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ABSTRACT

Delaminations of Eight-Harness-Satin Carbon Cloth Weaves for
Co-Cured and Post-Bonded Laminates

Joshua Eli James Smith

Mode I interlaminar fracture of 3k 8-Harness-Satin Carbon cloth, with identical fill and
weft yarns, pre-impregnated with Newport 307 resin was investigated through the DCB test
(ASTM D5528 [6]). Crack propagations along both the fill and weft yarns were considered
for both post-bonded (co-bonded) and co-cured laminates. A patent-pending delamination
insertion method was compared to the standard Teflon R© film option to assess its appli-
cability to mode I fracture testing. The Modified Beam Theory, Compliance Calibration
method, and Modified Compliance Calibration method were used for comparative purposes
for these investigations and to evaluate the validity of the proposed Equivalent Stiffness
(EQS) method. Crack propagation, in all specimens, proceeded in a run-arrest manner for
both delamination directions. Energy dissipation in the form of transverse yarn debonding,
matrix deformation, and out of plane crack growth was witnessed for specimens with de-
laminations along weft yarns. A complete comparison between post-bonded and co-cured
laminates was not achieved. The patent pending delamination insertion method was found
to cause fewer instances of non-linear crack initiation behavior than the Teflon R© insert and,
when non-linear behavior did occur, it was less prevalent. The EQS method was found
to achieve fracture toughness values within 5% of the other three data reduction methods
for 63% of the propagation values and achieved conservative values for over 33% of the
propagations. Suggestions for future studies aimed at completing the comparisons above
are provided in Chapter 5.
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Chapter1

Introduction

1.1 Delaminations in Composites

Composite materials such as Kevlar R©/Epoxy and Carbon/Epoxy have become incredibly

popular in many engineering disciplines in the past several decades due to their high strength

and stiffness to weight ratios and ability to conform easily to complex shapes. Composite

structures are normally composed of an assemblage of many layers, or laminae, of mate-

rial. This assemblage is known as a laminate and can be created to meet the stiffness and

strength requirements of almost any structure. The laminate, however, does not react to

applied loads in the same manner as most other materials. A composite laminate, in many

cases, cannot be treated as an isotropic material. Any given unit of the composite laminate

would have unique material properties in at least two different directions. A unit of another

well known material, steel for instance, can be treated as though it has the same material

properties in every direction.

The non-isotropy of composite structures makes them more difficult to design than

those composed of isotropic materials. Properties in each unique material-direction must

be determined through experimental testing. These properties are then used along with

Composite Laminate Theory (CLT) to determine laminate stresses and strains in 2D space.

Many modern finite element softwares incorporate CLT to aid in composite design which

dramatically decreases the amount of time required to analyze composite structures.
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Table 1.1: Composite material properties

Symbol Definition

E1 Longitudinal Modulus of Elasticity
E2 Transverse Modulus of Elasticity
ν12 Major Poisson’s Ratio
ν21 Minor Poisson’s Ratio
G12 In-Plane Shear Modulus
ρ Mass Density
F1t Longitudinal Tensile Strength
F2t Transverse Tensile Strength
F6 In-Plane Shear Strength
εu1t Ultimate Longitudinal Tensile Failure Strain
εu2t Ultimate Transverse Tensile Failure Strain
γu12 Ultimate In-Plane Shear Strain

The properties listed in Table 1.1 are some of the most desired material properties and

work well for many 2D composite structures under static or quasi-static loading. Imperfec-

tions such as notches, cracks, debris which entered the laminate during the layup process,

or from damage during the installation or maintenance of the composite structure (i.e. im-

pact) can cause a laminate to perform in an unpredictable manner. One of the failures

most commonly witnessed from these types of imperfections is a separation of the lamina,

also known as delamination. The use of safety factors or special composite construction like

edge strengthening or modification, as described in [13, Chapter 8], can mitigate the effect

of these imperfections to artificially increase the laminate’s resistance to delamination. This

form of mechanical delamination resistance may not always be an option, however, and does

not necessarily guarantee structural resistance to dynamic loading.

Delamination may be especially prevalent in cases where laminates have been formed in

post-bond (co-bonding) operations. A post bond is the curing of one laminate to another

that is already fully cured without the use of any additional adhesive. In most cases, a

light sanding followed by a cleaning with acetone or denatured alcohol is considered enough

to provide a good bond. The goal of this surface preparation is to increase the likelihood

of a molecular bond and raise the surface-free energy thus allowing the matrix material to

spread more evenly across the surface rather than beading up [36]. Surface treatment is not
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enough to produce a bond equal to the one between laminate plies that are all cured at the

same time (co-cured), meaning post-bonded joints will have delamination resistances lower

than those of conventional composite laminates. Post-bonds are very common in composite

structures, particularly when print-through of a core material is not desired (see Figure 1.1)

or when a structure’s complicated geometry requires additional composite components to

be added after the initial cure.

Figure 1.1: (i): Print through of a co-cured 5/8” thick foam core within a roll bar test
specimen at the California Polytechnic State University in San Luis Obispo (ii): Post-
Bonded frame mount inside a composite fairing for a Human Powered Vehicle

A delamination is a propagation of interlaminar defects which can result in a catastrophic

loss of structural stiffness. A plane wing is one example of a composite structure which can

be subjected to forces which may cause delamination. Undue consideration of the possibility

of delamination during the design of the laminates forming the wing could lead to a dramatic

failure during flight. Another common structure which can be made of composite materials

is a bicycle frame. Delamination should be considered during the design of the frame in

order to ensure this failure will not occur from normal use. Serious injuries, and even death,

could occur if the laminates comprising the frame were to delaminate. Delamination can

be difficult to diagnose because it normally occurs at the interior of a laminate and is not

visible on the outside of a structure; it can, however, be characterized and used during
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the design process. Characterization can be done by determining the fracture toughness,

GIc (KIc is also commonly used), through either of two main approaches: a stress based

approach aimed at finding the stress-intensity factor, KI , or an energy approach aimed

at determining the strain energy release rate, GI . Once a composite system’s resistance

to delamination is characterized, the laminate can be optimized to withstand the loads to

which it will be subjected.

Aside from edge strengthening and stiffening, one of the easiest ways to increase de-

lamination resistance in a composite is to toughen the resin. One main reason to utilize

standardized fracture tests is the ability to evaluate new resin types for their capability to

resist fracture [34]. In addition to determining values of GIc for design purposes, standard-

ized tests also allow one to correlate damage tolerance to delamination resistance for the

assessment of structural integrity of long-life composite structures.

Figure 1.2: The three modes of fracture: (i): Opening of crack (mode I), (ii): In-Plane
shear of crack (mode II), (iii): Anti-Plane shear of crack (mode III)

Delamination is modeled as one of three independent fracture modes: Modes I, II, and

III, corresponding to opening of the crack (delamination), in-plane shear of the crack, and

anti-plane shear of the crack, respectively, as shown in Figure 1.2. While test methods for

the values listed in Table 1.1 have been well documented and standardized for quite some

time, the standard test methods for mode I, II, and III, along with a mixed mode I/II frac-

ture are still under scrutiny. The only ASTM standards relating, specifically, to fracture
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in composite materials are D5528 [6] and D6671 [4] for mode I and mode I/II fracture,

respectively, as listed in Table 1.2.

Table 1.2: Relevant ASTM standards

Standard Properties Determined

ASTM D3518 G12

ASTM D3039 E1, E2, ν12, ν21, F1t, F2t, ε
u
1t, ε

u
2t

ASTM D5528 GI , GIc
ASTM D6671 GI , GII , G, Gc
JIS K7086 GI , GIc, GII , KIIc

prEN 6033 GI , GIc
prEN 6034 GII , KIIc

Mode I fracture is of particular interest here and will be the only mode discussed fur-

ther. There are many restrictions in the ASTM Standard regarding the type of composite

that should be tested. Unidirectional composites, in particular, are specified as being the

preferred laminae in pure mode I testing with a delamination propagating in the fiber di-

rection at the mid-plane of a laminate. Many structures, however, are composed of woven

cloth composite laminae whose fracture resistance is a determining factor in the structure’s

design. The direction of the crack propagation is another factor that varies between lami-

nate orientations and loading conditions. A crack may not, for instance, propagate along a

fiber direction if an imperfection simulates a pre-existing delamination normal to the fibers.

Many other factors limit the applicability of mode I standards to realistic design cases and

will be discussed further in the following chapters.

1.2 Literature Review

The study of delamination in composite materials has evolved considerably since the first

test conducted in 1980 [18]. Variations include testing parameters (i.e. load rate, speci-

men dimensions, delamination films, etc), stacking sequence, methods for the calculation

of fracture toughness, the orientation of the fibers, different materials, and many others.

Characterization of the modes of delamination has been performed through the use of

scanning electron microscopy (SEM). Features like fiber bridging, matrix deformation, and
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fiber/matrix adhesion failure can be identified through the use of SEM in an effort to judge

the applicability of the assumptions made in the calculations for fracture toughness. The

following literature review will focus on several main topics viz. Mode I fracture in uni-

directional composites, mode I fracture in woven fabric composites, alternate methods for

the calculation of fracture toughness, and post-bond delamination resistance. Several of

the above topics will include the effects of differing delamination insertion methods and the

relationship between fracture toughness and delamination direction.

1.2.1 Mode I Fracture in Unidirectional Composites

Most of the research concerning fracture in composite materials has been focused on uni-

directional fabrics (tape). In fact, ASTM D5528 specifically recommends the use of these

fabrics in mode I fracture testing. The most common mode I test is the Double Cantilever

Beam (DCB) test depicted in Figure 1.3. The specimen consists, effectively, of two can-

tilever beams, fixed to each other in the uncracked region of the beam. The effective length

of the cantilever beam is the longitudinal distance between the center of the pin and the

crack tip.

The DCB test first became popular for fracture testing of fiber reinforced composite

materials in the 1980s. In 1982, Whitney et al. [69] studied the applicability of the DCB

test in fracture toughness testing. They determined that the test was able to differentiate

between materials with differing interlaminar toughness values, making it a useful tool for

composite analysis. In 1984, Chai [24] performed DCB tests on multidirectional laminates

with both brittle and ductile resin systems. Crack propagation did not remain in the initial

plane and tended to move between different ply interfaces, as is common in DCB testing.

Other frequently observed phenomena were crack jumping, fiber pull-out, and fiber break-

age. Some areas along the crack were free of these imperfections and Chai was able to use

data from these regions to calculate the energy release rate for multiple ply orientations.

He concluded that the fracture toughness is independent of relative laminae orientation.
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Figure 1.3: Double cantilever beam (DCB) specimen

Russel and Street [60] performed tests on AS1/3501-6 Graphite/Epoxy to determine the

mode I fracture toughness at 0◦/0◦, 45◦/− 45◦ and 90◦/90◦ relative midplane ply orienta-

tions. The results indicated a negligible spread in GIc initiation values (first crack to occur,

corresponding to the end of the delamination insert). The steady state values of GIc, how-

ever, were two to three times smaller for the 0◦/0◦ interface than for the off-axis specimens,

which was attributed to excessive “matrix crack branching and deviation.” Bradley et al.

[21] performed tests on +45◦/ − 45◦ and 0◦/0◦ interfaces. They noted that, when specific

energy dissipation (see below) did not occur in undesired forms i.e. fiber breakage, fiber

bridging, etc., mode I fracture toughness was similar for each layup.

Nicholls and Gallagher [53] performed tests on laminates of AS1/3502 Carbon Fiber/Epoxy

with layup schedules of the form [+θ/ − θ/08/ − θ/ + θ]sym for θ = 0◦, 15◦, 30◦, 45◦, 60◦,

and 90◦. Four distinct regions of crack growth with different morphologies were identified.

Region I was a smooth midplane fracture. Region II was an area where the crack had moved

from the midplane and matrix deformation was apparent with a microscope. Region III

was an area where the crack broke through one of the angle plies; matrix deformation was

seen at lower angles while the crack split at higher angles. Region IV was where the crack

propagated between a 0◦ ply and another angled ply and revealed a rough surface consist-
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ing of ridges and valleys formed between fibers and matrix. Fracture toughness values for

each region were distinct, as shown in Table 1.3, which indicates a dependency of fracture

toughness on interface ply orientations and, likewise, crack growth directions with respect

to principal material directions.

Table 1.3: Fracture toughness for each region in Nicholls and Gallagher’s study

Region Fracture Toughness, GIc (kJ/m2)

I 0.14 for θ = 0◦

II 0.25 for θ = 30◦ − 90◦

III 0.25− 0.82 for θ = 15◦ − 60◦

IV 0.30 for θ = 60◦ and 90◦

Robinson and Song [58] performed DCB tests on XAS-913C Carbon/Epoxy laminates

with a 0.0004in delamination insert. They found that fracture is complicated by crack

jumping and fiber bridging for any interface orientations other than 0◦/0◦. An edge delam-

ination was incorporated in +45◦/+ 45◦ and +45◦/− 45◦ laminates. This addition tended

to keep the crack propagation through the desired interface and fracture toughness reached

steady state values 28% higher than those calculated for the 0◦/0◦ specimens. Robinson

and Song suggested that ply orientation does affect the fracture toughness of composite

laminates. A comprehensive review of fracture toughness dependence on crack propagation

direction can be found in [17]. The overall conclusion from this review is that brittle matrix

composites appear to have a higher dependence on ply orientation than do high toughness

(ductile) composites where mode I fracture is concerned.

The contributing factors to the complexity of GIc calculations are mode mixity, residual

stresses, energy release rate distribution along the delamination front, and specific energy

dissipation [17]. The effects of mode mixity, referring to multiple fracture modes acting at

the same time, and the energy release rate distribution can both be relieved through choices

in layup schedule and test setup as will be discussed in Chapters 2 and 3. Residual stresses

refer, mainly, to thermal loads resulting from the cure cycle and can be neglected by using

proper cure cycles as suggested by the material manufacturer. Specific energy dissipation
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refers to any form of energy dissipation not corresponding to in-plane crack propagation

viz. crack jumping, fiber pull-out, fiber breakage, fiber bridging, matrix deformation, ma-

trix cracking, crack branching, and crack deviation.

Aliyu and Daniel [16] studied the effects of varying the deflection rate at the load

application end of the DCB in 1985. AS4/3501-6 Graphite/Epoxy was used with quasi-

static deflection rates of 0.02in/min up to 20in/min with a 0.001in Teflon R© delamination

insert. The results indicated that GIc increased with increasing deflection rates. This means

that low deflection rates should be used to evaluate composite mode I fracture toughness

in order to obtain more conservative results.

1.2.2 Mode I Fracture in Woven Fabric Composites

The study of mode I fracture in composite materials has been dominated by the testing of

unidirectional laminates. Woven fabric composites (WFCs), on the other hand, have not

received much attention and are still not well understood. These materials are far more

complex than unidirectional composites (UDCs) and are not recommended by ASTM D5528

for mode I fracture testing. Unfortunately, structures composed of WFCs cannot be fully

designed without some knowledge of their fracture performance. The complexity of WFCs

arises from their macroscopic material structure. Whereas UDCs only have fibers running

in one direction and, likewise, only in one plane, WFCs are composed of interwoven bundles

of fibers which run in at least two directions and pass in and out of plane. A plain weave

cloth section is shown in Figure 1.4. Note how the bundles of fibers (yarns) move between

the top and bottom planes. The yarns in each direction can have unique material properties

which would lead to unequal composite properties in the two principal directions, or they

can be made of the same material, leading to equal composite properties in both principal

directions.

Basket weave, as opposed to plain weave cloth, is composed of yarns woven in an over

two, under two pattern to yield a more spread out lamina with fewer harsh bends in the

yarns. The similarities between basket and plain weave are many; most importantly: they
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Figure 1.4: (i): Plain weave cloth section (one over, one under) (ii): Cloth appearance

Figure 1.5: (i): Twill weave (over two, under one) (ii): Cloth appearance

are symmetric about their midplanes. The fabric can be placed with either the top or

bottom face down in a laminate without any structural consequences. These cloths also

have an equal amount of fibers running in both directions on both sides of the laminae.

WFCs are defined by the weave index, ng. Plain weave has ng = 2 and basket has ng = 4.

The weave index is a measure of how many yarns are passed under or over by a single yarn

before a pattern is repeated and indicates the size of the unit cell. The unit cell, as outlined

in Figure 1.4 (ii), 1.5 (ii), and 1.6(ii) is the smallest repeated block of material to make up

the fabric as a whole.

Twill and harness-satin (HS) weaves do not share the same attributes of plain and basket

weaves. They are not symmetric about their midplanes and do not have an equal number

of fibers running in both principal directions on either side of the cloth. Instead, a yarn
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will pass over several other yarns and under one before the pattern is repeated. A twill

fabric (see Figure 1.5) has yarns passing over two perpendicular yarns and under one, an

8-HS weave will have yarns passing over 7 perpendicular yarns and under one. Figure 1.6

shows an 8-HS cloth with its corresponding unit cell. Like plain and basket weave fabrics,

the yarns in harness satin and twill weaves are not restricted to a single plane but travel

between the top and bottom faces, leaving gaps which are commonly filled with resin (resin

pockets). Twill and harness-satin weaves are also defined by the weave index. X-HS cloth

has ng = X and twill weave fabrics have ng = 3. A comparison between unit cells for the

different fabric types can be found in Figure 1.7.

Figure 1.6: (i): 8-Harness-Satin weave (over seven, under one) (ii): Cloth appearance

It is important to note that the reverse side of the harness satin weaves is not the same

as the front side. One side of the fabric contains yarns running predominately at 0◦ (fill

yarns) and the opposite side has yarns running predominately at 90◦. The non-dominant

yarns on each side of the cloth are known as weft yarns. Weft and fill yarns are fabric

side-dependent; a weft yarn on one side of the fabric will be a fill yarn on the other. The

structural difference between the two sides of the fabric will have an effect on the cloth’s

performance under mode I fracture conditions. The rate at which delaminations propa-

gate, as well as the uniformity of the delamination, varies depending on the orientation of

the interface plies. The studies discussed, below, suggest that if a DCB test specimen is

made with the delamination interface plies oriented with fill yarns running in the direction

of delamination growth, crack propagation will be met with significantly lower resistance
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than in a specimen with delaminations along weft yarns. It has been suggested [31, 66]

that, since composite delamination is so affected by weave structure, it should be treated

as a structural, rather than a material, property to try to account for changes in fracture

resistance with differing crack growth directions.

Figure 1.7: (i): Plain weave, ng = 2 (ii): Twill weave, ng = 3 (iii): Basket weave, ng = 4
(iv): 8-Harness-Satin weave, ng = 8 (v): Reverse side of the 8-Harness-Satin weave

Naik et al. [51] evaluated critical strain energy release rates for mode I, II, I/II, and

III fracture in four types of E-Glass/Epoxy, plain weave composites. Tests were performed

with delaminations propagating at 0◦ and 45◦ to the fiber directions. It was observed that

plain weave fabrics with smaller strand widths had higher resistance to fracture than plain

weave fabrics with increased strand width. Delamination direction also had an effect on

the fracture toughness, with a higher resistance to fracture recorded when the delamination

propagated in the fiber direction rather than at 45◦. In 1997, Burchill and Simpson [22]

found that the fiber volume ratio, or the relative amount of fibers vs. matrix material, does

not have an effect on the fracture toughness of the composite as long as the ratio is between

30% and 70%. These outcomes further emphasize the possible need to treat composite

delamination as a structural property.

Alif et al. [15] studied mode I, II, and I/II fracture in 5-HS carbon/epoxy cloth with

identical weft and fill yarns. The authors noted that the microstructure in the interface re-

gion containing a crack had an effect on both the rate and uniformity of crack propagation
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and the value of fracture toughness along the length of the beam. Non-linearity was ob-

served in the load-displacement data directly before each crack growth, and high toughness

was observed every 12mm, correlating to the size of the unit cell, indicating a further mi-

crostructure dependency for fracture toughness. A great deal of transverse yarn debonding

was observed in this study, consuming excess energy thus leading to higher than anticipated

fracture toughness values. Transverse yarn debonding, as seen in Figure 1.8, occurs when

a yarn perpendicular to the delamination direction is not held down by a fill or weft yarn

and is allowed to separate from the ply. These “free fill” or “free weft” yarns consume

excess energy and are very common in most WFCs. Interestingly, fiber bridging was not

seen to be a major contribution to fracture work in WFCs, unlike its role in unidirectional

laminates, where it is the main cause of undesired consumption of strain energy leading to

higher fracture toughness values. GIc was found to be much higher in WFCs than UDCs.

Run-arrest crack growth was recorded and attributed to the debonding of transverse yarns.

