465 41.7 0 7.5 41.7 0 7.5
7 .283 0 0.530 42.4 0 8.3 43.4 0 8.5
6 .483 0 0.465 39.5 0 5.5 45.0 0 6.2
7 .223 0 0.526 44.4 0 6.6 44.4 0 6.6

42.0 0 7.0 43.6 0 7.2
2 .0 1 .2 1 .4 1 .0

4.9% 17.5% 3.3% 14.0%
6.483 0 0.465 36.9 0 6.7 38.5 0 7.0
7 .283 0 0.530 36.9 0 7.2 39.4 0 7.7
6 .483 0 0.465 42.9 0 5.9 43.2 0 6.0
7 .223 0 0.526 42.7 0 6.3 44.3 0 6.6

39.9 0 6.5 41.4 0 6.8
3 .4 0 .5 2 .8 0 .7

8.5% 8.2% 6.9% 10.6%
8.073 0 0.572 34.8 0 7.0 38.6 0 7.8
9 .252 0 0.613 35.8 0 7.4 39.5 0 8.2
8 .145 0 0.575 37.0 0 5.7 37.0 0 5.7
9 .252 0 0.613 39.4 0 6.2 42.3 0 6.7

36.7 0 6.6 39.3 0 7.1
2 .0 0 .8 2 .2 1 .1

5.3% 11.6% 5.7% 15.6%
39.7 0 6.8 41.9 0 7.2

3 .4 0 .8 2 .6 0 .9
8.5% 12.1% 6.3% 13.0%

For   PmaxFor   PQ
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Table A-9.  Continued.

( εθθ(I)) f rac , ( ε θθ(II)) f rac , ( ε rθ(I)) frac, ( εrθ(II)) frac, ( ε θθ(T)) frac, ( ε rθ(T)) f rac ,

Msi-1 Msi- 1 Msi-1 Msi- 1 Msi-1 Msi- 1

T - (2πdo ) 1 / 2, T - ( 2πdo )1 / 2 , T - ( 2πdo) 1 / 2 , T - (2πdo )1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . ) 1 / 2

0 .142 0 0 0.403 - 0 . 0 3 4 1 0 0.984 0.325 1 0 0.981 0.389 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.981 0.381 1 0 0.980 0.403 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.986 0.390 1 0 0.985 0.418 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.984 0.424 1 0 0.984 0.430 1 0

0.984 0.380 1 0 0.982 0.410 1 0
0.002 0.041 0.002 0.018
0.2% 10.8% 0.2% 4.3%

0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.912 0.366 1 0 0.983 0.394 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.911 0.371 1 0 0.981 0.409 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.917 0.348 1 0 0.986 0.427 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.907 0.387 1 0 0.985 0.420 1 0

0.912 0.368 1 0 0.984 0.413 1 0
0.004 0.016 0.002 0.014
0.4% 4.4% 0.2% 3.5%

0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.985 0.350 1 0 0.984 0.364 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.984 0.349 1 0 0.983 0.373 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.987 0.407 1 0 0.986 0.409 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.986 0.404 1 0 0.985 0.420 1 0

0.985 0.378 1 0 0.985 0.391 1 0
0.001 0.033 0.002 0.027
0.1% 8.6% 0.2% 7.0%

0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.984 0.330 1 0 0.982 0.364 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.983 0.338 1 0 0.982 0.373 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.987 0.351 1 0 0.987 0.351 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.986 0.373 1 0 0.985 0.401 1 0

0.985 0.348 1 0 0.984 0.372 1 0
0.002 0.019 0.002 0.021
0.2% 5.4% 0.3% 5.7%

0.966 0.368 1 0 0.984 0.397 1 0
0.033 0.029 0.002 0.025
3.4% 7.9% 0.2% 6.3%

For   PQ

For   θfrac = 0°

For   Pmax

For εθθ = 0.0148 For ε rθ = 0.0220 For εθθ = 0.0148 For ε rθ = 0.0220
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Table A-9.  Continued.

(εθ θ(I)) f rac, (εθθ (II)) frac, ( ε rθ(I)) f rac, ( ε rθ(II))frac, ( ε θθ(T))frac, (ε rθ(T))frac,

Msi-1 Msi-1 Msi- 1 Msi-1 Msi-1 Msi-1

T - ( 2πdo)1 / 2, T - (2πdo ) 1 / 2 , T - ( 2πdo)1 / 2, T - (2πdo ) 1 / 2 ,
factor ( i n . ) 1 / 2 factor ( i n . )1 / 2 factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.012 0.223 0.964 0.284 1.015 0.268 0.957 0.338
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.015 0.262 0.957 0.331 1.015 0.278 0.954 0.349
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.011 0.266 0.967 0.341 1.012 0.286 0.964 0.364
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.012 0.290 0.963 0.369 1.012 0.295 0.963 0.375