Figure 1.8: (i): Transverse yarn debonding (ii): Free fill and weft yarns

In 1998, Alif et al. performed another study on mode I fracture behavior in woven fabric

composites [14]. The crack propagation direction was varied between the fill and weft yarns

of plain, twill, and 8-HS glass/epoxy laminates and a 5-HS carbon/epoxy laminate. Fiber

bridging was observed in the 8-HS weave and was attributed to the high amount of allowable

free weft/fill yarns at the edges. These free yarns were easily debonded from their original

plies and caused an increase in the calculated fracture toughness. The 5-HS weave did not

experience any form of fiber bridging, but transverse yarn debonding was observed. A more
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stable crack growth occurred during this series of testing and was attributed to the manner

in which the laminates were created. The authors suggested that a mirror symmetry in

the delamination interface can cause unstable run-arrest crack growth, as is usually seen in

WFCs. Mirror symmetry of the delamination interface does not refer to the symmetry of

the laminate but, rather, to the matching up of the fill and weft yarns above and below the

delamination plane. Fracture toughness was found to increase with increasing weave index

and reached a steady state (non crack length dependent) value for the twill and harness

satin composites after several initial propagations. The plain weave composite did not ap-

pear to be crack length dependent for any value recorded. Crack propagation along the fill

yarns occurred with lower energy input than along the weft yarns, supporting the conclu-

sion of anisotropy in steady state values ofGIc for the twill and harness-satin weave patterns.

Suppakul and Bandyopadhyay [65] studied mode I fracture in plain, twill, 4-HS and 8-

HS E-glass fabric with a rubber-modified vinyl ester resin. Similar to the studies discussed

above, fiber bridging was not observed in the plain weave composite. It was a factor in the

other three weaves, however, which would not be expected after reviewing the studies done

by Alif et al. where only the higher 8-HS cloth exhibited fiber bridging. Transverse yarn

debonding also had a large influence on the measured fracture toughness of the twill and

harness-satin weaves. Great care was taken in this study to ensure mirror symmetry in the

delamination interface. Fracture toughness was noted to increase monotonically for each

weave initially, followed by a stabilization of GIc with further propagation. The harness-

satin weaves were observed to have the most stable values for GIc after a crack length of

a = 20mm whereas the other weave pattern had further fluctuation after the same crack

length. Generally, fracture toughness was found to increase with increasing weave index,

which is in agreement with the previous studies.

1.2.3 Data Reduction Methods for the Double Cantilever Beam Test

There are two main forms of toughness calculated during DCB tests: propagation, and

initiation values. The initiation value, as the name suggests, is calculated from the first

propagation past the delamination insert. The propagation values are any other recorded
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crack progressions other than initiation. These are, in general, strongly dependent on fiber

bridging, transverse yarn debonding, and the other imperfections mentioned in § 1.2.1. Ini-

tiation values are often preferred for this reason but care must be taken when inserting the

initial delamination to decrease its effect on stress concentrations. The ASTM standard

D5528 contains a compromise between using either the initiation or propagation values by

requiring unloading of the specimen after 3− 5mm of crack propagation past the insert. A

reloading cycle to continue crack growth allows for the calculations of GIc from initiation

and propagation.

DCB specimens normally have a starter film inserted within the laminate during the

layup process. The thickness and material of the film both have a high influence on its per-

formance. A material that reacts with the resin used in the laminate (i.e. a material that

will bond to the resin) will require an excess energy input for a crack propagation, and using

a release agent to treat the film may change the resin characteristics. Teflon is normally

recommended for film material because it does not require an release agent application to

prevent resin adherence for most resin systems. Starter film thickness was investigated in

round robin testing where it was found that GIc decreased with decreasing film thickness

down to a thickness of 13µm (0.0005in) where GIc stabilized [6, 28–30, 35, 48, 55].

The question of when failure actually occurs must also be considered; three definitions

of crack initiation are commonly used. The visual onset (VIS) value is obtained by using

the load and displacement readings corresponding to a visual propagation of the crack front

at the edge of the DCB specimen. This value often yields a high estimation of GIc because

damage often occurs before visual onset is observed (i.e. damage at the interior of the speci-

men). A change in system compliance can also suggest initiation (5%/Max). A 5% increase

in compliance often corresponds to 1mm of crack extension past a 50mm delamination in-

sert [27]. If the 5% increase in compliance cuts through the load-displacement plot before

the maximum load to cause crack growth, then the value of load and displacement corre-

sponding to the intersection of the 5% compliance increase and the load-displacement curve

should be used. If the intersection is beyond the maximum load point, then this initiation
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value should not be recorded. The final, and most popular, initiation value is the point at

which the load-displacement curve becomes non-linear (NL). A typical load-displacement

curve is illustrated in Figure 1.9 with each of the initiation values indicated. The fracture

resistance curve (R-curve) on the right indicates the spread in toughness values predicted

by each method.

In 1987, Smiley and Pipes [63] suggested a method for calculating fracture toughness

based on the area underneath the load-displacement curve and the difference between crack

lengths. The main problem with this method is that toughness is based on the difference

between crack lengths so it is not calculated at each recorded crack, but between each crack.

Since an additional point after initiation is required, initiation values cannot be recorded

and R-curves cannot be created. ASTM D5528 does not recommend the use of the area

method for these reasons. The most commonly used methods for the calculation of GIc

are the Modified Beam Theory (MBT) proposed by Hashemi et al. [34], the Compliance

Calibration Method (CC) proposed by Berry [19], and the Modified Compliance Calibration

Method (MCC) proposed by Kageyama and Hojo [42]. The MBT is recommended as the

main data reduction method because it yields the most conservative values. The three meth-

ods, above, were within 3.1% of each other during round robin testing performed by O’Brian

and Martin [55]. The MBT, CC, and MCC methods will be discussed in depth in Chapter 2.

In 1985, Keary et al. evaluated the applicability of three methods for the calculation of

mode I fracture toughness in unidirectional composites [45]. They used an energy rate de-

termination of the J-integral (method 1), the CC method (method 2), and another equation

based on linear beam bending (method 3). The authors pointed out that the assumptions

inherent in specific testing environments and material behavior will affect the choice of

which data reduction method to use. These assumptions are nonlinear beam bending be-

havior, usually coinciding with large deflections; a difference between the tensile and flexural

moduli used in most linear elastic fracture mechanics (LEFM) calculations; neglection of

the shear component of beam deflection; encastré beam support conditions at the crack

tip; nonlinear material behavior; the effect of non-isotropy on beam dimensions; laminate
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Figure 1.9: (i): Typical load-displacement (P -δ) curve (ii): Corresponding fracture resis-
tance spread [6]

reaction to applied loads; and plastic deformation. Assumptions for the J-integral did not

put any restrictions on material type or specimen behavior and it was expected to be the

most general approach. This method produced the lowest values of GIc, while the highest

values were calculated using the equation based on linear beam bending which assumed

specific specimen and material behavior. Method 3 assumed a linear-elastic, homogeneous

material with perfect cantilever beam behavior and no shear deflection. The validity of this

approach was questioned after calculating the corresponding tensile modulus of the mate-

rial for each crack length. Method 3 forced the tensile modulus to change with changing

crack lengths, which violated the true material behavior. The CC method assumed linear

behavior in the P -δ curve for all crack lengths and was found to slightly overestimate GIc.

Overestimate aside, this method is a good relative measure of fracture toughness, while the

J-integral method works best if nonlinear behavior is evident. Much like the area method,

the J-integral depends on differences between crack lengths and does not calculate tough-

ness at each propagation, eliminating the chance to obtain an initiation value and R-curves.

Marom et al. [47] performed testing on E-glass, Carbon, and Kevlar WFCs in 1988

and used a calculation based on Berry’s compliance calibration method [19]. Whereas the

ASTM version of CC (see Chapter 2 for a mathematical description) uses the slope of the line
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formed by plotting the log of system compliance on the abscissa and the log of crack length

on the ordinate, Marom et al. incorporated a form which includes the intersection of that

line on the abscissa. This method has the advantage of being able to calculate toughness

at every point on the P -δ curve but these values have no meaning if a crack growth did not

occur. The values predicted by this method are higher than the version presented by ASTM

D5528 which are already slight over-predictions of toughness, according to Keary et al. [45].

Bolotin et al. [20] postulated that, if fracture toughness in isotropic materials is charac-

terized by a scalar, then GIc for a material which breaks from isotropy should be described

by a tensor, specifically, a second order tensor for materials with two in-plane principal

material directions. Consequently, the fracture toughness will change with every in-plane

change in delamination direction. Mode I testing of unidirectional Aramid/Epoxy and

woven Glass/Epoxy laminates with varying crack growth directions produced data which

correlated well with the predictions from this method [20]. Knowing that fracture toughness

will be equal in both principal material directions for laminates with cross-ply symmetry

(i.e. plain and basket weaves) as proven by [15, 37, 59], the tensor should be able to predict

non-direction-dependent fracture toughness values in all crack growth directions. The re-

sults of these tests, however, did not match the prediction. Crack propagations between 0◦

and 30◦ had relatively constant GIc but a significant decrease occurred after an angle of 45◦

[37]. After further testing on unidirectional laminates, the tensor was proven effective in

determining fracture toughness dependence on delamination growth direction in a interface

region composed only of unidirectional laminae.

In 1985, Aliyu and Daniel [16] studied the strain rate dependence ofGIc in Graphite/Epoxy

unidirectional laminates. Their data reduction incorporated the popular beam analysis

method described in [69] which treats the DCB specimen as two perfect cantilevered beams.

This method assumes that all of the strain energy resulting from the opening of the crack

is stored in the open part of the beam, which would only be true if the uncracked portion

of the beam were perfectly rigid. The authors noted that at least some of the strain energy

would actually be stored in the uncracked portion of the beam and mentioned an alternate
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form of the beam analysis, presented by [43, 56, 61]. This method changes the encastré

boundary condition at the crack tip to that of a beam supported on an elastic foundation

over the length of the uncracked region. Another assumption commonly used is that shear

stress does not play a significant role in the deformation of the beam. The anisotropy of

some composite systems, though, can amplify the shear effects until they can no longer be

ignored. Aliyu and Daniel modified the expressions for system compliance and strain energy

release rate to account for the shear effect, making them functions of the shear modulus

of rigidity as well. They also had to account for the effects of the high displacement rates

used in their testing. The expression for strain energy release rate was further modified to

include kinetic energy, making it a function of crack velocity and longitudinal wave propa-

gation velocity. They found that the strain energy release rate increased by 28% over the

range of displacement rates tested and were able to express GIc as a power law of crack

velocity for all displacement rates.

1.2.4 Post-Bond Delamination Resistance

Few studies have been conducted concerning the relative strength of a post-bonded lami-

nate to a traditional laminate. A post-bond, as described in § 1.1, differs from an adhesive

bond (secondary-bond) in that the adhesive bond implies a joining together of fully cured

laminates, while the post-bond implies that one of the laminates is fully cured and the other

cures on top of it. Adhesively bonded joints have been studied considerably [23, 26, 46, 49]

and there are several ASTM standards relating directly to their testing [9–12]. Secondary

bonds, post-bonds, and co-cures are all active research topics but finding any published ex-

periments regarding mode I fracture of post-bonded composites has proven to be a difficult

task. Many papers suggest that a main reason for some composite structural failures is the

use of secondary bonds or post-bonds but the testing done was on traditional (co-cured)

DCB specimens. The failure mode of secondary and post bonds can be cohesive (the ad-

hesive sticks to both sides of the laminate but cannot hold them together), adhesive failure

(the adhesive does not stick to one side of the laminate), or a mixture of both.
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Campilho et al. [23] performed mode I fracture testing on co-cured and secondary-

bonded natural fiber composites. GIc for the co-cured specimens was about 2N/mm and

1.43N/mm for the secondary bonded specimens. The initiation value of the co-cured spec-

imens was GIc = 0.9N/mm which is lower than the value of GIc = 1.2N/mm obtained for

the secondary bond. The authors speculated that the reason for the co-cured plate having

a higher steady state value of GIc was that fiber bridging began almost immediately after

the initial crack and continued for the remainder of the test. In 1986, Mall and Johnson

[46] performed testing on secondary bonds of Graphite/Epoxy laminates with two adhe-

sive systems: EC 3445, a thermosetting paste, and FM-300, an epoxy adhesive contained

within a cloth carrier. The EC 3445 bond was made purely by bonding the two fully cured

laminates together. The FM-300 bond was created in a co-cure manner because of the

carrier cloth. The cloth was inserted in the middle of the laminate and cured along with

the Graphite/Epoxy. Mall and Johnson found that the EC 3445 laminate under pure mode

I loading failed in a cohesive manner but the FM-300 laminate failed cohesively, adhesively,

and both in different areas along the length of the specimen. The authors determined that

toughness in adhesive failure is 40% lower than in cohesive failure. Based on these findings,

it is reasonable to assume that post-bonded laminates will behave similarly to the FM-300

specimens above and fail in an irregular manner with cohesive, adhesive, and mixed failure

along the length of the beam.

1.2.5 Summary of Literature Review Topics

Several main conclusions can be drawn from the literature review, above. Chief among

these conclusions is the effect of specific energy dissipation terms on the fracture toughness

results. Recall that energy dissipation can take several forms viz. crack jumping, fiber

pull-out, fiber breakage, fiber bridging, matrix deformation, matrix cracking, crack branch-

ing, crack deviation, and transverse yarn debonding. In general, the effects of these terms

are minimized at the insert, meaning the most consistent values of fracture toughness will

be determined from the insert initiation. Past this point, fracture toughness gradually ap-

proaches a steady state value as the energy dissipation effects reach their steady state. This

difference between the initiation and steady state GIc value is an important consideration
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in the comparison of delaminations propagating in different directions. GIc isotropy was

witnessed more often when the comparison was made between initiation, rather than the

steady state, values. Anisotropy between GIc for differing delamination directions was de-

termined when steady state values were considered, allowing for energy dissipation to effect

fracture toughness. Energy dissipation effects could be mitigated through the careful use

of edge delaminations, or through the use of a ductile, rather than a brittle, matrix.

Woven fabric composites have a higher risk of out of plane crack propagation and trans-

verse yarn debonding than unidirectional composites. Their complex weave structure tends

to complicate the fracture and raise the risk of run-arrest crack propagation which can arti-

ficially increase the fracture toughness. Simpler, homogeneous fabrics like plain and basket

weaves tend to have a lower discrepancy between their initiation and steady state fracture

toughness values than the more complicated twill or harness-satin weaves. The orientation

of the delamination interface plies is a major factor in the steady state value of fracture

toughness. It has been suggested that composite delamination be treated as a structural,

rather than a material property, to alleviate the effect of larger energy dissipation effects

for off-axis delaminations which would imply a more phenomenological definition of a com-

posites’ resistance to crack growth.

The choice of which data reduction method to incorporate in a study is case depen-

dent. Kinetic energy terms can be used to adjust for high load application rates, alternate

boundary conditions can be employed to adjust for end rotation of the DCB specimen,

and shear deformation can be considered a contributing factor. Alternate formulations of

fracture toughness may also be used such as the J-integral approach, the Area method,

and Bolotin’s fracture isotropy tensor. The choice depends on the assumptions made in the

formulation of each method. The system being tested must conform to the assumptions

made in order to produce the most accurate results. The suggested methods by ASTM

D5528 are the MBT, CC, and MCC methods which produce GIc values within 3.1% of each

other.
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1.3 Specific Research

The purpose of the study herein is to analyze delamination (Mode I) in several laminate

configurations of eight-harness-satin carbon cloth. The effect of post-bonded joints will

be examined through the evaluation of a patent pending delamination insertion method.

ASTM D5528 will be followed closely where applicable. Deviations will be made, as neces-

sary, to account for the use of WFCs rather than UDCs. Delamination direction-dependence

will be considered only for the two principal material directions and an attempt will be made

to use composite theory within the linear elastic fracture mechanics calculations for GIc.
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Chapter2

Mode I Composite Fracture Analysis

2.1 Introduction

Mode I fracture in composites is generally considered the most important form of delam-

ination to study. The double cantilever beam test has become the most commonly used

test for the characterization of mode I fracture, as mentioned in Chapter 1, and is the only

test suggested by ASTM D5528. The data reduction methods discussed in this chapter

are all based on the DCB specimen. The accurate measurement of fracture toughness is

dependent on the method used to interpret how energy is transfered during delamination.

Several linear elastic fracture mechanics (LEFM) methods have been documented which

attempt to accurately model the complex energy transfer, as discussed in Chapter 1. Four

common data reduction methods will be discussed here, including the Area Method, the

Modified Beam Theory (MBT), the Compliance Calibration Method (CC), and the Modi-

fied Compliance Calibration Method (MCC). An additional modification will be introduced

to calculate an equivalent beam stiffness based on composite laminate theory and the as-

sumptions inherent in beam calculations. These five methods should produce similar results

as long as the relationship between load and displacement at the point of load application

remains linear.

The DCB specimen, see Figure 2.1, consists of two identical cantilever beams with

encastré boundary conditions at the crack tip, width, b, and lengths equal to the crack

length, a. The total thickness of the specimen is h, meaning the individual beams each

have thickness 1
2h. The deflection measured during testing is the cross head displacement,
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δ, but the deflection of each beam is 1
2δ, caused by the vertical force, P . Values for P , δ,

and a will change throughout the testing procedure while b, and h will remain constant.

Values of GIc can be calculated for every recorded value of crack length with the MBT, CC,

MCC, and the equivalent beam stiffness (EQS) methods. The area method, on the other

hand, only allows for calculations between crack lengths, as will be discussed in § 2.2.

Figure 2.1: DCB test specimen dimensions

Fracture in solids, isotropic or anisotropic, is normally initiated by some defect in the

material which causes a high stress concentration and localized failure of the material [2].

Griffith [33] proposed a criteria based on the 1st law of thermodynamics which stated that

the decrease in strain energy due to a propagation of a crack is used to create new crack

surfaces in isotropic materials. The strain energy release rate, GI , is a measure of the

amount of strain energy released for an infinitesimal change in crack surface area, making

GI a rate with respect to area, rather than time. Fracture toughness, GIc, is the critical

value of the strain energy release rate which causes an extension of the crack [2]. The use

of LEFM is widely accepted as an appropriate tool for the characterization of fracture in

metal structures. Sih and Liebowitz [62], extended these concepts to orthotropic materials.

Recall: an orthotropic material is one in which changes in lengths and internal angles

of a unit of material will occur with the application of a normal or shear stress in any

direction excluding the principal material directions. Application of normal stresses in the

principal directions will only produce changes in length. Likewise, shear stresses applied in

the principal material directions will only produce changes in internal angles.
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2.2 Area Method

The strain energy release rate, as stated above, is a measure of the amount of strain energy

released for an infinitesimal change in crack surface area. If U is the strain energy and A is

the crack surface area, GI can be written in mathematical form as

GI = −dU
dA

. (2.1)

The crack surface area is equal to the length of the crack multiplied by the width of the

beam, A = ab. Knowing that b is a constant, the expression can be rewritten as

GI = −1

b

dU

da
(2.2)

which is the most common LEFM expression of GI for DCB testing.

Figure 2.2: P − δ trace for area method calculations

Consider the example P − δ curve in Figure 2.2. Crack propagations are labeled on

the ordinate and the abscissa with their corresponding displacements and loads. The total

strain energy released due to a crack length change from a to a + da would be the area

between the loading and unloading lines. If the P − δ curve between loading and unloading
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can be approximated by a straight line, the change in energy, ∆U can be expressed as

−∆U = ∆A =
1

2
(P1δ2 − P2δ1). (2.3)

Combining equations 2.2 and 2.3 yields a final expression for fracture toughness for the area

method:

GIc =
1

2b∆a
(P1δ2 − P2δ1) . (2.4)

Equation 2.4, above, calculates a value for GIc corresponding to a change in crack length,

not an instantaneous crack length. The area method will not be used in this study because

it cannot attain GIc for crack initiation.

2.3 Modified Beam Theory

Linear elastic fracture mechanics was originally developed for the analysis of through-

thickness cracks in homogeneous, isotropic materials. Stress analysis formulations of frac-

ture toughness have been made for many loading conditions and crack geometries [40, 67]

in isotropic materials but anisotropic materials present many more mathematical difficul-

ties [32]. The strain energy release rate method was formulated to present an alternate

way of finding fracture toughness which works for both isotropic and anisotropic materials.

The following steps were modified from Gibson’s [32] interpretation of Irwin’s [41] original

derivation. The final differential expression for the strain energy release rate in terms of

DCB specimen dimensions and system compliance will be used in the MBT to formulate

an expression without partial derivatives.

2.3.1 General Form of the Strain Energy Release Rate

Consider the homogeneous, isotropic block of material with a through thickness crack in

Figure 2.3. The strain energy release rate is defined as the rate of change in strain energy

with respect to crack surface area, A. The strain energy can be calculated by finding the

difference between the incremental work done, ∆F , and the potential energy released, ∆Π,
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Figure 2.3: Griffith Crack: A through-thickness crack in a uniaxially loaded plate of infinite
width

during crack extension. The expression for the strain energy released is as follows:

∆U = ∆F −∆Π. (2.5)

The expression for the strain energy release rate is

GI =
∂U

∂A

= lim
∆A→0

∆U

∆A

= lim
∆A→0

∆F −∆Π

∆A

=
∂F

∂A
− ∂Π

∂A
.

(2.6)

The incremental work and the original potential energy can be described through simple

expressions, assuming linear relationships between load and displacement as displayed in

Figure 2.4.

Π =
1

2
Pδ, (2.7)

∆F = P∆δ. (2.8)
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Figure 2.4: LEFM example P − δ plot [32]

Knowing that the system compliance is equal ot the displacement divided by the load:

C =
δ

P
, (2.9)

the derivatives in Equation 2.6 can be evaluated:

∂Π

∂A
=

∂

∂A

(
1

2
CP 2

)
= CP

∂P

∂A
+

1

2
P 2∂C

∂A
,

(2.10)

and

∂F

∂A
= lim

∆A→0

∆F

∆A

= lim
∆A→0

P
∆δ

∆A

= P
∂δ

∂A

= P
∂ (CP )

∂A

= P 2∂C

∂A
+ CP

∂P

∂A
.

(2.11)
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Substitution of Equations 2.10 and 2.11 into Equation 2.6 yields the reduced form of the

linear elastic fracture mechanics (LEFM) definition of the strain energy release rate.

GI = P 2∂C

∂A
+ CP

∂P

∂A
− CP ∂P

∂A
− 1

2
P 2∂C

∂A

=
1

2
P 2∂C

∂A
.

(2.12)

Noting that the infinitesimal crack surface area, dA, is equal to the product of the block

width and the infinitesimal change in crack length, da:

GI =
P 2

2b

∂C

∂a
. (2.13)

2.3.2 Modified Beam Theory

The major assumptions of the MBT are the same as the assumptions made for the flexure

of straight and curved beams. The assumptions for the following analysis are that the beam

is made of a homogeneous material with the same modulus of elasticity in tension and com-

pression; the beam is straight, defined by a possible radius of curvature at least ten times

larger than the thickness of the beam in the plane of bending; the beam has a uniform cross

section; there is at least one longitudinal axis of symmetry; all loads and reactions act per-

pendicular to the axis of the beam and lie in the longitudinal axis of symmetry; the length

of the beam is at least 8 times larger than the thickness; the beam is not disproportionately

wide; and the maximum stress does not exceed the proportional limit [57].

Figure 2.5: Basic beam diagram for modified beam theory calculations
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The equation defining deflection of a cantilever beam like the one in Figure 2.5 is

1

2
δ =

Pa3

3EI
. (2.14)

where E is the modulus of elasticity of the beam corresponding to the longitudinal axis

and I is the moment of inertia of the beam section with respect to the neutral axis. The

moment of inertia for the beam in Figure 2.5 is

I =
1

12
b(

1

2
h)3

=
1

96
bh3.

(2.15)

Substituting Equation 2.15 into 2.14 and rearranging:

δ =
64Pa3

Ebh3
. (2.16)

The application of this expression to LEFM is achieved through the use of Equation 2.13

which requires the partial derivative of system compliance with respect to crack length.

The compliance, C, is the deflection, δ, divided by the applied load, P , so

C =
1

P

64Pa3

Ebh3
, (2.17)

∂C

∂a
=

3(64Pa2)

PEbh3

=
3

Pa

64Pa3

Ebh3

=
3

Pa
δ.

(2.18)

Substitution of Equation 2.18 into 2.13 yields the expression

GI =
3Pδ

2ba
. (2.19)

In 1974, Kanninen [44] observed that the forces and moments on an isotropic DCB

specimen cause the end of the beam to deform, which implies that the assumption of

encastré boundary conditions at the crack tip is incorrect. The rotation of the beam can
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be accounted for by adjusting the value of crack length used in the calculation. A value, ∆,

should be added to the measured crack length, a:

at = a+ |∆| (2.20)

where at is the value of crack length that should be used in Equation 2.19. The adjustment,

∆, can be found by creating a least squares plot of the cubed root of compliance, C
1
3 , with

respect to the measured crack length, a. The values used in the calculation of compliance

should be the load and deflection corresponding to visual observation (vis) of the crack

rather than the NL or (5%/Max) values. The resulting plot, see Figure 2.6, should produce

a line which, if extended, will intersect the ordinate at the value ∆. If the line passes

through the origin, no correction term is needed, i.e. ∆ = 0. The final expression for the

strain energy release rate is

GI =
3Pδ

2b(a+ |∆|)
. (2.21)

Figure 2.6: MBT crack length correction term

Round-robin testing aimed at evaluating the applicability of the MBT, CC, and MCC

methods was performed in the 1992 [55]. The values of GIc calculated using each method

did not vary by more than 3.1%, and the MBT proved to be the most conservative method,

producing the lowest values of GIc for 80% of the specimens [6].
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2.4 Compliance Calibration Method

The compliance calibration method, originally proposed by Berry in 1963 [19], begins with

a slight reorganization of Equation 2.14, where

P =
3EIδ

a3
.

This can be written in a more general form, excluding all references to material properties

and specimen dimensions:

P = δHa−n (2.22)

where H and n are experimentally determined coefficients. A more convenient form of this

equation would require only one of these values, eliminating H, for instance. This can be

done by returning to Equation 2.2, the definition of GI :

GI = −1

b

dU

da

where U is defined in Equation ??:

U =
1

2
Pδ.

Combining Equations ?? and 2.22 allows the strain energy to be written in terms of H and

n:

U =
1

2
δ2Ha−n. (2.23)

The application of Equation 2.2 yields:

GI = − 1

2b
δ2H(−n)a−(n+1)

=
δH

an
nδ

2ba

(2.24)

GI =
nPδ

2ba
. (2.25)

The CC method is widely used for the calculation of fracture toughness in composite

DCB specimens [14, 15, 19, 45–47, 63, 69] and has the benefit of not requiring any material
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properties. The applied load, P , and the deflection, δ, corresponding to each crack length,

a, along with the beam width, b, are all known quantities. The experimentally determined

coefficient, n, is the only value that is unknown until the end of the testing series. It can

be found by returning to Equation 2.22 and rewriting it as:

C =
an

H
. (2.26)

Changing Equation 2.26 it to its logarithmic form:

log(C) = n log(a)− log(H). (2.27)

This shows that there is a linear relationship between the logarithms of system compliance

and crack length. The slope of the line formed when log(C) is plotted on the abscissa and

log(a) on the ordinate will be n, as shown in Figure 2.7.

Figure 2.7: Compliance calibration experimentally determined coefficient

2.5 Modified Compliance Calibration Method

The MCC method, proposed by Kageyama [42], much like the CC method, begins with

Equation 2.14, the deflection expression for the DCB specimen:

1

2
δ =

Pa3

3EI
.
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Following the steps taken in § 2.3.2 to obtain the expression for the compliance of the DCB

specimen,

C =
64a3

Ebh3
.

Rearranging the compliance:

Eb

64
C = (

a

h
)3. (2.28)

Equation 2.28 can be written in a more general form, as was done in § 2.4 to exclude

material properties:

A3
1C = (

a

h
)3, (2.29)

so

A1C
1/3 = (

a

h
) (2.30)

where A1 is an experimentally determined coefficient.

Equation 2.30 makes it clear that the cubed root of the DCB system compliance is

directly proportional to the normalized crack length ( ah). The coefficient, A1, can be found

by plotting ( ah) on the abscissa and C
1
3 on the ordinate. The slope of the corresponding

least-squares fit is A1, as shown in Figure 2.8.

Figure 2.8: Modified compliance calibration experimentally determined coefficient
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Further manipulation of Equation 2.19 will yield the final expression of GI for the MCC

method. Noting that

a

h

1

A1C1/3
= 1 : (2.31)

GI =
3Pδ

2ba

a

h

1

A1C1/3

=
3PδC−1/3

2bhA1
.

(2.32)

It can also be noted that

P

δ
C = 1, (2.33)

so

GI =
3PδC−1/3

2bhA1

P

δ
C (2.34)

and after simplification,

GI =
3P 2C2/3

2bhA1
. (2.35)

Equation 2.35 is the final expression for the strain energy release rate, as given in ASTM

D5528.

2.6 Equivalent Stiffness Method

The equivalent stiffness method (EQS), unlike the other methods reviewed in the previous

sections, has not received much, if any, attention in the composite fracture community. The

only references found by this author have been in personal notes and a paper written by

O’Brien in 1982 [54]. O’Brien’s paper did not deal with mode I fracture testing, rather, the

effects of delaminations on tensile specimens where the tensile load laid in the same plane

as, and was normal to, the delamination. O’Brien was able to use the rule of mixtures and

CLT (composite laminate theory) to form an expression for the reduced damage modulus

in symmetric laminates.

The EQS method uses CLT to derive an equivalent stiffness term for a doubly-symmetric

DCB specimen which conforms to the assumptions in § 2.3.2 and does not restrict anticlastic
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bending. Note that the term “doubly symmetric” means that the laminate must be sym-

metric about the delamination plane and each cantilever beam must be symmetric about its

midplane. Anticlastic bending refers to the phenomenon of induced curvature about axes

other than the one to which load is applied, see Figure 2.9 for an example. The expression

obtained for the equivalent stiffness will replace the EI term in Equation 2.14 and a simi-

lar approach to the derivation of Equation 2.21 will be used to formulate GI for the EQS

method.

Figure 2.9: Anticlastic bending of a beam

The theory behind CLT can be reviewed in [2, 13, 32, 38, 50]. The resulting constitutive

equations for CLT, in indicial notation, are

Ni = Aimε
o
m +Biqκq, (2.36)

and

Mi = Bimε
o
m +Diqκq. (2.37)

which relate the applied loads to the resulting midplane strains and curvatures. Ni and Mi

are known as the line load and line moment vectors, respectively and εom and κq are known

as the midplane strain and curvature vectors, respectively. The matrix, Aim is the extension

stiffness matrix and relates the line loads to midplane strains. Biq is called the coupling

stiffness matrix and can be easily eliminated (i.e. all values equal to zero) by selecting a

symmetric, balanced laminate for analysis. Diq is called the bending stiffness matrix and

relates the line moments to plate curvatures. The selection of a doubly symmetric DCB
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specimen yields

Mi = Diqκq. (2.38)

Figure 2.10: DCB beam bending specimen

For a beam like the one in Figure 2.10, with the assumptions listed above, the applied

bending load can be modeled by a line moment, Mx, where the other bending moments,

My and Mxy, are both zero:


Mx

0

0

 =


D11 D12 D16

D12 D22 D26

D16 D26 D66



κx

κy

κxy

 . (2.39)

Inverting this equation:


κx

κy

κxy

 =


d11 d12 d16

d12 d22 d26

d16 d26 d66



Mx

0

0

 , (2.40)

so that

κx = d11Mx. (2.41)
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The definition of the Mx line moment is the applied beam moment, Pa, divided by the

width of the beam, b. The equivalent bending stiffness, EI, of the beam is the applied

moment, Pa, divided by the curvature, κx, for small angles, so

EI =
Pa

κx

=
bMx

d11Mx
, so

(2.42)

EI =
b

d11
. (2.43)

Equation 2.43 can now be applied to Equation 2.14 to yield

δ =
2Pa3d11

3b
(2.44)

which can be transformed to the compliance definition:

C =
2a3d11

3b
, (2.45)

and

∂C

∂a
=

6a2d11

3b
. (2.46)

Using this in the definition of GI from Equation 2.13:

GI =
P 2

2b

∂C

∂a

=
P 2a2d11

b2
,

at = a+ |∆|,

GI =

(
P (a+ |∆|)

b

)2

d11 . (2.47)

The downside to the EQS method is that additional material testing must be performed

before fracture toughness can be evaluated. The CLT theory requires values for the modulus

of elasticity in the principal material directions, the major and minor Poisson’s ratios, and
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the principal shear modulus. It also requires close attention to the layup schedule to ensure

dual-symmetry about the delamination plane. The EQS method does, however, have the

benefit of only requiring data collection for the load and the crack length. This may not be

important for many testing environments but for those without sufficient resolution in the

displacement measurement device, it could certainly be a viable option.

2.7 Large Displacement Correction

In 1989, Williams [70] suggested that a correction factor should be added to the calculations

of fracture toughness if the deflection at the point of load application reached a limit that

broke the assumption of small angles/displacement. The correction factor he derived is

Fd = 1− 3

10

(
δ

a

)2

− 3

2

(
δt

a2

)
(2.48)

which, if at any point

δ

a
> 0.4, (2.49)

should be used to adjust GIc as follows:


if δ

a > 0.4 GIc(new) = FdGIc

else No Change to GIc

(2.50)
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Chapter3

Experimental Design

3.1 Introduction

Several reasons to perform material characterization for composites are to provide data

needed for design and analytical purposes, inputs into finite element programs, for instance;

to understand how a material will respond under specific loading conditions; and to facilitate

the comparison of several candidate materials [13]. Minimum characterization generally

requires E1, E2, G12, ν12, F1t, F2t, F1c, F2c, and F6 (see the Nomenclature section at the

beginning of this document for definitions of these properties). The flexural modulus, Ef ,

is commonly desired when bending of a composite structure is likely. The short beam

shear strength, F sbs, is also commonly sought. Fracture toughness, in fact, is just another

part of composite characterization. This chapter will focus on the testing preparations and

procedures required for basic characterization of the specific material used in this study,

excluding compressive properties. The DCB test setup will be the key focus in the final

section of this chapter.

3.2 Material

The composite system used was a 3K 8-Harness-Satin carbon cloth weave, with identical

weft and fill yarns, pre-impregnated with the Newport 307 resin system. All specimens

were cured according to the manufacturer’s recommendation. The cure cycle recipe can be

seen in Figure 3.1, courtesy of the Newport 307 Data Sheet [52]. Great care was taken in

the manufacturing of each composite plate to ensure minimum weave distortion and proper

alignment of the fiber directions. Specimens for each test were cut from these plates using
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Figure 3.1: Autoclave cure cycle

a diamond-impregnated tile saw. The longitudinal and transverse directions of the fabric

were defined in reference to the roll from which the cloth was taken. See Figure 3.2 for a

definition of the principal material directions.

Figure 3.2: Definition of the principal material directions for this study. Note:
1↔Longitudinal and 2↔Transverse

Table 3.1 shows the plate numbering scheme for all of the completed laminates. Plates

were numbered 1 through 13, the specimens from each plate were numbered in a similar

manner. Specimen designations consist of both the plate number and the specimen number

in the format: Plate#–Specimen#. A coupon labeled 5 − 4, for instance, is the fourth

specimen cut from plate five.
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Table 3.1: Plate numbering

Plate Number Purpose

1 Longitudinal Pull Test
2 Transverse Pull Test–Unused
3 In-Plane Shear Test
4 Flex and Short Beam Shear–Unused
5 DCB, Longitudinal Delam, Cocure–Unused
6 DCB, Longitudinal Delam, Post-Bond
7 DCB, Longitudinal Delam, Cocure
8 DCB, Longitudinal Delam, Post-Bond
9 DCB, Transverse Delam, Cocure
10 DCB, Transverse Delam, Post-Bond
11 DCB, Longitudinal Delam, Cocure
12 Flex and Short Beam Shear, Cocure
13 Flex and Short Beam Shear, Post-Bond

3.3 Tensile Testing

ASTM D3039 is the standard test method for tensile properties of fiber/matrix composites.

Properties obtained from this test are listed in Table 1.2. These properties cannot all be

obtained from one specimen because load is only applied in one direction. Longitudinal and

transverse pull tests must both be conducted if the fibers running in the two directions are

not the same. Since the cloth used in this study consists of identical weft and fill yarns,

testing can be done purely in the longitudinal direction. The transverse properties will be

identical to those found using a longitudinal test.

3.3.1 Specimen Preparation

Typical specimen geometry is shown in Figure 3.3. Each coupon from plate 1 was cut to

approximately 0.4in wide and 9.75in long, consisting of four layers of cloth stacked symmet-

rically with the longitudinal fibers aligned in the pull direction. The co-cured, four layer

laminate resulted in an average plate thickness of 0.0661in. Dimensions for each specimen

are listed in Table 3.2. Grip tabs were added to the ends of the specimens to aid in load

transfer. The tabs and coupons were lightly sanded and cleaned with acetone at the bond

area and 3M R© DP-460 epoxy was used to bond the tabs. At least 24 hours of cure time
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was allowed before testing of the specimens.

Figure 3.3: Typical tensile coupon geometry

Table 3.2: Tensile specimen average dimensions (inches)

Specimen Designation L b h

1-2 9.75 0.396 0.0661
1-3 9.75 0.341 0.0661
1-5 9.75 0.396 0.0661
1-6 9.75 0.410 0.0654

It is important to note that the symmetry of the laminate is not trivial even though

each lamina is aligned with the longitudinal fibers in the pull direction. WFCs with harness

satin weaves are not, in themselves, symmetric. The fill yarns dominate the two sides of

the laminae, as was shown in Figure 1.7, causing each laminae to act almost like two layers

of UDC stacked together and oriented at 90◦ to each other. In order to ensure a symmetric

laminate with harness satin cloth, the symmetry plane of the laminate must correspond

to an alignment of the fill yarns. Figure 3.4 shows an example of a symmetric laminate

structure for harness satin cloth. The dark gray side of the sheets correspond to fill yarns

in the longitudinal direction. The light gray sides correspond to fill yarns in the transverse

direction.
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Figure 3.4: Symmetric laminate structure for harness satin weaves

Strain gages were applied to the specimens to measure strain in, and normal to, the pull

direction, see Figure 3.5. Application of the gages followed the specifications put forward

by Vishay Micro-Measurements R© [64].

Figure 3.5: Strain gage locations for the tensile test specimens

3.3.2 Machinery and Instrumentation

The tensile specimens were mounted vertically in a model 1131 Instron R© with hydraulic

wedge grips. Load and displacement outputs from the Instron R©, along with the two strain

readings, were input into a LabVIEWTM interface and recorded. A displacement-controlled

waveform of 0.001in/sec was used to apply the tensile load. The test ran until ultimate

failure was reached.
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3.3.3 Test Procedure

The following procedure is an abbreviated version of the steps listed in ASTM D3039 [8].

1. Tighten the lower hydraulic grip on the test specimen, ensuring proper alignment of
the fibers in the pull direction

2. Connect the leads from the strain gages to the data acquisition hardware

3. Begin the data acquisition software

4. Clamp the upper hydraulic grip

5. Apply the load through a constant displacement rate of 0.001in/sec

6. Halt test and data acquisition after failure and remove specimen from test machine

3.3.4 Calculations

The Poisson’s ratio can be found by plotting the transverse strain on the ordinate and the

longitudinal strain on the abscissa. The resulting least-squares fit to this data set will have

a slope equal to the Poisson’s ratio, as shown in Figure 3.6,

ν12 =
−∆ε1
∆ε2

. (3.1)

Figure 3.6: Poisson’s ratio for longitudinal tensile test

The modulus of elasticity in the longitudinal direction, E1, can be found by using

Hooke’s law which, for linear elastic materials, states that the stress applied to a body may
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be directly related to the resulting strain through the modulus of elasticity:

σ1 = E1ε1, (3.2)

so E1 can be written as

E1 =
∆σ1

∆ε1
. (3.3)

The stress applied to the tensile specimen of uniform cross section is equal to the applied

load divided by the cross sectional area over which it acts:

σ1 =
P

hb
. (3.4)

The longitudinal tensile strength is defined as the maximum stress before failure:

F1t =
Pc
hb
, (3.5)

where Pc is the critical applied load which causes laminate failure. Ultimate longitudinal

tensile failure strain cannot be determined from the strain readings because the adhesive

joining the strain gages to the composite specimen fails at a lower strain than the composite.

An extrapolation must be made on a plot of normal stress vs. normal strain, as can be seen

in Figure 3.7.