1.013 0.260 0.963 0.331 1.014 0.281 0.960 0.357
0.001 0.028 0.004 0.036 0.002 0.011 0.005 0.016
0.1% 10.8% 0.4% 10.8% 0.2% 4.0% 0.5% 4.5%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.013 0.270 0.961 0.343 1.013 0.270 0.961 0.343
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.014 0.275 0.957 0.347 1.015 0.282 0.956 0.355
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.009 0.255 0.971 0.328 1.011 0.291 0.967 0.373
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.011 0.287 0.966 0.367 1.011 0.287 0.966 0.367

1.012 0.272 0.964 0.346 1.013 0.283 0.963 0.359
0.002 0.013 0.006 0.016 0.002 0.009 0.005 0.013
0.2% 4.9% 0.6% 4.6% 0.2% 3.2% 0.5% 3.7%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.012 0.239 0.965 0.305 1.012 0.249 0.964 0.317
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.013 0.239 0.963 0.304 1.013 0.256 0.960 0.324
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.010 0.277 0.969 0.356 1.010 0.279 0.969 0.358
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.011 0.276 0.967 0.353 1.011 0.287 0.966 0.367

1.011 0.258 0.966 0.330 1.012 0.268 0.965 0.341
0.001 0.022 0.003 0.029 0.001 0.018 0.004 0.024
0.1% 8.4% 0.3% 8.8% 0.1% 6.8% 0.4% 7.1%

0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.012 0.226 0.963 0.287 1.014 0.250 0.960 0.317
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.013 0.232 0.962 0.295 1.014 0.256 0.958 0.324
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.010 0.239 0.970 0.307 1.010 0.239 0.970 0.307
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.011 0.255 0.967 0.326 1.012 0.274 0.965 0.350

1.011 0.238 0.966 0.304 1.012 0.255 0.963 0.324
0.001 0.012 0.004 0.017 0.002 0.015 0.006 0.018
0.1% 5.2% 0.4% 5.6% 0.2% 5.8% 0.6% 5.6%

1.012 0.257 0.964 0.328 1.013 0.272 0.962 0.345
0.001 0.022 0.004 0.028 0.002 0.017 0.005 0.022
0.1% 8.5% 0.4% 8.5% 0.2% 6.3% 0.5% 6.4%

For   PQ For   Pmax

For   θfrac = 45°

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148 For εrθ = 0.0220
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Table 9.  Concluded.

( ε θθ(I))frac, ( εθθ(I I)) frac, ( εrθ( I )) frac, ( εrθ(II)) f rac , ( εθθ(T)) frac, (ε rθ(T)) frac,

Msi-1 Msi-1 Msi- 1 Msi- 1 Msi- 1 Msi- 1

T - (2πdc ) 1 / 2, T - (2πdc)1 / 2, T - (2πdc)
1 / 2, T - (2πdc)

1 / 2,
factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2 factor ( i n . )1 / 2

0 .0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.036 0.0137 1 0.243 1.043 0.0166 1 0.291
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.043 0.0163 1 0.285 1.046 0.0173 1 0.302
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.033 0.0164 1 0.291 1.035 0.0176 1 0.312
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.036 0.0179 1 0.316 1.037 0.0182 1 0.321

1.037 0.016 1 0.284 1.040 0.0174 1 0.306
0.004 0.002 0.031 0.005 0.001 0.013
0.4% 10.8% 10.8% 0.5% 3.8% 4.2%

0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.039 0.0167 1 0.294 1.039 0.0167 1 0.294
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.043 0.0170 1 0.299 1.044 0.0175 1 0.306
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.028 0.0156 1 0.278 1.032 0.0179 1 0.318
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.034 0.0177 1 0.313 1.034 0.0177 1 0.313

1.036 0.017 1 0.296 1.037 0.0174 1 0.308
0.006 0.001 0.014 0.005 0.001 0.010
0.6% 5.1% 4.9% 0.5% 3.0% 3.3%

0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.034 0.0147 1 0.261 1.036 0.0154 1 0.271
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.037 0.0148 1 0.261 1.040 0.0158 1 0.278
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.030 0.0171 1 0.303 1.031 0.0171 1 0.305
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.032 0.0170 1 0.301 1.034 0.0177 1 0.313

1.034 0.016 1 0.281 1.035 0.0165 1 0.292
0.003 0.001 0.024 0.004 0.001 0.020
0.3% 8.3% 8.5% 0.4% 6.6% 6.9%

0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.036 0.0139 1 0.246 1.040 0.0155 1 0.272
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.038 0.0143 1 0.253 1.042 0.0159 1 0.279
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.029 0.0147 1 0.261 1.029 0.0147 1 0.261
0.0066 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.085 0 1.032 0.0157 1 0.278 1.034 0.0169 1 0.299

1.034 0.0146 1 0.259 1.037 0.0157 1 0.278
0.004 0.001 0.014 0.006 0.001 0.016
0.4% 5.1% 5.3% 0.6% 5.8% 5.7%

1.035 0.0158 1 0.280 1.037 0.0168 1 0.296
0.004 0.001 0.024 0.005 0.001 0.019
0.4% 8.5% 8.5% 0.5% 6.2% 6.3%

For   θfrac = 90°

For   PQ For   Pmax

For εθθ = 0.0171 For γ rθ = 0.0220 For εθθ = 0.0171 For γrθ = 0.0220
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Table  A–10.   CT results for bias loading.