Figure 3.7: Extrapolation for ultimate longitudinal tensile failure strain
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Since the weft and fill yarns are identical, as stated previously, the properties calculated

for the longitudinal yarns can be used for the transverse yarns as well, so

E2 = E1, (3.6)

F2t = F1t, (3.7)

εu2t = εu1t, (3.8)

and, through the relationship of the major and minor Poisson’s ratios:

ν21 =
E2

E1
ν12, (3.9)

ν21 = ν12. (3.10)

3.4 In-Plane Shear Testing

There are three possible shear moduli which can be obtained from shear testing: the in-

plane shear modulus, G12, and the two out of plane moduli, G13 and G23. Each of these

moduli have corresponding shear strengths, F6, F5, and F4 with ultimate shear strains γu12,

γu13, and γu23, respectively. An in-plane shear test, by definition, is a test in which shear

distortion occurs only in the plane of the composite sheet [13]. ASTM D3518 is one of the

standard test methods for in-plane shear testing of fiber/matrix composites and will yield

accurate results for G12 but not for γu12 or F6 because the laminate is not entirely in pure

shear.

3.4.1 Specimen Preparation

Typical specimen geometry is shown in Figure 3.8. Each coupon from plate 3 was cut to

approximately 1.0in wide, and 9.75in long, with the layup schedule [+45,−45]2s. The co-

cured, eight layer laminate resulted in an average plate thickness of 0.1364in. Dimensions

for each specimen are listed in Table 3.3.
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Figure 3.8: Typical ±45◦ shear coupon geometry

Table 3.3: In-plane shear specimen average dimensions (inches)

Specimen Designation L b h

3-1 9.75 1.015 0.1366
3-2 9.75 0.965 0.1385
3-3 9.75 0.987 0.1386
3-4 9.75 1.015 0.1357
3-5 9.75 0.974 0.1347
3-6 9.75 1.002 0.1393
3-7 9.75 1.010 0.1312

Strain gages were applied to the specimens to measure strain in, and normal to, the pull

direction, see Figure 3.9 [5]. Application of the gages followed the instructions supplied by

Vishay Micro-Measurements R© [64].

Figure 3.9: Strain gage locations for the in-plane shear test specimens
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3.4.2 Machinery and Instrumentation

The in-plane shear specimens were mounted vertically in a model 1131 Instron R© with hy-

draulic wedge grips. Load and displacement outputs from the Instron R©, along with the two

strain readings, were input into a LabVIEWTM interface and recorded. A displacement-

controlled waveform of 0.001in/sec was used to apply the tensile load. The test ran until

ultimate failure was reached.

3.4.3 Test Procedure

The procedure for the in-plane shear test is identical to that of the tensile test in § 3.3.3.

3.4.4 Calculations

The goal of the in-plane shear test is to calculate G12, which is the ratio of shear stress,

τ12, to shear strain, γ12. τ12 can be found through a coordinate transformation from x− y

coordinates to the composite material coordinates:

{σ}12 = [T ]1 {σ}xy , (3.11)

where [T ]1 is the stress transformation tensor:

[T ]1 =


cos2(θ) sin2(θ) 2 sin(θ) cos(θ)

sin2(θ) cos2(θ) −2 sin(θ) cos(θ)

− sin(θ) cos(θ) sin(θ) cos(θ) cos2(θ)− sin2(θ)

 . (3.12)

Knowing that θ = −45◦, and σy = τxy = 0:


σ1

σ2

τ12

 =


0.5 0.5 −1.0

0.5 0.5 1.0

0.5 −0.5 0.0




P
hb

0

0

 . (3.13)
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This can be simplified to solve directly for τ12:

τ12 =
P

2hb
. (3.14)

The shear strain, γ12 can be found in a similar manner:

{ε}12 = [T ]2 {ε}xy , (3.15)

where [T ]2 is the strain transformation tensor:

[T ]2 =


cos2(θ) sin2(θ) sin(θ) cos(θ)

sin2(θ) cos2(θ) − sin(θ) cos(θ)

−2 sin(θ) cos(θ) 2 sin(θ) cos(θ) cos2(θ)− sin2(θ)

 . (3.16)

Values of εx and εy are known from the strain gages, so


ε1

ε2

γ12

 =


0.5 0.5 −0.5

0.5 0.5 0.5

1.0 −1.0 0.0



εx

εy

γxy

 . (3.17)

This can be simplified to solve directly for γ12 with known values of εx and εy:

γ12 = εx − εy. (3.18)

G12 can now be found by finding the slope of a least squares fit to the plot of τ12 on the

abscissa and γ12 on the ordinate, as shown in Figure 3.10. ASTM D3518 recommends using

a shear strain range of 4000± 200µε starting between 1500 and 2500µε [5].

3.5 Short Beam Shear Testing

The short beam shear test is based on simple mechanics of materials equations which do

not account for the complex stress state that exists at the point of load application, as
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Figure 3.10: The Shear Modulus, G12, from the in-plane shear test

shown by Whitney [1, 68]. This method should only be used as a screening tool to make

comparisons between laminate structures or fiber/matrix materials [32]. It will be used

in this study to compare the relative interlaminar strengths of co-cured and post-bonded

composite laminates.

ASTM D2344 is the standard test method for short beam shear (SBS) testing of high-

modulus fiber/matrix composites. The SBS test involves the use of a short composite beam

loaded in a three-point bend fixture. Normal and shear stress will arise from the loading

condition and, as long as a correct span to depth ratio for the beam is used, shear failure

will be induced before failure due to normal stress [32]. The shear and bending moment

diagram for a beam under three-point bending is shown in Figure 3.11. This fixture is useful

for interlaminar shear failure because the vertical shear force remains constant throughout

the beam except at the point where the load is applied. Designing the beam to meet the

requirement of shear-induced failure rather than normal stress-induced failure is also fairly

simple as long as the dimension requirements in Figure 3.12 are considered and a proper

span to thickness ratio is used. ASTM D2344 suggests a span to thickness ratio of 4 [3].
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Figure 3.11: Shear and bending moment diagram for three-point bend test

3.5.1 Specimen Preparation

Typical specimen geometry is shown in Figure 3.12. Each specimen was cut to approxi-

mately 0.33in wide and 1.0in long from plates 12 and 13. Recall from Table 3.1 that plate

12 is a co-cured plate, and plate 13 is a post-bonded plate. Both plates have the layup

schedule [90]5s, yielding a symmetric midplane with fill yarns aligned with the longitudinal

axis of the beam. Dimensions for each specimen are listed in Table 3.4.

Figure 3.12: Typical short beam shear specimen geometry
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Table 3.4: Short beam shear specimen average dimensions (inches)

Specimen Designation L b h

12-5 1.014 0.335 0.1695
12-6 1.018 0.335 0.1690
12-7 1.018 0.334 0.1690
12-8 1.018 0.334 0.1682
12-9 1.012 0.326 0.1694
12-10 1.017 0.326 0.1681
13-5 1.018 0.330 0.1705
13-6 1.011 0.331 0.1700
13-7 1.010 0.333 0.1716
13-8 1.005 0.333 0.1720
13-9 1.038 0.332 0.1686
13-10 1.011 0.334 0.1708

3.5.2 Machinery and Instrumentation

The specimens were mounted in a three-point bend fixture and loaded using a model 1131

Instron R© with a displacement-controlled compressive waveform of 0.001in/sec. Load and

displacement outputs from the Instron R© were input into a LabVIEWTM interface and

recorded. Each test ran until ultimate failure was reached.

3.5.3 Test Procedure

The following procedure is an abbreviated version of the steps listed in ASTM D2344 [3].

1. Place specimen in the three-point bend fixture on the test machine and align it so
that the longitudinal axis is perpendicular to the loading nose and side supports

2. Begin the data acquisition software

3. Apply the load through a constant displacement rate of 0.001in/sec

4. Halt the test and data acquisition after failure and remove the specimen from the
three-point bend fixture.

3.5.4 Calculations

The desired value from the SBS test is F sbs, the short beam shear strength, which is the

maximum value of shear stress, τ12, reached before failure. The calculation of shear stress

for a beam in bending, assuming a homogeneous beam of uniform cross section, follows a
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mechanics of materials formulation. The following steps are summarized from [57].

Figure 3.13: Beam section through q

τ12 =
V A′z′

Ib
, (3.19)

where, at q, a point within the cross section where values are desired, V is the vertical

shear, A′ is the area of the beam cross section above q, z′ is the distance from the neutral

axis to the centroid of A′, and b is the width of the cross section. Maximum shear stress

will occur at the neutral axis; therefore, for the beam in Figure 3.12, z′ = h/4, A′ = bh/2,

and I = bh3/12. Substituting these into Equation 3.19 yields

τ12 =
3

2

P

bh
. (3.20)

The short beam shear strength will correspond to the maximum load seen by the spec-

imen:

F sbs =
3

2

Pmax
bh

. (3.21)
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3.6 Flexural Testing

Due to the anisotropy of composite laminate beams, as opposed to metal beams, and the

complex transfer of stress and strain between laminae during bending, a composite beam

may have a different modulus of elasticity for bending applications than it would for axial

loading. Normally, when analyzing a beam in bending, the modulus of elasticity of the ma-

terial is used in equations like 2.14 to find the deflection of a cantilever beam. In composite

analysis, the modulus corresponding to the longitudinal axis of the beam is used, which

may be adequate for unidirectional laminates with all plies oriented either in, or normal

to, the longitudinal axis of the beam. Many other composite beams, though, require a

more complicated formulation of the modulus, commonly known as the flexural modulus,

Ef . Several theoretical models can be used to find appropriate values for Ef based on

composite laminate theory [32]. Ef can also be found through testing of laminates. ASTM

D7264 is the standard test method for flexural properties of fiber/matrix composites. An-

other standard for flexural properties, D790, is also commonly used for composite materials.

There are two choices of fixtures for flexural testing: the three-point bend fixture used in

SBS testing, or a four-point bend fixture. The difference in the shear and bending moment

diagrams for these two fixtures can be seen in Figure 3.14. The failure desired for the de-

termination of Ef should be induced by a pure normal stress, meaning the only force acting

on the beam should be a moment. If the three point bending test is used, the maximum

moment occurs at a point of asymptotic shear force, making the stress state a combination

of normal and shear stress. The four-point bending test will produce a constant moment,

with zero shear, in between the load application points, leading to a state of constant pure

normal stress. The four-point bending test, for this reason, was chosen for flexural testing of

the composite laminates in this study. The span to thickness ratio recommended by ASTM

D7264 is 32:1, but optional ratio include 16:1, 20:1, 40:1, and 60:1 [7]. A span of 16:1 was

used for all specimens.
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Figure 3.14: Comparison of three and four point shear and bending moment diagrams

3.6.1 Specimen Preparation

Typical specimen geometry is shown in Figure 3.15. Each coupon was cut to approximately

0.5in wide with a length at least 20% longer than the span from plates 12 and 13 with average

thicknesses of 0.17in. The support span for all tests was 2.64in and the load span was 1.32in.

Figure 3.15: Typical geometry for flex specimens

Recall from Table 3.1 and § 3.5 that plate 12 is a co-cured laminate, and 13 is post-

bonded. both plates have the layup schedule [90]5s, yielding a symmetric midplane with

weft yarns running along the longitudinal axis of the beam. Dimensions for the flex speci-
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mens are listed in Table 3.5.

Table 3.5: Flex specimen average dimensions (inches)

Specimen Designation L b h

12-1 3.280 0.529 0.1687
12-2 3.280 0.549 0.1668
12-3 3.280 0.559 0.1696
12-4 3.278 0.541 0.1700
12-11 3.273 0.532 0.1679
12-12 3.277 0.538 0.1691
13-1 3.264 0.548 0.1704
13-2 3.258 0.555 0.1702
13-3 3.269 0.546 0.1719
13-4 3.272 0.579 0.1725
13-11 3.251 0.539 0.1713
13-12 3.255 0.530 0.1709

3.6.2 Machinery and Instrumentation

The Cal Poly composites lab was not equipped with a four point bend fixture. A new

fixture had to be designed for the testing of the flex specimens. The spacing of the vertical

rails was designed to match the spacing of the Wyoming Test Fixtures R© three-point bend

apparatus. A schematic of the four-point bend fixture can be found in Appendix A.

The displacement for the flex testing was output from a linear variable differential trans-

former (LVDT). The exterior LVDT was needed for the testing of the DCB specimens to

minimize any stair-stepping in the P −δ plot which might result from the high-range LVDT

built into the Instron R©. The exterior used was a Schlumberger R© 847624 with 1.5in of travel.

The most linear range was between 0.4in and 1.5in of travel. The calibration curve for the

LVDT can be seen in Figure 3.16.

The specimens were mounted in a four-point bend fixture and loaded using a model

1131 Instron R© with a displacement-controlled compressive waveform of 0.001in/sec. Load

was output from the Instron R© and displacement was output from the LVDT. These were
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Figure 3.16: LVDT calibration chart

input into a LabVIEWTM interface and recorded. Each test ran until ultimate failure was

reached.

3.6.3 Test Procedure

The procedure for the flex testing is identical to the procedure for the SBS testing in § 3.5.3

with the substitution of the four-point bend fixture in place of the three-point.

3.6.4 Calculations

The maximum moment for the four-point bend test can be calculated by finding the area

under the left half of the shear diagram in Figure 3.14

Mmax =
PLs

8
. (3.22)

The stress in a beam due to a moment is

σ =
M h

2

I
, (3.23)

yielding

σ =
3PLs
4bh2

, (3.24)
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where Ls is the span width.

The maximum strain in the beam can be expressed as

ε =
4.36δh

L2
s

. (3.25)

From Hooke’s law,

σ = Ef ε,

so Ef can be found by plotting σ on the abscissa with ε on the ordinate and finding the

slope of the least-squares fit to the data:

Ef =
∆σ

∆ε
. (3.26)

3.7 DCB Testing

The importance of the DCB test and, likewise, mode I fracture toughness determination

was discussed in Chapter 1. This section will focus on the preparation required for DCB

testing, including specimen/fixture design and manufacturing, and machinery adjustments

and additions.

3.7.1 Specimen Preparation

Typical specimen geometry is shown in Figure 3.17. DCB coupons were cut from plates

5 through 11. Recall from Table 3.1 that plates 5, 7, 9, and 11 were co-cured plates with

the layup schedule [0]4s and plates 6, 8, and 10 were post-bonded plates with the layup

schedule [90]4s. Plates 5, 6, 7, 8 and 11 had delaminations built to propagate along fill yarns

and plates 9 and 10 had delaminations built to propagate along weft yarns. Plate 5 was

created for practice purposes and six coupons were cut from it to test the usefulness of the

Instron’s R© built in load cell. Dimensions for each specimen can be found in Appendix B.5.

The layup process for the co-cured plates consisted of aligning the first four layers in the

correct orientation, placing a 0.0005in thick Polytetrafluoroethylene(Teflon R©) insert on the
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Figure 3.17: Typical geometry for DCB specimens

carbon where the delamination was desired. The next four layers were placed on top of the

insert in the correct orientation, ensuring mirror symmetry about the laminate midplane

and each cantilevered beam’s midplane. After the layup was complete, the laminate was

put into the autoclave with the cure cycle outlined in Figure 3.1. The layup process for the

post-bond plates consisted of aligning the first four layers of cloth, ensuring mirror symme-

try, and fully curing them in the autoclave. The delamination was inserted in the laminate

by following the process specified in Chen et. al’s patent [25]. Once the delamination was

placed, the final four layers were carefully laid over the first four and put into the autoclave

for curing.

Specimens and loading hinges were sanded and cleaned with acetone to increase bond

strength. Three resin systems were tested for this steel-carbon bond: West System 205

fast cure epoxy, System Three 1000K10 Quick Cure Epoxy, and 3MTM Scotch-WeldTM

DP460 structural adhesive. The West System and System Three bonds were air-dried, per

manufacturer’s instructions, and the 3MTM bond was cured in an oven at 160◦F for 15min.

Testing of each bond on the specimens from plate 5 indicated that the West System and

System Three epoxies were not strong enough to resist the required load. The 3M bond did

not show any signs of failure.

3.7.2 Machinery and Instrumentation

The DCB test requires a load application that remains perpendicular to the direction of

delamination. In order to achieve this, piano hinges are typically attached to the ends of

the DCB and screwed into a fixture mounted in the Instron R©. According to ASTM D5528,

the hinges should be at least as wide as the DCB specimen, made of metal, and capable of
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resisting the applied load [6]. The maximum load can be calculated with:

Pmax =
b

a

√
h3E1GIc

96
. (3.27)

Average values of GIc for several materials can be found in [32]. Assumptions made for

the calculation of maximum load were: E1 = 1.4x1011N/m2, GIc = 222J/m2, a = 25mm,

b = 25mm, and h = 5mm. Inserting these values into Equation 3.27 yields a max load

of about 400N with a factor of safety of 2. The goal of the hinge design was to create an

easy to manufacture, reusable hinge that would deflect less than 0.001in. The hinge should

also have a removable pin to decrease any compression of the specimen which might occur

during clamping of the hydraulic grips. After iteration of pin choices, pivot-pin clearance,

and overall dimensions of the pivot area, the preliminary hinge design was finalized. Fig-

ure 1.3 shows the assembly of the hinges which were used in testing plate 5 to verify testing

procedure and design. The bondable hinges can be easily reused by locally heating the steel

with an oxy-acetylene torch for about two seconds. This amount of heat allows the epoxy

holding the hinge in place to degrade without any adverse material effects on the hinge. It

is unclear how much damage is done to the DCB specimen in this heating process. SEM

analysis is not recommended after this step. Schematics for the bondable hinge and the

upper and lower jaw hinges can be found in Appendix C.

Testing of plate 5 revealed erratic load data due to the Instron’s R© high load capacity.

The Instron’s R© built in load-cell can measure loads from 0 to 22, 000lbf, making it very use-

ful for test series involving load swings of several thousand pounds. DCB testing, however,

requires high accuracy load measurements with a range of 0 to 20lbs. A test of the load

output from the Instron R© was performed by adding masses of 1000, 1500, 2000, 2500, and

3000grams and measuring the corresponding load output. The average difference between

the added weight and the output load was 1.3lbf, a 6% error for the expected range in DCB

testing. An Omega R© LCH-100 load cell with a range of 0-100lbf was chosen for use instead

of the built in load cell. The LCH-100 was mounted by bolting it to a fixture clamped in

the upper Instron R© jaw. Schematics for the upper-jaw hinge, the bondable hinges, and the
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lower-jaw hinge can be found in Appendix C. The load cell must be calibrated before each

test to ensure correct load readings. The calibration procedure can be found in Appendix E.

Crack propagation was measured through visual observation of the crack tip through a

microscope. In order to view the crack tip easier, the sides of each specimen were coated

with silver SharpieTM. Markings were made at 1mm increments along the side of the speci-

men using a laser engraving machine, as seen in Figure 3.18. The microscope was mounted

to the Instron R© using a custom-machined mounting bracket which allows for easy instal-

lation and 3-axis movement of the microscope lens. Images of the mount can be found in

Appendix D.

Figure 3.18: Laser-engraved crack propagation markings

3.7.3 Test Procedure

The following test procedure is a slightly modified summarization of the procedure listed in
ASTM D5528 [6].

1. Mount the hinges in the Instron R© grips and connect the lower-jaw hinge to the bottom
bondable hinge using one of the steel pins

2. Set the microscope in a position to observe the location of the delamination front with
an accuracy of ±0.5mm

3. Start the data acquisition software, ensuring proper connections of the LVDT and the
exterior load-cell

4. Connect the upper-jaw hinge to the upper bondable hinge using one of the steel pins

5. Initial Loading:

a Load at a constant displacement of 0.001in/sec. Load and displacement gains do
not have to be set at the Instron R© controller because the external load cell and
LVDT will measure accurate loads and displacements
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b Pause loading after 3 − 5mm of crack growth. If unstable delamination growth
from the insert was observed, note it in the report. Continue loading for another
3− 5mm

c Pause the load cycle and mark the position of the tip of the precrack on both
edges of the specimen. Note in the report if the position on either side differs by
more than 2mm (this may be an indication of asymmetrical loading)

d Unload the specimen by pressing the single arrow button ⇑ on the Instron R©

controller. Unload until the head displacement is close to the initial unloaded
position. Do not press the button more than once as this will cause erratic data
to be reported

6. Reloading:

a Reload the specimen at the same crosshead rate and record the load and dis-
placement values for delamination onset from the precrack

b Continue crack extension and record as many values as possible. Extend the
crack at least 50mm past the precrack. If the LVDT reading drops below 0.45in,
pause both the data acquisition and the Instron R© controller and place a 1in gage
block underneath the LVDT plunger to allow for greater travel (this may need
to be repeated for large-deflections)

c Unload the specimen by pressing the single arrow button ⇑ on the Instron R©

controller. Be sure to remove any added gage blocks before unloading to prevent
any damage of the LVDT. If the crack has extended all the way through, this
and the following steps may be omitted

d Record the positions of the tip of the delamination on both sides of the specimen.
Note any deviation greater than 2mm

3.7.4 Calculations

Calculations for the DCB testing were covered in Chapter 2.