Specimen Material Width, Crack Thick- Fiber Adjusted Thick- a /W PQ, Pmax, Crack CODQ, CODmax,

no. Direction W, length, ness, mass th i ck - ness, l b f l b f path, inches inches In i t ia l Final Change

θ fiber, inches a,  t', fraction nessa, rat io, θfracture,

degrees inches inches t ,  t/a degrees

 inches
CT-2LT5-45 4 5 5.6 2.10 0.218 0.652 0.216 0.1027 0.375 3 , 9 5 6 4 , 3 1 9 4 5 0.095 0.110 5.09E-06 5.49E-06 7.9%
CT-2LT6-45 - 4 5 5.6 2 .35 0.213 0.678 0.218 0.0929 0.420 3 , 2 2 4 3 , 8 2 1 - 4 5 0.091 0.118 6.09E-06 6.74E-06 10.7%

CT-2LT5-135 - 4 5 5.6 2.10 0.219 0.652 0.217 0.1032 0.375 3 , 8 6 5 3 , 9 5 6 - 4 5 0.094 0.110 5.08E-06 6.04E-06 18.9%
CT-2LT6-135 4 5 5.6 2.35 0.212 0.678 0.218 0.0929 0.420 3 , 5 2 0 3 , 9 0 6 4 5 0.101 0.122 5.98E-06 6.84E-06 14.5%

Average 0.216 0.665 0.217
Std. dev. 0 .004 0.015 0.001

COV 1.7% 2.3% 0.6%
CT-2LT7-45 - 4 5 5.6 2 .55 0.455 0.652 0.449 0.1762 0.455 4 , 8 0 9 5 , 5 2 3 - 4 5 0.080 0.111 7.25E-06 9.07E-06 25.1%
CT-2LT8-45 - 4 5 5.6 2 .80 0.423 0.678 0.435 0.1553 0.500 4 , 5 8 0 5 , 1 9 9 - 4 5 0.093 0.133 8.61E-06 1.11E-05 28.8%

CT-2LT7-135 4 5 5.6 2.55 0.453 0.652 0.448 0.1755 0.455 5 , 5 7 4 5 , 9 0 9 4 5 0.096 0.117 7.37E-06 8.83E-06 19.7%
CT-2LT8-135 4 5 5.6 2.80 0.425 0.678 0.436 0.1558 0.500 4 , 9 0 1 5 , 3 5 8 4 5 0.104 0.118 8.79E-06 9.60E-06 9.2%

Average 0.439 0.665 0.442
Std. dev. 0 .017 0.015 0.008

COV 4.0% 2.3% 1.7%
Average 0.665
Std. dev. 0 .014

COV 2.1%
aValues of thickness normalized to 66% fiber mass fraction
bStrain is negative.
cT-strain changes sign with bias direction
dStatistics taken on absolute value of data

Slope, COD t/P, psi-1
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Table A-10.  Continued.

K It ( W )1 / 2 KII/K I T(πa )1 / 2

/ P / KI KI, KII
d, T, KI, KII

d, T,

 ksi(in.)1 / 2  ksi(in.)1 / 2 ks i  ksi(in.)1 / 2  ksi(in.)1 / 2 ks i

6 .879 0.111 0.293 53.3 5 .9 6 .1 58.2 6 .5 6 .6
7 .669 - 0 . 1 1 0 0.327 47.9 - 5 . 3 5 .8 56.7 - 6 . 3 6 .8
6 .879 - 0 . 1 1 1 0.293 51.8 - 5 . 8 5 .9 53.0 - 5 . 9 6 .0
7 .669 0.110 0.327 52.3 5 .8 6 .3 58.0 6 .4 7 .0

51.3 5 .7 6 .0 56.5 6 .3 6 .6
2 .386 0.279 0.228 2.398 0.257 0.408
4.7% 4.9% 3.8% 4.2% 4.1% 6.2%

8.448 - 0 . 1 1 0 0.344 38.2 - 4 . 2 4 .6 43.9 - 4 . 8 5 .3
9 .609 - 0 . 1 0 9 0.354 42.8 - 4 . 7 5 .1 48.5 - 5 . 3 5 .8
8 .448 0.110 0.344 44.5 4 .9 5 .4 47.1 5 .2 5 .7
9 .609 0.109 0.354 45.6 5 .0 5 .5 49.9 5 .4 6 .0

42.8 4 .7 5 .2 47.4 5 .2 5 .7
3 .259 0.348 0.371 2.579 0.265 0.265
7.6% 7.4% 7.2% 5.4% 5.1% 4.6%
47.0 5 .2 5 .6 51.9 5 .7 6 .2

5 .280 0.617 0.538 5.400 0.630 0.583
11.2% 11.9% 9.6% 10.4% 11.0% 9.5%

For   PmaxFor   PQ
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Table A-10.  Continued.

( εθθ(I)) frac, ( εθθ(II)) f rac , ( εrθ(I)) frac, ( ε rθ(II)) f rac , ( ε θθ(T))frac, ( εrθ(T)) frac,

Msi-1 Msi- 1 Msi- 1 Msi-1 Msi-1 Msi-1

T - ( 2πdo)
1 / 2 , T - ( 2πdo)

1 / 2, T - ( 2πdo)
1 / 2 , T - ( 2πdo)

1 / 2,
factor ( i n . ) 1 / 2 factorcd ( i n . ) 1 / 2 factor ( i n . )1 / 2 factorcd ( i n . ) 1 / 2

0 .109 - 0 . 0 7 1 5 - 0 . 1 0 5 0.328 - 0 . 0 4 8 2 - 0 . 0 5 4 4 0.981 0.356 - 1 . 0 1 5 0.168 0.979 0.388 - 1 . 0 1 7 0.184
0.109 0.0715 0.105 0.328 - 0 . 0 4 8 2 0.0544 0.982 0.320 1.014 0.152 0.978 0.378 1.017 0.180
0.109 0.0715 0.105 0.328 - 0 . 0 4 8 2 0.0544 0.981 0.346 1.015 0.164 0.981 0.354 1.015 0.167
0.109 - 0 . 0 7 1 5 - 0 . 1 0 5 0.328 - 0 . 0 4 8 2 - 0 . 0 5 4 4 0.980 0.349 - 1 . 0 1 6 0.166 0.978 0.386 - 1 . 0 1 8 0.184

0.981 0.343 1.015 0.162 0.979 0.377 1.017 0.179
0.001 0.016 0.001 0.007 0.001 0.016 0.001 0.008
0.1% 4.6% 0.1% 4.6% 0.1% 4.1% 0.1% 4.4%

0.109 0.0715 0.105 0.328 - 0 . 0 4 8 2 0.0544 0.985 0.257 1.012 0.121 0.983 0.294 1.013 0.139
0.109 0.0715 0.105 0.328 - 0 . 0 4 8 2 0.0544 0.984 0.287 1.013 0.136 0.981 0.325 1.015 0.155
0.109 - 0 . 0 7 1 5 - 0 . 1 0 5 0.328 - 0 . 0 4 8 2 - 0 . 0 5 4 4 0.983 0.298 - 1 . 0 1 4 0.141 0.982 0.315 - 1 . 0 1 4 0.150
0.109 - 0 . 0 7 1 5 - 0 . 1 0 5 0.328 - 0 . 0 4 8 2 - 0 . 0 5 4 4 0.983 0.306 - 1 . 0 1 4 0.145 0.981 0.334 - 1 . 0 1 5 0.159

0.983 0.287 1.013 0.136 0.982 0.317 1.014 0.151
0.001 0.022 1.013 0.011 0.001 0.017 1.014 0.009
0.1% 7.5% 100.0% 7.8% 0.1% 5.4% 100.0% 5.7%

0.982 0.315 1.014 0.149 0.980 0.347 1.015 0.165
0.002 0.035 0.001 0.016 0.002 0.035 0.001 0.017
0.2% 11.0% 0.1% 11.0% 0.2% 10.2% 0.1% 10.2%

For   θfrac = 0°

For εθθ = 0.0148 For ε rθ = 0.0220 For εθθ = 0.0148 For εrθ = 0.0220

For   PQ For   Pmax
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Table A-10.  Continued.

( εθθ(I)) frac, ( εθθ(I I)) frac, ( εrθ( I )) frac, ( εrθ(II)) f rac , ( εθθ(T)) frac, ( εrθ(T)) f rac ,

Msi-1 Msi-1 Msi-1 Msi-1 Msi-1 Msi-1

T - ( 2πdo)
1 / 2, T - ( 2πdo)

1 / 2, T - ( 2πdo )1 / 2, T - ( 2πdo )1 / 2,

factor ( i n . ) 1 / 2 factorcd ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factorcd ( i n . ) 1 / 2

0 .1109 - 0 . 1 8 5 0 0.109 0.167 0.0798 0.202 1.034 0.336 1.059 0.328 1.037 0.368 1.065 0.360
0.1109 0.1850 - 0 . 1 0 9 0.167 0.0798 0.202 1.032 0.302 - 0 . 9 5 0 0.264 1.038 0.360 - 0 . 9 4 1 0.310
0.1109 0.1850 - 0 . 1 0 9 0.167 0.0798 0.202 1.033 0.327 - 0 . 9 4 9 0.285 1.034 0.335 - 0 . 9 4 7 0.292
0.1109 - 0 . 1 8 5 0 0.109 0.167 0.0798 0.202 1.035 0.331 1.061 0.322 1.039 0.369 1.068 0.360