3.8 Summary of Testing Inputs and Outputs

This section provides a table of values used to setup the Instron R© outputs and wave-

forms for all of the test series performed in this study. These values are specific to the

Cal Poly, SLO composites laboratory and may not be applicable in other testing facilities.

The LabVIEWTM files, below, can be found in the following directory on the computer in

the Cal Poly composites laboratory: C:\Documents and Settings\Administrator\My Doc-

uments\DrMello.
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Table 3.6: Inputs and outputs for each test series

Test LabVIEW vi P Gain (lbf/V) δ Gain (in/V) δmax (in) δ̇ (in/s)

Tensile tensile testing.vi 800 LVDT 2 0.001

In-Plane Shear tensile testing.vi 800 NA 2 0.001

SBS flexSBS.vi 150 0.1 1 −0.001

Flex flexSBS.vi 150 LVDT 1 −0.001

DCB DCB.vi LCH-100 LVDT 4 0.001
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Chapter4

Testing Results and Discussion

4.1 Tensile and In-Plane Shear Testing

Tensile and in-plane shear specimens were tested according to ASTM D3039 and D3518,

respectively. Four specimens from plate 1 were tested and seven from plate 3. The purpose

of these tests was to determine the modulus of elasticity in the fiber directions, the major

and minor Poisson’s ratios, the ultimate tensile failure strengths and strains in the fiber

directions, and the in-plane shear modulus. Strain and load data from each test were input

into a MATLAB R© m-file for data analysis. The resulting stress-strain and strain-strain

plots can be found in Figures 4.1, 4.2, and 4.3. A summary of the results can be found in

Tables 4.1 and 4.2, and the statistical analysis of these results can be found in Table 4.3.

Table 4.1: Tensile results

Specimen E1 (Msi) ν12 F1t (Ksi) εu1t(%)

1− 2 8.155 0.054 90.060 1.104
1− 3 7.849 0.064 91.389 1.164
1− 5 8.134 0.045 99.228 1.220
1− 6 8.014 0.048 95.443 1.191

Table 4.2: In-plane shear results

Specimen G12 (Msi)

3− 1 0.484
3− 2 0.471
3− 3 0.484
3− 4 0.440
3− 5 0.473
3− 6 0.479
3− 7 0.502

The values listed in Table 4.3 are necessary for even the simplest of composite analyses.

The fiber-direction moduli of elasticity are much lower for this composite than for many

unidirectional carbon/epoxy fabrics. AS4/3501-6, for instance, typically has a modulus of

elasticity of 20Msi in the fiber direction with a failure strength of 310Ksi at about 1.4%
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Figure 4.1: Longitudinal modulus of elasticity in the fiber direction

Figure 4.2: Major Poisson’s ratio, ν12, from longitudinal pull

strain. The fabric used in this study has a failure strength of 94Ksi at 1.2% strain with

E = 8.04Msi. These differences can be attributed to the relative number of fibers running

in the principal material directions. There will be about half as many fibers running in

the longitudinal (and transverse) direction in a 3k WFC than in the fiber direction of a 3k
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Figure 4.3: Composite in-plane shear modulus

Table 4.3: Tensile and in-plane shear statistics

Property Mean Value Standard Deviation Coefficient of Variation

E1 = E2 8.038Msi 0.141Msi 1.750%
ν12 = ν21 0.053 0.008 15.619%
F1t = F2t 94.03Ksi 4.153Ksi 4.417%
εu1t = εu2t 1.170% 492.67µε 4.211%
G12 0.476Msi 0.019Msi 4%

unidirectional composite. This fundamental difference between woven and unidirectional

composites helps to validate the data listed above. Half as many fibers over the same area

causes the modulus to become more dependent on the matrix. This forces a stress-strain

curve with a shallower slope and leads to a lower required failure stress for a given failure

strain (about 1%).

4.2 Short Beam Shear Testing

The short beam shear (SBS) test, as mentioned in Chapter 3, was used in this study as

a tool to compare co-cured and post-bonded laminates. The three-point bend fixture in-

duced a vertical shear load at the point of load application, along with a normal stress due
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to the bending moment. The beams were designed such that the shear failure would oc-

cur prior to failure due to normal stress, and only one midplane orientation was investigated.

There are three major failure modes in SBS testing that may arise: interlaminar shear,

flexure, and inelastic deformation [3]. After failure, a load of 70lbf was applied to the

specimens via the three-point bend fixture to induce a large enough deflection to view the

damage. Photographs of each loaded specimen were taken to determine their failure modes.

The specimens from the post-bonded plate failed predominantly by inelastic deformation,

with 50% of the specimens falling into that category. Visual observation of the specimen

under load did not reveal any cracks or other failures, the unloaded beam retained much

of the deformation caused by the load. Figure 4.4 shows one example of this failure; the

upper sample is an untested coupon and the lower has been tested to failure. The black,

straight lines have been inserted into the image to simulate an un-deformed state. Note the

permanent deformation and weave distortion in the lower sample.

Figure 4.4: Short beam shear inelastic deformation failure mode

Further observations of specimens from plate 13 revealed two beams which failed in

interlaminar shear and one that failed predominantly in flexure (both tension and compres-

sion failures) with traces of interlaminar shear failure. Plate two had four specimens which

failed in interlaminar shear and two by inelastic deformation. Figures 4.5 and 4.6 show

examples of flexural and interlaminar shear failure, respectively.
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Figure 4.5: Short beam shear flexure failure mode

Figure 4.6: Short beam shear interlaminar shear failure mode

The results from short beam shear testing of plates 12 and 13 can be found in Table 4.4

and load-displacement plots for plate 12 and 13 specimens can be found in Figures 4.7

and 4.8, respectively. The SBS strength is 104.35Psi higher, on average, for the post-bonded

plate than it is for the co-cured plate. This difference has little meaning or significance be-

cause the two averages were separated by less than a standard deviation; the SBS strength

for the two laminates can, therefore, be considered equal to each other. Unfortunately, the

“defect” under study in this test never witnessed any damage. The midplanes of all speci-

mens were completely intact and undamaged. This test series did not produce any results

which would lead to an adequate comparison of co-cured and post-bonded laminate short

beam shear strength. A possible remedy to this problem would be to vary the dimensions

of the specimens in an attempt to induce shear failure at the midplane of the laminate, or

to implement the Iosipescu shear test [39], rather that the SBS test.

4.3 Flexural Testing

Flexural testing was used in this study to compare the co-cured and post-bonded flexural

specimens. The four point bend fixture was used to induce a pure bending moment between

69



Table 4.4: Short beam shear data analysis

Specimen F sbs (Psi) Plate Statistics

12− 5 9157.14
Mean (Psi) 9179.77

12− 6 9163.59
12− 7 9214.21

Standard Deviation (Psi) 103.92
12− 8 9274.56
12− 9 8994.98

Coefficient of Variation 1.1%
12− 10 9274.12

13− 5 9250.15
Mean (Psi) 9275.42

13− 6 9450.06
13− 7 9163.27

Standard Deviation (Psi) 100.16
13− 8 9256.02
13− 9 9212.17

Coefficient of Variation 1.1%
13− 10 9320.83

Figure 4.7: P − δ curve for plate 12 SBS specimens

the load application points. This pure moment caused a stress distribution consisting of

only normal stress allowing the accurate calculation of the flexural modulus of elasticity,

Ef , as mentioned in Chapter 3. Specimens from plates 12 and 13 were tested in accordance

with ASTM D7264 and following the procedure listed in Section 3.5. Load and displacement

were recorded and input into a MATLAB R© m-file for data analysis. The load-displacement

plots for plates 12 and 13 can be found in Figures 4.9 and 4.10, respectively.
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Figure 4.8: P − δ curve for plate 13 SBS specimens

Figure 4.9: P − δ curve for plate 12 flex specimens

Differences between the co-cured and post-bonded plates may arise in the calculated

value of Ef . Since, for this type of loading, stress and strain are directly related to each

other through the flexural modulus, a stress-strain plot would quickly reveal any differences

between the two plates. This type of comparison must be done before failure occurs, after
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Figure 4.10: P − δ curve for plate 13 flex specimens

which time the stress and strain no longer relate linearly. Figures 4.11 and 4.12 are the

stress-strain plots needed for the determination of the flexural modulus. Another pre-failure

comparison between the two laminates can be made through a type of beam stiffness. Com-

paring the ratio of induced load to applied head displacement for each specimen from the

two laminates would produce a term, not equal to the beam stiffness, which would be re-

peatable for all tests. The calculated “stiffness” would have to be normalized by the beam

cross sectional area to alleviate any geometrical effects on the calculated value.

Table 4.5 shows the results from calculations of the flexural modulus and the statistical

analysis for both plates. The co-cured plate had an average flexural modulus, Ef = 5.709Msi

and the post-bonded plate had and average Ef = 5.687Msi with standard deviations of

0.373Msi and 0.357Msi, respectively. The difference between these two average values is

far less than a standard deviation, implying that post-bonded and co-cured laminates will

have similar flexural moduli, assuming no prior damage has occurred. Comparing the ratio

of induced load to applied head displacement for each specimen from the two laminates

yields the results listed in Table 4.6 where KB is the maximum applied load divided by the
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Figure 4.11: Flexural modulus for plate 12 (co-cured)

Figure 4.12: Flexural modulus for plate 13 (post-bonded)

corresponding product of cross sectional area and head deflection:

KB =
Pmax
bhδ

. (4.1)
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Table 4.5: Flexural modulus data analysis

Specimen Ef (Msi) Plate Statistics

12− 1 5.378
Mean (Msi) 5.709

12− 2 5.481
12− 3 5.532

Standard Deviation (Msi) 0.373
12− 4 6.414
12− 11 5.682

Coefficient of Variation 6.5%
12− 12 5.765

13− 1 5.830
Mean (Msi) 5.687

13− 2 5.792
13− 3 5.950

Standard Deviation (Msi) 0.357
13− 4 5.023
13− 11 5.969

Coefficient of Variation 6.3%
13− 12 5.557

It is important to note that KB is not a true stiffness term, it is meant only to serve as a

comparison tool. The co-cured plate had an average KB = 6178.5Pci and the post-bonded

plate had an average KB = 6403.3Pci with standard deviations of 177.4Pci and 188.7Pci,

respectively. The average values of KB between the two plates differed by far less than

a standard deviation, again indicating that a post-bonded laminate will likely behave like

a co-cured laminate in bending. The two plates did have slightly different failure criteria,

with maximum stresses of 101.35Ksi and 97.92Ksi for plates 12 and 13, respectively, with

standard deviations of 2.75Ksi and 3.4Ksi. The difference between the average failure stress

for the two plates was slightly higher than a standard deviation, but still not high enough

to be of significance.

Figure 4.13: Typical failure mode for flex specimens under four point bending
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Table 4.6: Flexural modulus data analysis

Specimen KB (Kci) Statistics

12− 1 68.27
Mean (Kci) 67.67

12− 2 67.32
12− 3 67.50

Standard Deviation (Kci) 1.1957
12− 4 69.59
12− 11 67.40

Coefficient of Variation 1.8%
12− 12 65.97

13− 1 68.91
Mean (Kci) 68.05

13− 2 68.23
13− 3 68.47

Standard Deviation (Kci) 0.69
13− 4 66.90
13− 11 68.03

Coefficient of Variation 1.0%
13− 12 67.76

Post-failure behavior of the two laminates indicates failure of the same type for all

specimens. Figure 4.13 shows the failure mode of a typical flex specimen under four point

bending. Tensile failure initiated directly underneath one of the load application points. A

crack then propagated from that point to another point partially through the thickness of

the laminate and proceeded down the length of the beam until the load reached a minimal

level (usually 75− 250lbf).

4.4 DCB Testing

DCB specimens from plates 6 − 11 were tested according to ASTM D5528, following the

procedure outlined in section 3.7.3. Variations between specimens included propagation

direction and delamination insertion method, which also allowed for the comparison of

post-bonded to co-cured delamination interface planes. Recall from Table 3.1 that plates

6, 7, 8 and 11 had delaminations along fill yarns and plates 9 and 10 had delaminations

along weft yarns. A 0.0005in thick Teflon R© insert was used to start the delamination in

the co-cured plates (7, 9 and 11). Pending patent #13830648 [25] was followed to insert the

delamination in the post-bonded plates (6, 8 and 10).

Load, displacement, and crack length were recorded, as discussed in section 3.7.2, and

input into a MATLAB R© m-file for data analysis. The MATLAB R© code required inputs
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Figure 4.14: Generated R-curve for specimen 10− 6

from the LVDT, LCH-100, and manual records of crack length corresponding to specific

load and displacement values. Once these values were input, outlying data points were ex-

cluded from the load and displacement data series based upon the gap between consecutive

displacement and/or load points. A 0.04in difference between displacement points was cho-

sen as the maximum allowable variation which allowed all crack propagations to be included

in the data series. The allowable load variation was set to 25lbf. The adjusted load and dis-

placement data were matched to each crack length record and LEFM was applied through

the MBT, CC, MCC, and EQS data reduction methods, as discussed in Chapter 2. Large

displacement corrections were implemented where necessary and the R-curves and P − δ

plots were generated. Examples of these plots for specimen 10− 6 can be found in Figures

4.14 and 4.15, respectively. R-curves, or fracture resistance curves, as seen in Figure 4.14,

are plots of the calculated value of fracture toughness, GIc, for each recorded crack length,

a. They generally indicate the trend of increasing fracture resistance with increasing crack

length until a steady state value is reached. R-curves generally only include one method for

fracture toughness calculation; four data reduction methods will be included in the R-curves
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generated in this study: the EQS, MBT, CC, and MCC methods. Initiation from the insert

and the precrack, along with every propagation value will be plotted.

Appendix F contains the P − δ plots from each test specimen and Appendix G contains

the R-curves from each test specimen. Data reports, as recommended by ASTM D5528,

are included in Appendix H. These reports include a statistical summary of the calculated

values of GIc for the MBT, CC, MCC, and EQS methods corresponding to the initial crack,

the precrack, and each propagation value for each plate, as well as a statistical analysis for

each specimen.

Figure 4.15: P − δ trace for specimen 10− 6

Fracture for each specimen began with the gradual opening of the crack to the location

of the tip of the initial delamination, usually 63mm past the end of the beam. Crack pro-

gression proceeded from this point with an increase in load and a run-arrest phenomenon

which is not normally desired in DCB testing because it is caused by a build up of strain

energy which, when released, allows the crack to propagate a large distance. This run-

arrest crack progression can often cause a crack tip to extend ten or more millimeters past

its previously known position. The accurate determination of fracture toughness for the
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specific material used in this study, however, was not required. The goal of this study, as

was stated in Chapter 1, was to compare post-bonded and co-cured laminates, compare the

fracture toughness of fill and weft yarn delamination directions, evaluate the effectiveness of

the EQS method in determining fracture toughness values similar to those found with the

MBT, CC, and MCC methods, and to assess the applicability of the alternate delamination

insertion method. In an effort to retain correlation, specimens were not modified in any

way to avoid the run-arrest type of crack growth and GIc were compared on a relative basis.

Non-linearity was apparent on the P − δ plots for crack initiation at the insert for 73%

of the specimens and at the precrack for 79% of the specimens which indicates failure at

the center of the beams prior to visual onset at the edges. A 5% increase in compliance

did not occur for any recorded crack growth in this study. Verification of the NL initiation

value was made by inspecting the delamination interface plane after testing was complete.

Figure 4.16 shows an example of one of the specimens with crack propagation along fill

yarns. The blue lines running across the width of the beam are areas of plastic deformation

of the matrix due to the large build-up of strain energy before crack propagation. The

curvature of the lines indicates crack growth beginning at the interior of the beam prior to

visual observation, as suggested by the NL initiation indicated on the P − δ traces.

Note: Comparisons and statistical analyses in § 4.4.1, § 4.4.2, and § 4.4.4 were done us-

ing the MBT, CC, and MCC data reduction methods and did not include values calculated

with the EQS method. EQS values were used later in the study to assess its correlation to

the other methods.

The average fracture toughness for the co-cured laminates with delaminations propagat-

ing along fill yarns was about 4Psi-in for plate 7 and 4.3Psi-in for plate 11. This correlates

well with data for 5H-S carbon cloth weaves with delaminations propagating along fill yarns

tested by Nidal et al. [14, 15] where GIc ∼= 3.7 and 4Psi-in. With the expectation that frac-

ture toughness will increase with an increased weave index, the values found in this study

are within reason. Comparisons to unidirectional carbon specimens with delaminations
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Figure 4.16: Non-linear propagation verification and could be evidence of matrix plastic
deformation

propagating along the fiber direction indicates the expected higher resistance to fracture in

the WFC specimens. Aliyu and Daniel [16] found GIc ∼= 1.2Psi-in for carbon/epoxy unidi-

rectional specimens and Robinson and Song [58] found GIc ∼= 1.4Psi-in for unidirectional

carbon/epoxy laminates.

4.4.1 Post-Bond vs. Co-Cure Mode I Fracture

Specimens from co-cured and post-bonded laminates, which in all other respects were identi-

cal to each other, were tested to measure how mode I fracture toughness varied with respect

to the manufacturing process. Recall from Chapter 3 that plates 6, 8 and 10 were laminates

created through a post-bond operation and plates 7, 9 and 11 were co-cured. Failure in all

of the specimens with fill yarn delamination directions (plates 6, 7, 8 and 11) was cohesive

in nature with minimal visual differences between the co-cured and post-bonded coupons.

This type of failure is indicative of a good bond in the post-bonded plates. Adhesive failure,

where the majority of the matrix material remains adhered to only one side of the beam,

would have indicated improper bonding between the cured half-laminate and the final four

layers during the post-bond operation. Without the use of a scanning electron microscope

(SEM), the failure nature of the specimens with delamination propagation in the weft yarn

direction is not easily determined. It is clear, after a visual examination of the two halves

of the interface region, however, that the two sides behaved in a similar manner, leading to
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the conclusion that a good adherence was achieved during the post-bond operation.

Unfortunately, several problems with plate 6 led to a lower than expected fracture

toughness. Plate 6 beams had lengths shorter than the minimum suggested length by

ASTM D5528 and the loading hinges were originally bonded onto the wrong end of the

beams. The hinges were removed by applying localized heat to break down the 3MTM ad-

hesive bonding the hinges to the specimens. This heat application may have changed the

properties of the laminate and, likewise, the values of fracture toughness calculated from

experimental data. The comparison of plate 8 to plates 7 and 11, however, should yield

the same results since plates 6 and 8 have the same layup schedule and were created in the

same way.

Average values of GIc, calculated using the MBT, CC, and MCC data reduction methods

revealed a significantly lower resistance to fracture in the post-bonded laminates than in

the co-cured laminates. Three different types of averages were used:

1. Mean propagation GIc values in post-bonded and co-cured plates were compared,

2. Mean Vis and NL initiation values from the precrack in post-bonded and co-cured
plates were compared,

3. Mean GIc values calculated from similar crack lengths on each plate in post-bonded
and co-cured plates were compared.

Crack initiation values from the insert were not used in the comparison between the

two types of laminate because the inserts used in the co-cured plates were all Teflon R© film

while the post-bonded plates all utilized pending patent #13830648 for delamination in-

sertion. Table 4.7 shows the results from the comparison techniques listed above. Values

listed indicate how much lower fracture resistance was for post-bonded plates than co-cured

plates. Firm conclusions cannot be drawn from these comparisons. It is clear that post-

bonded laminates have a lower fracture resistance than co-cured laminates, the extent of

this strength reduction, however, cannot be determined from this test series. Future studies

should be made on a crack length basis utilizing only initiation values. Several post-bonded
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and co-cured plates should be fabricated, each with a different initial delamination length.

Specimens from these plates should be tested to find crack initiation values, only. GIc cor-

responding to each crack length should be compared between the post-bonded and co-cured

laminates. Ideally, a constant percent variation should exist between GIc initiation values

at each crack length between the two laminate types. See § 5.2 for an example test series.

Table 4.7: Comparisons between post-bonded and co-cured laminates

Comparison 0◦ Delamination 90◦ Delamination

1 10% 4%
2 3% 21%
3 8− 22% 2− 12%

Fracture resistance curves (see Appendix G) revealed similar trends between the post-

bonded and co-cured plates. Plates 6, 8, and 10 (0◦ delamination) were expected to have a

decreased structural dependence of fracture toughness by providing fewer alternate paths

for crack growth. Specimens with 90◦ delaminations, in particular, seem to have a signif-

icant structural dependence on crack growth, as will be discussed in § 4.4.2, below, which

was not changed by the use of post-bonds. Figure 4.17 shows an example of how the crack

traveled around the weft yarns in plates 9 and 10. This sort of deviation from a straight line

path is not ideal for the accurate calculation of fracture toughness, but it does emphasize

the structural dependence of crack growth.