1.033 0.324 1.005 0.300 1.037 0.358 1.005 0.330
0.001 0.015 0.064 0.030 0.002 0.016 0.071 0.035

0.1% 4.7% 6.4% 10.2% 0.2% 4.5% 7.0% 10.5%
0.1109 0.1850 - 0 . 1 0 9 0.167 0.0798 0.202 1.026 0.240 - 0 . 9 5 9 0.212 1.030 0.277 - 0 . 9 5 3 0.242
0.1109 0.1850 - 0 . 1 0 9 0.167 0.0798 0.202 1.028 0.270 - 0 . 9 5 5 0.237 1.032 0.307 - 0 . 9 5 0 0.267
0.1109 - 0 . 1 8 5 0 0.109 0.167 0.0798 0.202 1.030 0.280 1.052 0.271 1.032 0.298 1.055 0.288
0.1109 - 0 . 1 8 5 0 0.109 0.167 0.0798 0.202 1.030 0.288 1.053 0.278 1.033 0.316 1.058 0.305

1.029 0.270 1.005 0.250 1.032 0.299 1.004 0.276
0.002 0.021 0.055 0.031 0.002 0.017 0.061 0.027

0.2% 7.9% 5.5% 12.3% 0.1% 5.7% 6.1% 9.9%
1.031 0.297 1.005 0.275 1.034 0.329 1.005 0.303
0.003 0.034 0.055 0.039 0.003 0.035 0.061 0.041

0.3% 11.4% 5.5% 14.2% 0.3% 10.6% 6.1% 13.6%

For    θfrac = 45° when  θfiber = 45°    or    θfrac = -45° when  θ fiber  = -45°

For εθθ = 0.0148 For ε rθ = 0.0220 For εθθ = 0.0148 For ε rθ = 0.0220

For   PmaxFor   PQ



87

Table A-10.  Continued.

( εθθ(I)) frac, ( εθθ(II)) frac, ( εrθ( I )) frac, ( εrθ(I I)) frac, ( εθθ(T))frac, ( εrθ(T))frac,

Msi- 1 Msi-1 Msi-1 Msi- 1 Msi-1 Msi- 1

T - (2πdo)
1 / 2, T - (2πdo)

1 / 2, T - (2πdc)
1 / 2, T - (2πdo)

1 / 2 ,
factor ( i n . ) 1 / 2 factorcd ( i n . )1 / 2 factor ( i n . )1 / 2 factorcd ( i n . )1 / 2

0 .0414 - 0 . 1 4 0 0.1870 - 0 . 1 8 7 0 0.153 0.0544 1.067 0.099 1.015 0.409 1.074 0.100 1.017 0.447
0.0414 0.139 - 0 . 1 8 7 0 - 0 . 1 8 7 0 0.153 - 0 . 0 5 4 4 1.063 0.090 - 1 . 0 1 4 0.367 1.076 0.091 - 1 . 0 1 7 0.436
0.0414 0.139 - 0 . 1 8 7 0 - 0 . 1 8 7 0 0.153 - 0 . 0 5 4 4 1.065 0.097 - 1 . 0 1 5 0.397 1.067 0.097 - 1 . 0 1 5 0.407
0.0414 - 0 . 1 4 0 0.1870 - 0 . 1 8 7 0 0.153 0.0544 1.070 0.098 1.016 0.401 1.078 0.099 1.018 0.446

1.066 0.096 1.015 0.394 1.074 0.097 1.017 0.434
0.003 0.004 0.001 0.018 0.005 0.004 0.001 0.019
0.3% 4.5% 0.1% 4.7% 0.5% 4.3% 0.1% 4.4%

0.0414 0.139 - 0 . 1 8 7 0 - 0 . 1 8 7 0 0.153 - 0 . 0 5 4 4 1.051 0.071 - 1 . 0 1 2 0.292 1.059 0.072 - 1 . 0 1 3 0.336
0.0414 0.139 - 0 . 1 8 7 0 - 0 . 1 8 7 0 0.153 - 0 . 0 5 4 4 1.056 0.080 - 1 . 0 1 3 0.328 1.064 0.081 - 1 . 0 1 5 0.373
0.0414 - 0 . 1 4 0 0.1870 - 0 . 1 8 7 0 0.153 0.0544 1.059 0.083 1.014 0.341 1.063 0.083 1.014 0.362
0.0414 - 0 . 1 4 0 0.1870 - 0 . 1 8 7 0 0.153 0.0544 1.060 0.086 1.014 0.350 1.066 0.086 1.015 0.383

1.056 0.080 1.013 0.328 1.063 0.080 1.014 0.364
0.004 0.006 0.001 0.025 0.003 0.006 0.001 0.020
0.4% 7.9% 0.1% 7.7% 0.3% 7.8% 0.1% 5.6%

1.061 0.088 1.014 0.361 1.068 0.089 1.015 0.399
0.006 0.010 0.001 0.041 0.007 0.010 0.001 0.042
0.6% 11.3% 0.1% 11.3% 0.6% 11.3% 0.1% 10.5%

For    θfrac = 90° when  θfiber = 45°    or    θfrac = -90° when  θ fiber  = -45°

For   PQ For   Pmax

For εθθ = 0.0148 For εrθ = 0.0220 For εθθ = 0.0148 For ε rθ = 0.0220
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Table A-10.  Continued.

( εθθ(I)) frac, ( εθθ(I I)) frac, ( εrθ( I )) frac, ( εrθ(II)) f rac , ( εθθ(T)) frac, ( εrθ(T)) f rac ,

Msi-1 Msi-1 Msi-1 Msi-1 Msi-1 Msi-1

T - ( 2πdo)
1 / 2, T - ( 2πdo)

1 / 2, T - ( 2πdo )1 / 2, T - ( 2πdo )1 / 2,

factor ( i n . ) 1 / 2 factorcd ( i n . ) 1 / 2 factor ( i n . ) 1 / 2 factorcd ( i n . ) 1 / 2

0 .035 - 0 . 0 9 5 0.157 0.230 0.0254 - 0 . 2 0 2 1.009 0.076 0.947 0.419 1.010 0.083 0.943 0.455
0.035 0.095 - 0 . 1 5 7 0.230 0.0254 0.020 1.009 0.069 - 0 . 9 9 5 0.394 1.010 0.082 - 0 . 9 9 4 0.467
0.035 0.095 - 0 . 1 5 7 0.230 0.0254 0.020 1.009 0.074 - 0 . 9 9 5 0.427 1.009 0.076 - 0 . 9 9 4 0.437
0.035 - 0 . 0 9 5 0.157 0.230 0.0254 - 0 . 2 0 2 1.009 0.075 0.945 0.409 1.010 0.083 0.940 0.452

1.009 0.074 0.971 0.412 1.010 0.081 0.968 0.453
0.000 0.003 0.028 0.014 0.001 0.004 0.031 0.012

0.0% 4.6% 2.9% 3.4% 0.1% 4.4% 3.2% 2.7%
0.035 0.095 - 0 . 1 5 7 0.230 0.0254 0.020 1.007 0.063 - 0 . 9 9 6 0.315 1.008 0.063 - 0 . 9 9 5 0.361
0.035 0.095 - 0 . 1 5 7 0.230 0.0254 0.020 1.008 0.070 - 0 . 9 9 5 0.352 1.009 0.070 - 0 . 9 9 5 0.399
0.035 - 0 . 0 9 5 0.157 0.230 0.0254 - 0 . 2 0 2 1.008 0.068 0.953 0.351 1.009 0.068 0.950 0.371
0.035 - 0 . 0 9 5 0.157 0.230 0.0254 - 0 . 2 0 2 1.008 0.072 0.952 0.359 1.009 0.072 0.948 0.391

1.008 0.068 0.974 0.344 1.009 0.068 0.972 0.380
0.001 0.004 0.025 0.020 0.000 0.004 0.026 0.018

0.1% 5.6% 2.5% 5.8% 0.0% 5.6% 2.7% 4.6%
1.008 0.071 0.972 0.378 1.009 0.075 0.970 0.417
0.001 0.004 0.025 0.040 0.001 0.008 0.027 0.041

0.1% 6.2% 2.5% 10.5% 0.1% 10.2% 2.7% 9.9%

For    θ frac = -45° when  θfiber = 45°    or    θ frac = -45° when  θ fiber  = -45°

For   PQ For   Pmax

For ε rθ = 0.0220For εθθ = 0.0171 For ε rθ = 0.0220 For εθθ = 0.0171
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Table  A–11.  Calculations for t/a=0.10.

Table A-11.  Continued.

(εθθ(I))frac, (εθθ(II))frac, (ε rθ(I))frac, (ε rθ(II))frac, (εθθ(T))frac, (εrθ(T)) frac,

Msi- 1 Msi- 1 Msi- 1 Msi- 1 Msi- 1 Msi-1 T (2πdo ) 1 / 2, T (2πdo)
1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0624 0 0 0.403 - 0 . 0 3 4 1 0 1.050 0.329 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.993 0.339 1 0
0.0624 0 0 0.403 - 0 . 0 3 4 1 0 0.966 0.310 1 0

0.142 0 0 0.403 - 0 . 0 3 4 1 0 1.052 0.397 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.995 0.372 1 0
0.142 0 0 0.403 - 0 . 0 3 4 1 0 0.985 0.369 1 0
0.109 - 0 . 0 7 1 5 - 0 . 1 0 5 0.328 - 0 . 0 4 8 2 - 0 . 0 5 4 4 0.981 0.340 - 1 . 0 1 5 0.161