Figure 4.17: Out of plane crack growth due to the complex structure of WFCs in 90◦

specimens
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4.4.2 Direction Dependence for Mode I Fracture

The dependence of fracture toughness on delamination propagation direction was investi-

gated through testing of coupons built with delaminations set to propagate in both of the

principal material directions. Recall from Chapter 3 that plates 6, 7, 8 and 11 had delami-

nations built to propagate at 0◦ and plates 9 and 10 had delaminations built to propagate

at 90◦. As mentioned in § 4.4.1, failure in the 0◦ specimens appeared to be mainly cohesive

and failure in the 90◦ specimens was indeterminable without the use of SEM.

Visual observation of the crack tip progression in both delamination directions suggested

a larger structural dependence of fracture toughness in the 0◦ specimens than in the 90◦

specimens. Figures 4.17 and 4.18 are examples of typical crack tip progression in the 90◦

and 0◦ specimens, respectively. Notice how the crack tip, in the 90◦ specimens frequently

travels under and over the transverse yarns, producing a very jagged fracture surface and

often causing transverse yarn debonding. The crack tip in the 0◦ specimens proceeded along

the fill yarns until a weft yarn was reached, at which time it could change direction (once

every unit cell) and again cause transverse yarn debonding. The frequency at which this

direction change could occur in the 90◦ specimens was eight times greater than in the 0◦

specimens and Alif et al. [15] suggested that this is the cause for the run-arrest behavior

in WFCs. Visual inspection of the fracture surfaces after testing further emphasized this

larger dependence on structure in the 90◦ specimens.

Figure 4.18: Typical crack tip progression in 0◦ specimens
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Fracture behavior, in terms of how much energy is stored before a large fracture occurs,

can be compared through the R-curves. Figure 4.19 shows a side-by-side comparison of typ-

ical R-curves for 90◦ and 0◦ delamination DCB specimens. The initial rise in the fracture

toughness for the 90◦ specimens was caused by the almost immediate increase in unknown

crack surface area because of out of plane crack propagation. Fracture in the 90◦ specimen

occurred more frequently but the number of large fractures is about the same as for the 0◦

specimen. The closely packed data on the left is indicative of a build up of strain energy

before a larger fracture, at which point there is a break in the data until the crack opens up

to its new length and the process repeats. The 0◦ specimen does not show nearly as much

energy build up.

Figure 4.19: Difference between 90◦ (left) and 0◦ (right) R-curves

A comparison of the lowest value of GIc from the 90◦ plates to the highest value of

GIc from the 0◦ plates revealed that the 90◦ specimens were at least twice as able to resist

fracture than the 0◦ specimens. This comparison, however, is between a co-cured laminate

with GIc = 4.35Psi-in and a post-bonded laminate with GIc = 4.352Psi-in (2.04 times

larger). A comparison between only post-bonded and only co-cured laminates shows that

the post-bonded, 90◦ specimens are 2.22 times more resistant to fracture than post-bonded

0◦ specimens. Likewise, co-cured 90◦ specimens are 2.36 times more resistant to fracture

than co-cured 0◦ specimens. This difference cannot be contributed to material properties

since the fill and weft yarns are identical and the laminates are the same except for the
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orientation of the plies. The only attribute that can change the fracture toughness be-

tween the two laminates is the material structure at the delamination interface plane. The

constant path deviation of the crack tip in the 90◦ specimens, as opposed to the minimal

path deviation in the 0◦ specimens, means that energy input from the constant displace-

ment waveform went into creating excess crack surfaces that are not easily transformed

into crack length. Recall from Chapter 2 that fracture toughness is the critical value of

the strain energy release rate, and the strain energy release rate is the change in the total

potential energy with an infinitesimal change in crack surface area. The crack surface area

must be measured accurately in order to produce an accurate value of fracture toughness.

The new crack surface areas created when the crack tip travels under or over a transverse

yarn, or when transverse yarn debonding occurs, will contribute to the energy consumption

of the system.

The easiest way to omit any unknown surface area in the energy term is to use the value

of fracture toughness calculated from the initial propagation at the delamination insert. The

problem with this is that stress concentrations often exist at the end of the insert which may

artificially alter the toughness. Precracks, where the crack is propagated 3− 5mm past the

insert, the beam is unloaded, and the test restarted, are often used to avoid this stress con-

centration but there is no guarantee that the surface area will be accurate. Which of these

values to use, if either, is still the subject of much debate. The mean value of GIc for the

90◦ and 0◦ specimens, calculated at the insert, was GIc = 3.653Psi-in and GIc = 4.455Psi-

in, respectively, with a percent difference of 18%. This result is surprising, considering

the toughness is actually higher for the 0◦ specimens than the 90◦ specimens at the in-

sert. Examining the fracture toughness of these specimens at the precrack, instead, yields

GIc = 6.529Psi-in for the 90◦ delaminations and GIc = 4.197Psi-in for the 0◦ specimens with

a much larger percent difference (55.5%) between these two values. It is important to note

that GIc for the 90◦ specimens almost doubled while it stayed relatively the same for the 0◦

specimens, indicating a significant amount of unaccounted for energy consumption in the

90◦ tests between the insert and the precrack. The post-bonded plates behaved in a similar

manner, with a percent difference of 1.9% between GIc values calculated at the insert for
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the 90◦ and 0◦ specimens. The percent difference, when GIc was calculated at the precrack

increased to 67.9%. These findings suggest that the fracture toughness should be calculated

from the insert to avoid any effects from unknown crack surface areas, matrix deformation,

and, in many other cases, energy dissipation caused by fiber breakage, pullout, and bridging.

Fracture toughness values calculated from crack initiation at the delamination insert

reveal a much smaller spread between the 0◦ and 90◦ specimens. The observed average dif-

ference in fracture toughness values between crack initiation in the two principal material

directions may not be a definite indication of an unequal fracture toughness for the two di-

rections. Initiation values from the co-cured laminates indicate that the 90◦ specimens had

a slightly lower, rather than higher, resistance to fracture than the 0◦ specimens. These

findings, however, are inconclusive. For points past the delamination insert in both the

co-cured and post-bonded laminates, the specimens with 90◦ propagations resisted much

higher loads and experienced much larger deflections before crack growth occurred than did

the 0◦ specimens. This could be an important design consideration if sub-critical damage is

not an issue but it does not mean that the fracture toughness of the composite is any differ-

ent in the two directions. Fracture behavior, however, does change significantly between the

two directions. Characterization of crack propagation in WFC laminates cannot be fully

achieved with the fracture toughness material property. More accurate characterization

should include not only fracture toughness, but weave index and laminae orientation con-

siderations as well, to account for the direction dependence of crack propagation. In other

words, an empirical model of WFC fracture should include GIc, ng, and layup schedule

inputs.

4.4.3 Data Reduction and EQS Applicability

The EQS method, as stated in § 2.6, requires prior knowledge of the material’s modulus

of elasticity in the principal material directions (or the flexural modulus), the major and

minor Poisson’s ratios, and the principal shear modulus. Once these values are obtained,

however, the EQS method can be utilized to calculate the mode I fracture toughness of a

composite system. Load and crack length data must be collected for this data reduction
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method but the displacement of the load application point is not required. CLT is used,

along with beam theory assumptions, to find an equivalent stiffness term which can be used

in the compliance definition to form a new expression for the fracture toughness. This new

expression, for convenience, has been repeated below. Chapter 2 should be consulted if the

reader wishes to review how this expression was attained.

GIc =

(
P (a+ |∆|)

b

)2

d11.

Round robin testing done by O’Brien et al. on unidirectional composites [55] concluded

that GIc from the MBT, CC, and MCC methods fell within at least 3.1% of each other.

This difference, according to ASTM D5528, is not adequate to reveal any clear superiority

between the three methods, although, as mentioned in Chapter 1, the MBT is the most

recommended method because it produced the most conservative values for GIc 80 percent

of the time [6]. This author found it necessary to determine the spread in the data from the

MBT, CC, and MCC methods for the material used in this study and use that spread as a

baseline for a comparison with the EQS method. The fracture toughness values calculated

from the MBT, CC, MCC methods for each crack length on each specimen, including visual

initiation from the insert and the precrack, were compared and an average spread of 4.99%

was calculated. “Good agreement” between EQS method and the other methods was defined

three different ways:

1. GIc calculated using EQS fell within 5% (inclusive) of the maximum or minimum
value from the MBT, CC, or MCC methods.
(0.95 ∗min(MBT,CC,MCC) ≤ EQS ≤ 1.05 ∗max(MBT,CC,MCC))

2. GIc calculated using EQS fell within 5% (inclusive) of the mean value from the MBT,
CC, and MCC methods.
(0.95 ∗mean(MBT,CC,MCC) ≤ EQS ≤ 1.05 ∗mean(MBT,CC,MCC))

3. GIc calculated using EQS differed by no more than 5% from any other value from the
MBT, CC, or MCC methods.
(0.95 ∗max(MBT,CC,MCC) ≥ EQS ≥ 1.05 ∗min(MBT,CC,MCC))

Values calculated by the EQS method were highly dependent on the thickness of the

beams. A single average ply thickness could not be used in the CLT code to calculate the
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equivalent stiffness. Instead, average ply thickness was calculated for each specimen by

dividing the specimen thickness by the number of plies in the laminate. The modulus of

elasticity of the composite also had a large effect on GIc. Meticulous care in the determi-

nation of the longitudinal and transverse moduli of elasticity (or the flexural modulus) is

absolutely necessary to achieve accurate values of GIc from the EQS method. The longi-

tudinal/transverse modulus was used for all values of EQS GIc in this study. Definition 1,

above, indicated that the EQS method had good agreement with the other three methods

77% of the time, definition 2 indicated good agreement for 71.4% of the calculations, and

definition 3 implied good agreement for 63.4% of the recorded crack propagations. The

EQS method calculated GIc conservatively (lower than all of the other values) for over 33%

of the propagations. Since definition 3 produced the lowest percentage of propagations for

which the EQS method was adequate, it was utilized for the evaluation of the applicability

of the EQS method. 63.4% agreement is not sufficient for the accurate measurement of a

system’s mode I fracture toughness. The EQS method should, therefore, be avoided if suf-

ficient testing equipment is available to measure, accurately, the load and displacement at

the load application point of the DCB specimens. If the displacement cannot be accurately

measured, the EQS method may be considered.

An additional attempt at attaining good agreement was made by changing one of the

assumptions made in the formulation of the equivalent stiffness, EI, term. In § 2.6 that

anticlastic bending was allowed in the beam which allowed the line moments My and Mxy to

be set to zero. If the assumption is changes to disallow anticlastic bending, the My and Mxy

line moments cannot be set to zero, but the curvatures κy and κxy can. This assumption

changes the definition of the equivalent stiffness to

EI = bD11 (4.2)

and changes the definition of the EQS fracture toughness to

GIc =
1

D11

(
P (a+ |∆|)

b

)2

. (4.3)
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This new definition of fracture toughness lowered the EQS fracture toughness by only

0.28%. Due to this insignificant change in fracture toughness, the original assumption will

be maintained and EQS fracture toughness will remain defined by Equation 2.47.

4.4.4 Applicability of Alternate Delamination Insertion Method

Two different delamination insertion methods were used in this study: the standard method

of inserting a 0.0005in thick Teflon R© film in between two lamina, and by following pending

patent #13830648 (hereafter referred to as the alternate method) which, effectively, allows

for the insertion of a zero thickness initial delamination. Three plates (7, 9, and 11) were

fabricated with the Teflon R©, and three plates (6, 8, and 10) had delaminations inserted

using the alternate method. The most considerable disadvantage of the alternate method

is that it required the laminate to be made in a two step process, meaning it must con-

tain a post-bond at the plane where the delamination is desired. All of the post-bonded

plates, therefore, had delaminations inserted using the alternate method and all of the

co-cured plates had delaminations inserted using a Teflon R© film. Future studies on this

subject should include post-bonded DCB specimens utilizing the Teflon R© film delamina-

tion insertion method, as well, for a more complete comparison between the two techniques.

The insertion methods can be compared through an examination of the P − δ curve

up to the first crack propagation and through a comparison of Vis, NL, and, if applicable,

5%/Max initiation GIc values attained from both types of inserts. If noticeable differences

exist in the behavior of the P − δ curve directly before crack initiation, it may indicate

that the alternate method behaves in a significantly different manner than the Teflon R©.

Likewise, if there is a consistent discrepancy between the percent variation of the initiation

values at the insert between the co-cured and post-bonded plates, a distinction between the

behavior of the alternate method and the Teflon R© film would be indicated. Recall that the

P − δ curves for all of the test specimens can be found in Appendix F and the data sheets

can be found in Appendix H.
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Table 4.8: Non-linear crack initiation for traditional and alternate delamination insertion
methods

Plate Laminate Type % NL Occurance % NL ¡ Vis

8 0◦, alternate 33% 4.5%
7/11 0◦, Teflon R© 91% 10.6%
10 90◦, alternate 50% 5.8%
9 90◦, Teflon R© 100% 6%

Comparisons were made between plates 7, 11 and 8 (0◦ delaminations), and plates 9

and 10 (90◦ delaminations). Recall from § 4.4.1 that plate 6 was omitted from comparison

due to possible damage during initial testing. Visual inspections of the load-displacement

plots did not reveal any significant distinctions between initiation values for the two types

of insert. A consistent basis for a mathematical comparison was difficult because a post-

bonded plate with a Teflon R© delamination insert was not made. Attempts to compare the

variation in initiation values between the two inserts in order to find a percent difference in

Vis initiation and compare it to the predicated variation between post-bonded and co-cured

plates were made. Unfortunately, a strict model for comparison between post-bonds and

co-cures was not achieved in this study and initiation variations could not be compared

with any meaningful outcome. Another attempt at comparison consisted of determining

whether either one of the delamination insertion methods caused an increase in non-linear

behavior. Table 4.8 shows the results of an examination of the non-linear behavior for each

insert’s crack initiation. These results lead to the conclusion that the alternate delamination

insertion method allows for a decrease in not only the frequency at which specimens are

subject to non-linear behavior, but also in the severity of the discrepancy between the NL

and Vis GIc initiation values.
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Chapter5

Conclusion

5.1 Conclusions

Mode I interlaminar fracture of 3k 8-Harness-Satin Carbon cloth, with identical fill and

weft yarns, pre-impregnated with Newport 307 resin was investigated through the DCB

test (ASTM D5528 [6]). The effects of delamination interface plane bond type, crack prop-

agation direction, and delamination insertion method were examined. The Modified Beam

Theory, Compliance Calibration method, and Modified Compliance Calibration method

were used for comparative purposes for these investigations and to evaluate the validity of

the proposed Equivalent Stiffness (EQS) method.

Two types of delamination interface plane bonds were studied: post-bonded (co-bonded)

and co-cured. The post-bonded laminates were created in a two step process: the first half

of the laminate was fully cured and the second half was cured on top of the first without the

application of an additional adhesive. Several attempts were made to compare the relative

fracture resistance of the two types of laminate with the conclusion that a post-bonded

laminate will have a lower resistance to crack propagation than a identical co-cured lami-

nate. The severity of the discrepancy between the two types of laminate was not consistent

between the comparisons so a discrete mathematical comparison between the two laminates

was not attained. See § 5.2, below, for future study suggestions. Post-bond effects on the

flexural modulus and short beam shear strength for the 8-HS/307 material were also inves-

tigated. Significant differences between the two bond types were not witnessed.
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Crack propagation direction-dependence of fracture toughness was investigated for two

delamination directions: along fill yarns (0◦) and along weft yarns (90◦). Delamination

interface planes were fabricated to ensure mirror symmetry and the DCB specimens were

fabricated with symmetry about the interface plane and about the midplane of each half of

the laminate. Visual inspection of the interface plane suggested a greater structural effect

on crack growth direction in the 90◦ laminates. Unadjusted GIc propagation values indi-

cated that cracks in the 0◦ direction were 100% more susceptible to fracture than cracks

in the 90◦ direction. Additional inspection of the interface plane and comparisons of ini-

tiation values at the insert and the precrack revealed excessive energy dissipation in the

90◦ specimens due to out-of-plane crack growth, transverse yarn debonding, and matrix

deformation, which was unaccounted for the in GIc calculations. These energy dissipation

terms did not take effect until the crack extended past the insert, so initiation values from

the initial delamination were compared to reveal an 18% higher resistance to fracture in

the 0◦, rather than the 90◦, laminates. This conclusion warrants further study, which will

be outlined in § 5.2, and suggests that the characterization of crack propagation in WFC

laminates cannot be fully achieved with the fracture toughness material property. More

accurate characterization should include not only fracture toughness, but weave index and

laminae orientation considerations as well, to account for the direction dependence of crack

propagation.

The applicability of a patent pending delamination insertion method has been prelim-

inarily evaluated through a comparison with the standard method for initial delamination

insertion. Half of the DCB specimens tested in this study utilized the standard 0.0005in

thick Teflon R© film. Delaminations were built into the other laminates through the method

outlined in patent pending #13830648. Variations between the initiation values calculated

for the two insert types could not be directly contributed to differences between the two

methods because the alternate method required the use of a post-bond and a firm com-

parison between co-cures and post-bonds was not achieved. An advantage of the alternate

delamination insertion method was revealed, however, when non-linear delamination initi-

ation effects were examined. Overall, the alternate method provided initial delaminations

91



which were less susceptible to non-linear crack initiation effects. When non-linear effects

were prevalent, the corresponding GIc initiation values differed by only 5.15% from the

visual onset GIc, as opposed to the average difference of 8.3% for the Teflon R© insert. If

a consistent comparison between post-bonded and co-cured laminates is achieved, the al-

ternate delamination insertion method can be used as long as the strength reduction is

accounted for. A suggestion for future study of this delamination insertion method is out-

lined in § 5.2.

The Equivalent Stiffness method, an alternate approach for the calculation of mode I

fracture toughness, was proposed. This approach used Composite Laminate Theory (CLT)

to calculate an equivalent beam stiffness which was then used, along with the standard linear

elastic fracture mechanics formulation for the strain energy release rate, to form a fracture

toughness definition based only on specimen dimensions, material properties, applied load,

and crack length. Values calculated by this method were found to be highly dependent

on the thickness of the beams and the moduli of elasticity used in CLT calculations. The

EQS method calculated values within 5% of the other three data reduction methods for

63% of the recorded visual propagation values (including propagation from the insert and

the precrack) with over 33% of the GIc values from EQS calculated conservatively, com-

pared to the other three methods. This frequency of “good agreement” is unreliable and

the EQS method should not be used unless completely accurate values for the longitudinal

and transverse modulus of elasticity (or the flexural modulus) are known and the available

testing equipment cannot precisely measure the displacement at the load application point,

as required for the other three data reduction methods.

5.2 Future Studies

1. A more accurate comparison of post-bonded and co-cured laminates can be attained

through the fabrication of several post-bonded and co-cured plates, each with a differ-

ent initial delamination length. The delaminations should be input using the Teflon R©
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film method to avoid discrepancies between insert types. Specimens from these plates

should be tested to find crack initiation values, only. GIc corresponding to each crack

length should be compared between the post-bonded and co-cured laminates. Ideally,

a constant percent variation should exist between GIc initiation values for each crack

length between the two laminate types.

Table 5.1: Example test series for post-bond/co-cure comparisons

Laminate Initial Delamination Lengths

Post-Bond 50, 100, 150, 200mm
Co-Cure 50, 100, 150, 200mm

2. The direction dependence of fracture toughness can be studied further through a series

of tests similar to the suggestion, above. Several 0◦ and 90◦ plates should be fabri-

cated, each with different initial delamination lengths. The initiation values should

be compared between the two delamination directions for each crack length. Another

option would be to implement the edge delamination technique outlined in [58].

Table 5.2: Example test series for delamination direction comparisons

Delamination Direction Initial Delamination Lengths

0◦ 50, 100, 150, 200mm
90◦ 50, 100, 150, 200mm

3. A more accurate comparison of delamination insertion methods could be made through

the testing of post-bonded plates containing both types of delamination inserts. This

would alleviate any discrepancy due to co-curing vs. post-bonding that were witnessed

in this study.

Table 5.3: Example test series for delamination insertion comparisons

Laminate Initial Delamination Lengths

Post-bond, alternate 50, 100, 150, 200mm
Post-bond, Teflon R© 50, 100, 150, 200mm
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4. Calibration of the Virtual Crack Closure Technique (VCCT) and Cohisive Element

in Abaqus could be attempted using the data presented in Appendix H. Fracture

toughness values should be input as curve fits to the R-curves rather than steady

state values to account for crack initiation and the rise in energy dissipation effects

as crack length increases.
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AppendixA

Four-Point Bend Schematics

100



A.1 Four-Point Base

 

J.E
.J.S

m
ith

 
Th

es
is

101



A.2 Four-Point Standoff

 

J.E
.J.S

m
ith

 
Th

es
is

102



AppendixB

DCB Specimen Dimensions
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B.1 Tensile Specimen Dimensions

Table B.1: Tensile specimen average dimensions (inches)

Specimen Designation L b h

1-2 9.75 0.396 0.0661
1-3 9.75 0.341 0.0661
1-5 9.75 0.396 0.0661
1-6 9.75 0.410 0.0654

B.2 In-Plane Shear Specimen Dimensions

Table B.2: In-plane shear specimen average dimensions (inches)

Specimen Designation L b h

3-1 9.75 1.015 0.1366
3-2 9.75 0.965 0.1385
3-3 9.75 0.987 0.1386
3-4 9.75 1.015 0.1357
3-5 9.75 0.974 0.1347
3-6 9.75 1.002 0.1393
3-7 9.75 1.010 0.1312

B.3 Short Beam Shear Specimen Dimensions

Table B.3: Short beam shear specimen average dimensions (inches)

Specimen Designation L b h

12-5 1.014 0.335 0.1695
12-6 1.018 0.335 0.1690
12-7 1.018 0.334 0.1690
12-8 1.018 0.334 0.1682
12-9 1.012 0.326 0.1694
12-10 1.017 0.326 0.1681
13-5 1.018 0.330 0.1705
13-6 1.011 0.331 0.1700
13-7 1.010 0.333 0.1716
13-8 1.005 0.333 0.1720
13-9 1.038 0.332 0.1686
13-10 1.011 0.334 0.1708

104



B.4 Flex Specimen Dimensions

Table B.4: Flex specimen average dimensions (inches)

Specimen Designation L b h

12-1 3.280 0.529 0.1687
12-2 3.280 0.549 0.1668
12-3 3.280 0.559 0.1696
12-4 3.278 0.541 0.1700
12-11 3.273 0.532 0.1679
12-12 3.277 0.538 0.1691
13-1 3.264 0.548 0.1704
13-2 3.258 0.555 0.1702
13-3 3.269 0.546 0.1719
13-4 3.272 0.579 0.1725
13-11 3.251 0.539 0.1713
13-12 3.255 0.530 0.1709

B.5 DCB Specimen Dimensions

Table B.5: DCB specimen average dimensions (inches)

Specimen ao L b h Specimen ao L b h

6-1 1.949 4.506 0.993 0.1164 9-1 1.969 6.875 1.009 0.1375
6-2 1.949 4.497 0.999 0.1208 9-2 2.087 6.875 1.022 0.1380
6-3 1.929 4.510 1.106 0.1209 9-3 2.008 6.875 1.012 0.1384
6-4 1.890 4.512 1.004 0.1239 9-4 2.087 6.875 1.024 0.1381
6-5 1.909 4.505 0.980 0.1233 9-5 2.067 6.875 1.016 0.1380
6-6 1.909 4.495 0.952 0.1173 10-1 2.106 6.810 1.048 0.1312
7-1 2.165 6.500 0.960 0.1303 10-2 2.087 6.810 1.025 0.1322
7-2 2.165 6.500 0.996 0.1441 10-3 2.087 6.810 1.031 0.1335
7-3 2.205 6.500 0.987 0.1483 10-4 2.067 6.810 1.030 0.1336
7-4 2.165 6.500 0.963 0.1450 10-5 2.087 6.810 1.024 0.1331
7-5 2.165 6.500 1.012 0.1336 10-6 2.106 6.810 1.039 0.1324
8-1 2.126 6.840 0.966 0.1242 11-1 2.047 6.780 1.008 0.1391
8-2 2.087 6.840 1.014 0.1294 11-2 2.047 6.780 1.040 0.1400
8-3 2.087 6.830 0.975 0.1331 11-3 2.047 6.780 1.036 0.1382
8-4 2.106 6.840 1.003 0.1336 11-4 2.047 6.780 1.012 0.1382
8-5 2.126 6.840 1.009 0.1310 11-5 2.047 6.780 1.011 0.1388
8-6 2.126 6.810 1.012 0.1272 11-6 2.047 6.750 1.016 0.1385
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AppendixC

Hinge Schematics

106



C.1 Upper-Jaw Hinge
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C.2 Bondable Hinges
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C.3 Lower-Jaw Hinge

 

J.E
.J.S

m
ith

 
Th

es
is

109



C.4 Pins
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AppendixD

Microscope Mount
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D.1 Microscope Mount Details

1/4” dowel pin

Standoff

Shaft Collar press �it

clearance �it
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AppendixE

Load Cell Calibration
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E.1 Calibration Procedure for LCH-100 Load Cell

1. Plug in the Omega R© DP80 series digital strain indicator and attach the load cell to the
external port

2. Press the PGM button until “Program” is displayed

3. Press the ⇓ button until “Setup” is displayed and press ENT

4. Press the ⇓ button until “3PT CAL” is displayed and press ENT

5. Wait until “SET PNT 1” is displayed. Add the smallest of 3 masses (The Upper-Jaw Hinge
with the pin inserted, see Figure E.1)

6. Press ENT . A “+” will be displayed. If the load is to be a positive value, press ENT . If it

is to be negative, press ⇓ until “-” is displayed and press ENT

7. Use the ⇑ and ⇓ buttons to change the force applied. Use the ENT button to accept each

significant digit. When ENT is pressed nine times, the load set is complete for the first
calibration load

8. “MID PNT?” will be displayed. Accept the default “YES” option by pressing ENT

9. “SET MID” will be displayed. Add the second calibration mass and press ENT (A 3/8” bolt,
a 10lb weight, and the Upper-Jaw Hinge and pin, see Figure E.2)

10. Repeat steps 6 and 7

11. “SET PNT 2” will be displayed. Add the third calibration mass and press ENT (Another
10lb weight, see Figure E.3)

12. Repeat steps 6 and 7

13. “SETUP OK” will be displayed. Press the PGM button to complete the calibration

Figure E.1: First calibration weight
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Figure E.2: Second calibration weight

Figure E.3: Third calibration weight
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AppendixF

DCB Specimen Load-Displacement Plots

116



F.1 P − δ Plots for Plate 6
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F.2 P − δ Plots for Plate 7
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F.3 P − δ Plots for Plate 8
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F.4 P − δ Plots for Plate 9
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F.5 P − δ Plots for Plate 10
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F.6 P − δ Plots for Plate 11
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AppendixG

DCB Specimen R-Curve Plots
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G.1 R-Curves for Plate 6
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G.2 R-Curves for Plate 7
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G.3 R-Curves for Plate 8

1.5 2 2.5 3 3.5 4
1

1.5

2

2.5

3

3.5

4

4.5

Delamination Resistance Curve for 8-1 

Crack Length, a [in]

Cr
iti

ca
l F

ra
ct

ur
e 

To
ug

hn
es

s,
 G

Ic
 [P

si
-in

]

 

 Visual Onset from Insert -- MBT
CC
MCC
EQS
Deviation from Linearity at Insert -- MBT
CC
MCC
EQS
5% Offset from Insert -- MBT
CC
MCC
EQS
Visual Onset from Precrack -- MBT
CC
MCC
EQS
Deviation from Linearity at Precrack -- MBT
CC
MCC
EQS
5% offset from Precrack-- MBT
CC
MCC
EQS
Crack Propagation -- MBT
CC
MCC
EQS

1.5 2 2.5 3 3.5 4 4.5
1

1.5

2

2.5

3

3.5

4

4.5

5

Delamination Resistance Curve for 8-2 

Crack Length, a [in]

Cr
iti

ca
l F

ra
ct

ur
e 

To
ug

hn
es

s,
 G

Ic
 [P

si
-in

]

 

 Visual Onset from Insert -- MBT
CC
MCC
EQS
Deviation from Linearity at Insert -- MBT
CC
MCC
EQS
5% Offset from Insert -- MBT
CC
MCC
EQS
Visual Onset from Precrack -- MBT
CC
MCC
EQS
Deviation from Linearity at Precrack -- MBT
CC
MCC
EQS
5% offset from Precrack-- MBT
CC
MCC
EQS
Crack Propagation -- MBT
CC
MCC
EQS

146



1.5 2 2.5 3 3.5 4 4.5 5
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

Delamination Resistance Curve for 8-3 

Crack Length, a [in]

Cr
iti

ca
l F

ra
ct

ur
e 

To
ug

hn
es

s,
 G

Ic
 [P

si
-in

]

 

 Visual Onset from Insert -- MBT
CC
MCC
EQS
Deviation from Linearity at Insert -- MBT
CC
MCC
EQS
5% Offset from Insert -- MBT
CC
MCC
EQS
Visual Onset from Precrack -- MBT
CC
MCC
EQS
Deviation from Linearity at Precrack -- MBT
CC
MCC
EQS
5% offset from Precrack-- MBT
CC
MCC
EQS
Crack Propagation -- MBT
CC
MCC
EQS

1.5 2 2.5 3 3.5 4 4.5 5
1

1.5

2

2.5

3

3.5

4

4.5

Delamination Resistance Curve for 8-4 

Crack Length, a [in]

Cr
iti

ca
l F

ra
ct

ur
e 

To
ug

hn
es

s,
 G

Ic
 [P

si
-in

]

 

 Visual Onset from Insert -- MBT
CC
MCC
EQS
Deviation from Linearity at Insert -- MBT
CC
MCC
EQS
5% Offset from Insert -- MBT
CC
MCC
EQS
Visual Onset from Precrack -- MBT
CC
MCC
EQS
Deviation from Linearity at Precrack -- MBT
CC
MCC
EQS
5% offset from Precrack-- MBT
CC
MCC
EQS
Crack Propagation -- MBT
CC
MCC
EQS

147



1.5 2 2.5 3 3.5 4
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

Delamination Resistance Curve for 8-5 

Crack Length, a [in]

Cr
iti

ca
l F

ra
ct

ur
e 

To
ug

hn
es

s,
 G

Ic
 [P

si
-in

]

 

 Visual Onset from Insert -- MBT
CC
MCC
EQS
Deviation from Linearity at Insert -- MBT
CC
MCC
EQS
5% Offset from Insert -- MBT
CC
MCC
EQS
Visual Onset from Precrack -- MBT
CC
MCC
EQS
Deviation from Linearity at Precrack -- MBT
CC
MCC
EQS
5% offset from Precrack-- MBT
CC
MCC
EQS
Crack Propagation -- MBT
CC
MCC
EQS

1.5 2 2.5 3 3.5 4 4.5
1

1.5

2

2.5

3

3.5

4

4.5

5

Delamination Resistance Curve for 8-6 

Crack Length, a [in]

Cr
iti

ca
l F

ra
ct

ur
e 

To
ug

hn
es

s,
 G

Ic
 [P

si
-in

]

 

 Visual Onset from Insert -- MBT
CC
MCC
EQS
Deviation from Linearity at Insert -- MBT
CC
MCC
EQS
5% Offset from Insert -- MBT
CC
MCC
EQS
Visual Onset from Precrack -- MBT
CC
MCC
EQS
Deviation from Linearity at Precrack -- MBT
CC
MCC
EQS
5% offset from Precrack-- MBT
CC
MCC
EQS
Crack Propagation -- MBT
CC
MCC
EQS

148



G.4 R-Curves for Plate 9
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G.5 R-Curves for Plate 10
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G.6 R-Curves for Plate 11
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H.1 Plate 6 Data Report

 

T E S T  N U M B E R :   6-1  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.949   0.381   9.546     NL     2.817    2.794    2.830   2.665 

1.949   0.408   9.934     vis    3.140    3.115    3.124   2.886 

1.949     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      2.776   3.066      NaN 

Standard Deviations   0.076   0.121      NaN 

Coefficients of Variation  2.733%    3.94%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.559     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.559   0.601   6.738     vis    2.390    2.370    2.334   2.216 

2.559     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   2.328      NaN 

Standard Deviations     NaN   0.078      NaN 

Coefficients of Variation    NaN%   3.336%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.598   0.726   8.060    Prop    3.404    3.376    3.474   3.377 

3.504   1.164   4.953    Prop    2.485    2.465    2.485   2.319 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      2.944   2.920   2.979    2.848 

Standard Deviations    0.65   0.645   0.699    0.748 

Coefficients of Variation  22.07%  22.07%  23.47%   26.26% 
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T E S T  N U M B E R :   6-2  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.949   0.399   10.80     NL     3.319    3.023    2.967   3.006 

1.949   0.418   11.18     vis    3.602    3.281    3.208   3.225 

1.949     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.079   3.329      NaN 

Standard Deviations   0.162   0.185      NaN 

Coefficients of Variation  5.261%   5.547%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.894   0.843   7.761     NL     3.396    3.093    3.146   3.424 

2.894   0.852   7.834     vis    3.463    3.155    3.069   3.338 

2.894     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.265   3.256      NaN 

Standard Deviations   0.169   0.178      NaN 

Coefficients of Variation  5.184%   5.463%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.988   0.440   11.45    Prop    3.809     3.470   3.428   3.520 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      3.809    3.47   3.428     3.52 

Standard Deviations       0       0       0        0 

Coefficients of Variation      0%      0%      0%       0% 
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T E S T  N U M B E R :   6-3  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.929  0.3396   9.424     NL     2.428    2.353    2.344   1.664 

1.929  0.3512   9.717     vis    2.589    2.509    2.497   1.769 

1.929     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      2.197   2.341      NaN 

Standard Deviations   0.358   0.384      NaN 

Coefficients of Variation  16.28%   16.39%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.323  0.5385   7.956     NL     2.699    2.616    2.543   1.719 

2.323  0.5496   8.102     vis    2.806    2.719    2.550   1.721 

2.323     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      2.394   2.449      NaN 

Standard Deviations   0.455   0.496      NaN 

Coefficients of Variation  18.99%   20.27%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.913   0.858   6.732    Prop    2.902    2.812    2.777   1.936 

3.720   1.477   5.701    Prop    3.311    3.209    3.194   2.264 

3.819   1.498   5.685    Prop    3.264    3.163    3.214   2.373 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      3.159   3.061   3.062    2.191 

Standard Deviations   0.224   0.217   0.247    0.227 

Coefficients of Variation  7.085%  7.085%  8.062%   10.37% 
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T E S T  N U M B E R :   6-4  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.890   0.357   10.25     NL     2.832    2.587    2.542   1.890 

1.890   0.372   10.65     vis    3.067    2.802    2.750   2.038 

1.890     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       2.463   2.664      NaN 

Standard Deviations   0.402   0.440      NaN 

Coefficients of Variation  16.34%   16.52%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.579   0.546   6.882     NL     2.134     1.950    1.985   1.585 

2.579   0.568   7.101     vis    2.288     2.090    2.061   1.638 

2.579     NaN     NaN     5%       NaN       NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      1.914   2.020      NaN 

Standard Deviations   0.233   0.273      NaN 

Coefficients of Variation  12.18%   13.53%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.051   0.851   6.516    Prop    2.659    2.429     2.480   1.989 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      2.659   2.429   2.480    1.989 

Standard Deviations       0       0       0        0 

Coefficients of Variation      0%      0%      0%       0% 
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T E S T  N U M B E R :   6-5  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.909     NaN     NaN     NL       NaN      NaN      NaN     NaN 

1.909   0.291   8.252     vis    1.828    1.788    1.781   1.172 

1.909     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   1.643      NaN 

Standard Deviations     NaN   0.314      NaN 

Coefficients of Variation    NaN%   19.12%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.146   0.414     8.2     NL     2.299    2.249    2.233   1.462 

2.146   0.434   8.545     vis    2.512    2.456    2.365   1.542 

2.146     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      2.061   2.219      NaN 

Standard Deviations   0.400   0.455      NaN 

Coefficients of Variation  19.42%   20.52%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.716   0.626   5.835    Prop    1.957    1.914    1.871   1.186 

3.130   1.014   6.705    Prop    3.160    3.090    3.104   2.080 

3.150   1.035   6.833    Prop    3.267    3.195    3.228   2.187 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      2.794   2.733   2.734    1.818 

Standard Deviations   0.727   0.711   0.751    0.549 

Coefficients of Variation  26.03%  26.03%  27.45%   30.22% 
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T E S T  N U M B E R :   6-6  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.909   0.389   9.232     NL     2.734    2.683    2.705   1.467 

1.909   0.408   9.329     vis    2.902    2.848    2.834   1.498 

1.909     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       2.397   2.521      NaN 

Standard Deviations   0.620   0.682      NaN 

Coefficients of Variation  25.88%   27.06%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.461   0.680   8.127     NL     3.269    3.208    3.314   1.888 

2.461   0.701   8.347     vis    3.458    3.393    3.347   1.903 

2.461     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       2.920   3.025      NaN 

Standard Deviations   0.689   0.749      NaN 

Coefficients of Variation   23.6%   24.77%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.681   1.317   4.416    Prop    2.298    2.255    2.282   1.248 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      2.298   2.255   2.282    1.248 

Standard Deviations       0       0       0        0 

Coefficients of Variation      0%      0%      0%       0% 
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P L A T E  S T A T I S T I C S :  P L A T E 6  

================================================================ 

 

Crack Initiation at Insert 

 

 a0        disp     P      GIc      MBT      CC     MCC      EQS 

(in)       (in)   (lbf)  (psi-in)    ()      ()      ()       () 

Mean Values----------------------------------------------------- 

1.923      0.373   9.850    NL     2.826   2.688   2.677   2.138 

1.923      0.375   9.844    vis    2.855   2.724   2.699   2.098 

1.923        NaN     NaN    5%       NaN     NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

2.38e-02   0.024   0.655    NL     0.320   0.248   0.244   0.665 

2.38e-02   0.048   1.030    vis    0.602   0.530   0.519   0.802 

2.38e-02   0.024     NaN    5%       NaN     NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

1.24e+00   6.522   6.651    NL     11.34   9.236   9.100   31.08 

1.24e+00   12.91   10.43    vis    21.08   19.47   19.21   38.25 

1.24e+00     NaN     NaN    5%       NaN     NaN     NaN     NaN 

 

Crack Initiation at Precrack 

 

 ap        disp     P     GIc      MBT       CC     MCC      EQS 

(in)       (in)   (lbf) (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.493      0.604  7.785    NL      2.759   2.623   2.644   2.016 

2.493      0.617  7.778    vis     2.819   2.697   2.621    2.06 

2.493        NaN    NaN    5%        NaN     NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

2.54e-01   0.164 0.5327    NL      0.564   0.538   0.573   0.803 

2.54e-01   0.144 0.7153    vis     0.526   0.495   0.489   0.670 

2.54e-01   0.164    NaN    5%        NaN     NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

1.02e+01   27.06  6.842    NL      20.44   20.50   21.68   39.83 

1.02e+01   23.26  9.197    vis     18.67   18.36   18.64   32.51 

1.02e+01     NaN    NaN    5%        NaN     NaN     NaN     NaN 

 

Crack Propagation Values 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      2.944   2.811   2.828    2.269 

Standard Deviations   0.267   0.262   0.283    0.254 

Coefficients of Variation  9.198%  9.198%  9.831%   11.14% 

 

Slopes and Intercepts 

               Delta          n           A1 

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

Mean Values    -7.487e-017   2.872    47.44 

Standard Deviations  1.83e-016     0.107     4.33 

Coefficients of Variation -244.9%   3.736%   9.124% 
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H.2 Plate 7 Data Report

 

T E S T  N U M B E R :   7-1  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.165   0.542   11.42     NL     4.468    4.196    4.202   3.583 

2.165   0.579   11.86     vis    4.954    4.653    4.615   3.860 

2.165     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      4.112   4.520      NaN 

Standard Deviations   0.375   0.466      NaN 

Coefficients of Variation  9.123%   10.31%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.559   0.746   8.685     NL     3.956    3.715    3.608   2.894 

2.559   0.816   9.326     vis    4.647    4.364    3.993   3.163 

2.559     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.543   4.041      NaN 

Standard Deviations   0.457   0.644      NaN 

Coefficients of Variation   12.9%   15.94%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.638   0.889   9.595    Prop    5.052    4.745    4.632   3.753 

3.228   1.276   8.072    Prop    4.986    4.682    4.681   3.977 

3.819   1.631   6.635    Prop    4.428    4.158    4.245   3.761 

4.291   2.141   6.052    Prop    4.718    4.431    4.502   3.951 

4.350   2.352   6.296    Prop    5.319    4.995    5.053   4.394 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      4.901   4.602   4.623    3.967 