For εθθ = εu For εrθ = 0.0220

 For   θfrac = 0°

Specimen Loading Thick-

Type direction ness x0(I ) x1( I ) KI, x0(II) x1(II) KII, x0(T) x1(T) Ts,

ra t io ,  ksi(in.)1 / 2  ksi(in.)1 / 2  ksi(in.)1 / 2  ksi(in.)1 / 2  ksi(in.)1 / 2  ksi(in.)1 / 2  ksi  ksi ks i

t / a

CNT Longitudinal 0 .1 25.850 - 5 9 . 9 4 0 85.790 0 0 0 - 8 . 4 3 3 15.440 - 2 3 . 8 7 3
ECT Longitudinal 0 .1 83.45 - 1 0 . 0 1 0 93.460 0 0 0 0.975 - 2 . 3 1 7 3.292
CT Longitudinal 0 .1 73.4 - 1 4 . 6 6 0 88.060 0 0 0 17.330 - 0 . 1 9 1 17.521

CNT Transverse 0 .1 41.390 2.090 39.300 0 0 0 - 2 4 . 2 8 0 - 2 . 7 5 9 - 2 1 . 5 2 1
ECT Transverse 0 .1 32.7 - 6 . 2 1 1 38.911 0 0 0 0.257 - 1 . 7 3 9 1.996
CT Transverse 0 .1 32.91 - 6 . 0 5 6 38.966 0 0 0 6.798 0.018 6.780
CT Bias (+45°) 0 .1 14.59 - 3 6 . 2 4 0 50.830 1.424 - 4 . 2 1 6 5.640 2.151 - 3 . 8 3 7 5.988

ay=xo + x1  log(t/a)

Calculated for PQ
a
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Table A-11.  Continued.

(εθθ(I))frac, (εθθ(II))frac, (ε rθ(I)) frac, (ε rθ(II))frac, (εθθ(T))frac, (εrθ(T)) frac,

Msi-1 Msi- 1 Msi-1 Msi- 1 Msi- 1 Msi-1 T (2πdo ) 1 / 2, T (2πdo)
1 / 2 ,

factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.1937 0 0.762 0.0358 1 0.493
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.1937 0 1.045 0.0535 1 0.537
0.00810 - 0 . 1 7 5 0.126 - 0 . 1 5 5 0.1937 0 1.298 0.0626 1 0.506
0.00659 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.0849 0 0.903 0.0137 1 0.277
0.00659 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.0849 0 1.010 0.0152 1 0.275
0.00659 - 0 . 0 9 4 0.155 - 0 . 1 2 6 0.0849 0 1.035 0.0155 1 0.275
0.04139 - 0 . 1 3 9 0.187 - 0 . 1 8 7 0.1535 0.0544 1.066 0.0953 1.015 0.390

For   θfrac = 90°

For εθθ = εu For εrθ = 0.0220

Table A-11.  Continued.

(εθθ(I))frac, (εθθ(II))frac, (ε rθ(I))frac, (ε rθ(II)) frac, (εθθ(T))frac, (ε rθ(T))frac,

Msi- 1 Msi- 1 Msi- 1 Msi-1 Msi- 1 Msi- 1 T (2πdo)
1 / 2 , T (2πdo)

1 / 2 ,
factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 0.886 0.215 1.328 0.247
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.018 0.270 0.967 0.196
0.0419 - 0 . 1 9 3 0.0478 0.197 0.0798 - 0 . 2 2 8 1.104 0.276 0.846 0.162
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 0.964 0.242 1.132 0.381
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.003 0.250 0.989 0.330
0.0947 - 0 . 1 2 2 0.1883 0.153 0.0254 - 0 . 1 1 9 1.012 0.252 0.965 0.322
0.1109 - 0 . 1 8 5 0.1092 0.167 0.0798 - 0 . 2 0 2 1.029 0.319 0.948 0.280

 

For εθθ = εu

For   θfrac = 45°

For εrθ = 0.0220
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Table A-11.  Continued.

(εθθ(I))frac, (εθθ(II))frac, (ε rθ(I))frac, (ε rθ(II)) frac, (εθθ(T))frac, (ε rθ(T)) frac,

Msi- 1 Msi- 1 Msi- 1 Msi-1 Msi- 1 Msi-1 T (2πdo)
1 / 2 , T (2πdo)

1 / 2 ,
factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .0419 0.193 0.0478 0.197 0.0798 0.228 0.886 0.215 1.328 0.247
0.0419 0.193 0.0478 0.197 0.0798 0.228 1.018 0.270 0.967 0.196
0.0419 0.193 0.0478 0.197 0.0798 0.228 1.104 0.276 0.846 0.162
0.0947 0.122 0.1883 0.153 0.0254 0.119 0.964 0.242 1.132 0.381
0.0947 0.122 0.1883 0.153 0.0254 0.119 1.003 0.250 0.989 0.330
0.0947 0.122 0.1883 0.153 0.0254 0.119 1.012 0.252 0.965 0.322
0.0348 0.0951 - 0 . 1 5 6 8 0.230 0.0254 0.202 1.010 0.136 - 0 . 9 4 8 0.287

For εθθ = εu For ε rθ = 0.0220

For   θfrac = -45°

Table A-11.  Concluded.

(εθθ(I))frac, (εθθ(II)) frac, (ε rθ(I))frac, (εrθ(II)) frac, (εθθ(T))frac, (ε rθ(T))frac,

Msi- 1 Msi-1 Msi-1 Msi-1 Msi- 1 Msi- 1 T (2πdo)
1 / 2 , T (2πdo)

1 / 2 ,
factor ( i n . ) 1 / 2 factor ( i n . )1 / 2

0 .00810 0.175 0.1263 - 0 . 1 5 5 3 0.1937 0 0.762 0.0358 1 0.493
0.00810 0.175 0.1263 - 0 . 1 5 5 3 0.1937 0 1.045 0.0535 1 0.537
0.00810 0.175 0.1263 - 0 . 1 5 5 3 0.1937 0 1.298 0.0626 1 0.506
0.00659 0.094 0.1553 - 0 . 1 2 6 3 0.0849 0 0.903 0.0137 1 0.277
0.00659 0.094 0.1553 - 0 . 1 2 6 3 0.0849 0 1.010 0.0152 1 0.275
0.00659 0.094 0.1553 - 0 . 1 2 6 3 0.0849 0 1.035 0.0155 1 0.275

- 0 . 0 3 8 2 0 0.140 - 0 . 0 6 1 6 - 0 . 0 6 1 6 0.1535 0.0544 - 0 . 9 4 2 0.0735 - 0 . 9 8 5 0.156

For εrθ = 0.0220For εθθ = εu

For   θfrac = -90°
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All dimensions are shown in inches.
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Figure  B–1.  Drawing of 9.50-inch-wide center notch tension (CNT) specimens.
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All dimensions are shown in inches.
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Figure  B–2.  Drawing of 12.0-inch-wide center notch tension (CNT) specimens.
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Figure  B–3.  Drawing of 7.0-inch-wide extended compact tension (ECT) specimens.

All dimensions are shown in inches.
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Figure  B–4.  Drawing of 7.0-inch-wide compact tension (CT) specimens.

All dimensions are shown in inches.
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Figure  B–5.  Drawing of 12.0-inch-wide compact tension (CT) specimens.
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Figure  B–6.  Drawing of guide plates for CNT specimens.

 All dimensions shown in inches.

Note - Four pieces required, lined on one side with 1/16-inch Teflon sheet

 7.25 

 3@2.50 

 1.25 

 0.63 dia. (8 places) 

 0.75 

 0.50 

13.00

 9.00 

 0.75 

14.50 
 L C
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Figure  B–7.  Arrangement of guide plates and clip gage for CNT specimens.

 Specimen

Bolt hole (16 places)

Spacer block (4 places)

Cut Clip gage

Guide plate (4 places)
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Figure  B–8.  Installation of clip gage for CNT specimens.

0.25

1.4

0.37

45°

Clip gage

All dimensions are shown in inches.

0.50-inch-wide aluminum 
block adhesively bonded to 
specimen
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Figure  B–9.  Drawing of guide plates for ECT specimens.

Notes -
1. Two pieces required, lined on one side with 1/16-inch Teflon sheet
2. Piece #1 - countersink for 1/4-20x1 flathead screws, 5 places
    Piece #2 - drill and tap for 1/4-20x1 thread, 5 places

 All dimensions shown in inches.
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13.00 
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Figure  B–10.  Drawing of guide plates for 7.0-inch-wide CT specimens.

 L C

 4.75 
 0.50 

 0.63  0.63 
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 1.38 
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 3.38 

 6.75 

 0.50 

 1.60 dia. 

 2.00 dia. 

 See note #2 

Notes -
1. Two pieces required, lined on one side with 1/16-inch Teflon sheet
2. Piece #1 - countersink for 1/4-20x1 flathead screws, 5 places
    Piece #2 - drill and tap for 1/4-20x1 thread, 5 places

 All dimensions shown in inches.



103

Figure  B–11.  Drawing of guide plates for 12.0-inch-wide CT specimens.

Notes -lined on one side with 1/16-inch Teflon sheet
2. Piece #1 - countersink for 1/4-20x1 flathead screws, 5 places
    Piece #2 - drill and tap for 1/4-20x1 thread, 5 places

 All dimensions shown in inches.
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 11.50 
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 2.25 dia. 

 2.00 dia. 

 See note #2 

 3.00 
 1.00 
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Figure  B–12.  Arrangement of guide plates and clip gage for ECT specimens.

Specimen

Loading pin
(2 places)

Guide plate
(2 Places)

Clip gage
Cut
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Figure  B–13.  Arrangement of guide plates and clip gage for CT specimens.

Cut

Specimen

Loading pin
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Guide plate
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Clip gage

Bolt hole
5 places)
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Figure  B–14.  Clevis arrangement for ECT and CT specimens.
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Figure  B–15.  Installation of clip gage for ECT and CT specimens.

Clip gage
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All dimensions are shown in inches.
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block adhesively bonded to 
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