Standard Deviations   0.340   0.319   0.294    0.260 

Coefficients of Variation  6.938%  6.938%  6.357%   6.558% 
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T E S T  N U M B E R :   7-2  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc     MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)   ()       ()       ()       () 

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

2.165   0.515   13.21     NL     4.734    4.298    4.148   3.293 

2.165   0.562   14.22     vis    5.558    5.046    4.847   3.812 

2.165     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      4.118   4.816      NaN 

Standard Deviations   0.604   0.733      NaN 

Coefficients of Variation  14.66%   15.22%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.110   0.902   8.673     NL     3.788    3.439    3.438   2.927 

3.110   0.963   9.134     vis    4.260    3.867    3.669   3.096 

3.110     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.398   3.723      NaN 

Standard Deviations   0.355   0.485      NaN 

Coefficients of Variation  10.43%   13.02%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.898   1.468   7.617    Prop    4.320    3.922    4.000   3.547 

4.843   2.114   5.933    Prop    3.900    3.541    3.656   3.322 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values       4.110   3.732   3.828    3.434 

Standard Deviations   0.297   0.270   0.244    0.159 

Coefficients of Variation  7.223%  7.223%  6.361%   4.634% 
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T E S T  N U M B E R :   7-3  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.205   0.494   13.26     NL     4.516    4.177    4.050   3.215 

2.205   0.525   13.97     vis    5.054    4.675    4.519   3.566 

2.205     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.989   4.454      NaN 

Standard Deviations   0.553   0.633      NaN 

Coefficients of Variation  13.85%   14.22%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.071     NaN     NaN     NL       NaN      NaN      NaN     NaN 

3.071   0.857   8.542     vis    3.623    3.351    3.123   2.484 

3.071     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   3.145      NaN 

Standard Deviations     NaN   0.486      NaN 

Coefficients of Variation    NaN%   15.45%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.799   1.358   7.858    Prop    4.269    3.949    3.955   3.350 

4.961   2.046   5.682    Prop    3.561    3.294    3.373   2.987 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      3.915   3.622   3.664    3.168 

Standard Deviations   0.500   0.463   0.411    0.257 

Coefficients of Variation  12.78%  12.78%  11.22%   8.103% 
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T E S T  N U M B E R :   7-4  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.165     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.165   0.470   12.01     vis    4.062    3.632    3.537   2.857 

2.165     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   3.522      NaN 

Standard Deviations     NaN   0.499      NaN 

Coefficients of Variation    NaN%   14.16%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.441   0.630   10.08     NL     4.052    3.623    3.404   2.558 

2.441   0.676   10.82     vis    4.665    4.171    3.749   2.817 

2.441     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.409   3.850      NaN 

Standard Deviations   0.628   0.784      NaN 

Coefficients of Variation  18.43%   20.37%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.209   1.090   9.003    Prop    4.763    4.259    4.219   3.526 

4.409   1.794   6.464    Prop    4.097    3.663    3.782   3.431 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values       4.430   3.961   4.000    3.479 

Standard Deviations   0.471   0.421   0.310    0.067 

Coefficients of Variation  10.64%  10.64%   7.74%   1.926% 
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T E S T  N U M B E R :   7-5  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.165   0.511   12.04     NL     4.211    3.861    3.761   3.321 

2.165   0.540   12.58     vis    4.649    4.263    4.138   3.625 

2.165     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      3.788   4.169      NaN 

Standard Deviations   0.367   0.423      NaN 

Coefficients of Variation  9.676%   10.14%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.559   0.665   9.882     NL     3.806    3.490    3.447   3.127 

2.559   0.728   10.42     vis    4.395    4.029    3.759   3.326 

2.559     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       3.468   3.877      NaN 

Standard Deviations   0.278   0.450      NaN 

Coefficients of Variation   8.01%   11.61%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.189   1.115   8.932    Prop    4.629    4.244    4.252   3.968 

3.307   1.156   8.981    Prop    4.653    4.267    4.387   4.314 

3.937   1.742   7.956    Prop    5.218    4.784    4.906   4.798 

4.961   2.482   5.759    Prop    4.271    3.916    4.037   3.992 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.693   4.303   4.395    4.268 

Standard Deviations   0.391   0.359   0.370    0.387 

Coefficients of Variation   8.34%   8.34%  8.407%   9.069% 
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P L A T E  S T A T I S T I C S :  P L A T E 7  

================================================================ 

 

Crack Initiation at Insert 

 

 a0       disp     P      GIc      MBT       CC     MCC      EQS 

(in)      (in)   (lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.173     0.516   12.48    NL     4.482    4.133   4.040   3.353 

2.173     0.535   12.93    vis    4.856    4.454   4.331   3.544 

2.173       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

1.79e-02  0.020   0.907    NL     0.215    0.189   0.196   0.160 

1.79e-02  0.042   1.100    vis    0.551    0.537   0.512   0.403 

1.79e-02  0.020     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

8.23e-01  3.855   7.263    NL     4.791    4.575   4.861   4.764 

8.23e-01  7.825   8.526    vis    11.35    12.05   11.83   11.38 

8.23e-01    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Initiation at Precrack 

 

 ap       disp     P      GIc      MBT       CC     MCC      EQS 

(in)      (in)   (lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.748     0.736   9.330    NL     3.901    3.567   3.474   2.876 

2.748     0.808   9.648    vis    4.318    3.957   3.658   2.977 

2.748       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

3.17e-01  0.121   0.756    NL     0.126   0.1256   0.091   0.236 

3.17e-01  0.112   0.942    vis    0.425   0.3846   0.323   0.332 

3.17e-01  0.121     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

1.15e+01  16.45   8.104    NL     3.228    3.522   2.630   8.215 

1.15e+01  13.88   9.767    vis    9.835    9.722   8.824   11.13 

1.15e+01    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Propagation Values 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values       4.410   4.044   4.102    3.663 

Standard Deviations   0.400   0.366   0.326    0.226 

Coefficients of Variation  9.184%  9.184%  8.018%   6.058% 

 

Slopes and Intercepts 

               Delta        n          A1 

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

Mean Values       -1.765e-016       2.75       50.3 

Standard Deviations  2.78e-016       0.051       1.19 

Coefficients of Variation -157.6%      1.859%     2.371% 
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H.3 Plate 8 Data Report

 

T E S T  N U M B E R :   8-1  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.126     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.126   0.470   9.616     vis    3.304    3.121    3.071   2.792 

2.126     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   3.072      NaN 

Standard Deviations     NaN   0.212      NaN 

Coefficients of Variation    NaN%   6.893%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.618   0.753   8.225     NL     3.674    3.471    3.412   3.097 

2.618   0.778   8.444     vis    3.898    3.683    3.447   3.115 

2.618     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.413   3.536      NaN 

Standard Deviations   0.239   0.335      NaN 

Coefficients of Variation  6.991%   9.488%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.602   1.284   5.853   Prop    3.239     3.060    3.094   2.970 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      3.239   3.060   3.094    2.970 

Standard Deviations       0       0       0        0 

Coefficients of Variation      0%      0%      0%       0% 
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T E S T  N U M B E R :   8-2  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087   0.372   9.634     NL     2.544    2.232    2.130   2.167 

2.087   0.385   9.934     vis    2.708    2.376    2.266   2.303 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     2.268   2.413      NaN 

Standard Deviations   0.189   0.202      NaN 

Coefficients of Variation  8.312%   8.351%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.012     NaN     NaN     NL       NaN      NaN      NaN     NaN 

3.012   0.956   9.177     vis    4.308    3.780    3.560   3.897 

3.012     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   3.886      NaN 

Standard Deviations     NaN   0.314      NaN 

Coefficients of Variation    NaN%   8.072%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.205   0.542   11.77    Prop    4.277    3.753    3.570   3.608 

4.350   1.717   6.345    Prop    3.705    3.251    3.381   4.084 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     3.991   3.502   3.475    3.846 

Standard Deviations   0.405   0.355   0.134    0.336 

Coefficients of Variation  10.14%  10.14%   3.85%   8.747% 

  

173



T E S T  N U M B E R :   8-3  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.087   0.378   10.08     vis    2.811    2.546    2.434   2.356 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values          NaN   2.537      NaN 

Standard Deviations     NaN   0.199      NaN 

Coefficients of Variation    NaN%   7.834%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.189   1.092   8.887     NL     4.682    4.242    4.174   4.279 

3.189   1.156   9.299     vis    5.184    4.697    4.331   4.408 

3.189     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     4.344   4.655      NaN 

Standard Deviations   0.230   0.386      NaN 

Coefficients of Variation  5.284%   8.297%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.244   0.568   12.13    Prop    4.722    4.278    4.087   3.951 

4.882   2.287   6.021    Prop    4.339    3.931    4.065   4.604 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values       4.530   4.104   4.076    4.277 

Standard Deviations   0.271   0.245   0.015    0.462 

Coefficients of Variation  5.972%  5.972%  0.377%   10.80% 
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T E S T  N U M B E R :   8-4  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.106     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.106   0.351   9.171     vis    2.283    2.165    2.111   1.857 

2.106     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values        NaN   2.104      NaN 

Standard Deviations     NaN   0.179      NaN 

Coefficients of Variation    NaN%   8.524%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.815   0.775   8.588     NL     3.534    3.351    3.281   2.909 

2.815   0.807   8.884     vis    3.809    3.612    3.378   2.981 

2.815     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.269   3.445      NaN 

Standard Deviations   0.262   0.356      NaN 

Coefficients of Variation  8.019%   10.33%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.146   0.480   11.91    Prop    3.988    3.782    3.691   3.254 

3.819   1.349   6.393    Prop    3.376    3.202    3.204   2.968 

4.921   2.235    5.24    Prop    3.559    3.375    3.441   3.311 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     3.641   3.453   3.445    3.177 

Standard Deviations   0.314   0.298   0.244    0.184 

Coefficients of Variation  8.630%  8.630%  7.079%   5.780% 
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T E S T  N U M B E R :   8-5  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.126   0.469   11.09     NL     3.638    3.393    3.315   2.899 

2.126   0.477   11.26     vis    3.753    3.499    3.419   2.989 

2.126     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.311   3.415      NaN 

Standard Deviations   0.307   0.317      NaN 

Coefficients of Variation  9.282%   9.296%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.776  0.793    8.960     NL     3.807     3.55    3.541   3.227 

2.776  0.833    9.354     vis    4.172    3.891    3.697   3.356 

2.776     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.531   3.779      NaN 

Standard Deviations   0.237   0.343      NaN 

Coefficients of Variation  6.712%   9.072%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.898   1.695   7.346    Prop    4.748    4.428    4.507   4.277 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.748   4.428   4.507    4.277 

Standard Deviations       0       0       0        0 

Coefficients of Variation      0%      0%      0%       0% 
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T E S T  N U M B E R :   8-6  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.126     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.126   0.352   7.687     vis    1.886    1.737    1.682   1.514 

2.126     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   1.704      NaN 

Standard Deviations     NaN   0.154      NaN 

Coefficients of Variation    NaN%   9.024%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.031   0.964   7.562     NL      3.564    3.282    3.221   2.978 

3.031   1.037   8.005     vis     4.060    3.739    3.450   3.155 

3.031     NaN     NaN     5%        NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.261   3.601      NaN 

Standard Deviations   0.241   0.388      NaN 

Coefficients of Variation  7.383%   10.78%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.165   0.546   11.16    Prop    4.173    3.843    3.707   3.309 

4.370   1.820   5.441    Prop    3.359    3.092    3.173   3.204 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values       3.766   3.468   3.440    3.257 

Standard Deviations   0.576   0.531   0.378    0.074 

Coefficients of Variation   15.3%   15.3%  10.98%   2.286% 
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P L A T E  S T A T I S T I C S :  P L A T E 8  

================================================================ 

 

Crack Initiation at Insert 

 

 a0       disp      P     GIc      MBT       CC     MCC      EQS 

(in)      (in)    (lbf) (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.110     0.421   10.36    NL     3.091    2.812   2.723   2.533 

2.110     0.402   9.624    vis    2.791    2.574   2.497   2.302 

2.110       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

1.94e-02  0.069   1.030    NL     0.774    0.821   0.838   0.518 

1.94e-02  0.057   1.180    vis    0.674    0.643   0.640   0.554 

1.94e-02  0.069     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

9.18e-01  16.28   9.914    NL     25.04    29.19   30.79   20.45 

9.18e-01  14.19   12.23    vis    24.16    24.96   25.65   24.07 

9.18e-01    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Initiation at Precrack 

 

 ap       disp      P      GIc      MBT       CC     MCC      EQS 

(in)      (in)    (lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.907     0.875   8.444     NL     3.852    3.579   3.526   3.298 

2.907     0.928    8.86     vis    4.239      3.9   3.644   3.485 

2.907       NaN     NaN     5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

2.07e-01  0.147   0.572     NL     0.476    0.385   0.383   0.562 

2.07e-01  0.149   0.537     vis    0.497   0.4013   0.355   0.555 

2.07e-01  0.147     NaN     5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

7.14e+00  16.82   6.773     NL     12.37    10.76   10.86   17.03 

7.14e+00  16.03   6.059     vis    11.73    10.29   9.734   15.91 

7.14e+00    NaN     NaN     5%       NaN      NaN     NaN     NaN 

 

Crack Propagation Values 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     3.986   3.669   3.673    3.634 

Standard Deviations   0.261   0.238   0.128    0.176 

Coefficients of Variation  6.673%  6.673%  3.714%   4.602% 

 

Slopes and Intercepts 

               Delta        n          A1 

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

Mean Values              0      2.765      52.58 

Standard Deviations       0      0.080       2.55 

Coefficients of Variation    NaN%     2.896%     4.843% 
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H.4 Plate 9 Data Report

 

T E S T  N U M B E R :   9-1  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

1.968   0.369   11.28     NL     3.057    2.680    2.570   2.163 

1.968   0.374   11.38     vis    3.127    2.742    2.625   2.202 

1.968     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      2.617   2.674      NaN 

Standard Deviations   0.368   0.381      NaN 

Coefficients of Variation  14.05%   14.25%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.323   0.899   17.68     NL     9.420    8.259    8.069   7.044 

2.323   1.000   19.22     vis    12.30    10.78    9.536   8.204 

2.323     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     8.198   10.20      NaN 

Standard Deviations   0.974   1.750      NaN 

Coefficients of Variation  11.88%   17.13%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087   0.637   16.04    Prop    6.890    6.041    5.758   4.785 

2.106   0.773   18.61    Prop    9.436    8.273    7.840   6.440 

2.402   1.071   19.64    Prop    11.82    10.36    10.23   9.111 

2.874   1.439   16.05    Prop    10.68    9.360    9.368   8.582 

2.913   1.497   16.22    Prop    11.02    9.664    9.711   8.966 

3.406   1.915   13.26    Prop    9.710    8.513    8.611   8.057 

3.425   1.972   13.33    Prop    9.935    8.711    8.793   8.194 

3.465   1.991   13.01    Prop    9.692    8.498    8.579   7.995 

3.504   2.249   14.41    Prop    11.61    10.18    10.32   9.713 

3.622   2.251   14.24    Prop    11.23    9.849    10.28   10.25 

4.095   2.725   11.94    Prop    9.907    8.686    9.070   9.046 

4.114   3.057   13.06    Prop    11.58    10.16    10.57   10.46 

4.134   3.065   12.99    Prop    11.51    10.09    10.52   10.46 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     10.39   9.106   9.203    8.620 

Standard Deviations   1.350   1.190   1.350    1.620 

Coefficients of Variation  13.02%  13.02%  14.71%   18.80% 
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T E S T  N U M B E R :   9-2  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087   0.430   11.87     NL     3.481    3.193    3.125   2.587 

2.087   0.445   12.16     vis    3.687    3.382    3.300   2.714 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.096   3.271      NaN 

Standard Deviations   0.373   0.407      NaN 

Coefficients of Variation  12.05%   12.43%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.323   0.867   17.83     NL     9.084    8.333    8.230   6.938 

2.323   0.953   19.24     vis    11.59    10.63    9.584   7.985 

2.323     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     8.146   9.946      NaN 

Standard Deviations   0.891   1.540      NaN 

Coefficients of Variation  10.93%   15.51%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.146   0.611   14.95    Prop    5.946    5.455    5.275   4.262 

2.165   0.789   18.08    Prop    8.998    8.254    7.878   6.202 

2.205   0.800   18.17    Prop    9.014    8.269    8.015   6.506 

2.244   0.846   18.66    Prop    9.580    8.788    8.583   7.077 

2.362   1.035   20.52    Prop    12.00    11.01    10.93   9.300 

2.402   1.055   20.83    Prop    12.23    11.22    11.30   9.910 

2.835   1.424   15.44    Prop    10.17    9.327    9.082   7.442 

2.874   1.450   15.68    Prop    10.37    9.512    9.383   7.891 

2.894   1.467   15.80    Prop    10.49    9.622    9.544   8.115 

3.169   1.729   14.41    Prop    10.16    9.321    9.295   7.989 

3.189   1.860   15.36    Prop    11.38    10.44    10.45   9.041 

3.228   1.879   15.39    Prop    11.39    10.45    10.55   9.303 

3.819   2.725   13.99    Prop    11.93    10.95    11.19   10.12 

3.898   2.731   13.99    Prop    11.81    10.84    11.30   10.63 

4.803   3.480   9.152    Prop    7.941    7.285    7.496   6.860 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     10.23   9.383   9.352    8.043 

Standard Deviations   1.740   1.600   1.710    1.720 

Coefficients of Variation  17.00%  17.00%  18.27%   21.38% 

  

180



T E S T  N U M B E R :   9-3  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.008   0.392   12.96     NL     3.639    3.452    3.452   2.894 

2.008   0.410   13.21     vis    3.876    3.677    3.645   3.001 

2.008     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.359   3.550      NaN 

Standard Deviations   0.322   0.380      NaN 

Coefficients of Variation  9.596%    10.7%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.461     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.461   1.150   21.72     vis    15.04    14.27    13.07   11.32 

2.461     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   13.42      NaN 

Standard Deviations     NaN   1.620      NaN 

Coefficients of Variation    NaN%   12.09%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.067   0.602   16.95    Prop    6.952    6.596    6.431   5.125 

2.106   0.663   18.39    Prop    8.097    7.683    7.597   6.228 

2.146   0.688   18.03    Prop    8.077    7.664    7.575   6.205 

2.165   0.744   19.07    Prop    9.100    8.634    8.549   7.028 

2.185   0.825   20.44    Prop    10.60    10.06    9.938   8.135 

3.071   1.354   13.02    Prop    7.795    7.396    7.490   6.440 

3.11    1.575   14.31    Prop    9.607    9.115    9.176   7.796 

3.15    1.639   14.87    Prop    10.20    9.680    9.864   8.586 

3.189   1.724   15.24    Prop    10.78    10.23    10.46   9.169 

3.563   1.908    11.3    Prop    7.961    7.553    7.552   6.329 

3.622   2.247   13.11    Prop    10.30    9.773    9.885   8.479 

3.661   2.316   13.43    Prop    10.70    10.15    10.36   9.036 

3.701   2.320   13.41    Prop    10.62    10.07    10.38   9.232 

4.055   2.824   11.87    Prop    10.10    9.580    9.724   8.398 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.349   8.870   8.927    7.585 

Standard Deviations   1.320   1.250   1.360    1.330 

Coefficients of Variation  14.11%  14.11%   15.2%   17.59% 
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T E S T  N U M B E R :   9-4  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087   0.442   12.65     NL     3.804    3.742    3.927   2.917 

2.087   0.470   13.30     vis    4.235    4.166    4.359   3.218 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.597   3.994      NaN 

Standard Deviations   0.460   0.524      NaN 

Coefficients of Variation  12.79%   13.11%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.323   1.109   23.57     NL     14.77    14.53    15.37   11.61 

2.323   1.216   25.53     vis    19.58    19.26    17.82   13.35 

2.323     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     14.07   17.50      NaN 

Standard Deviations   1.680   2.870      NaN 

Coefficients of Variation  11.92%    16.4%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.165   0.674   16.93    Prop    7.296    7.178    7.487   5.495 

2.205   0.731   17.93    Prop    8.189    8.057    8.489   6.357 

3.307   1.902   13.99    Prop    10.26    10.09    10.67   8.057 

3.661   2.260   13.45    Prop    10.41    10.24    11.18   8.980 

3.681   2.446   14.46    Prop    11.76    11.57    12.67   10.24 

3.74    2.508   14.61    Prop    11.96    11.76    13.02   10.76 

4.665   3.637   11.21    Prop    10.09    9.926    11.08   9.322 

4.705   3.649   7.074    Prop    6.353    6.250    6.030   3.786 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.540   9.385   10.08    7.874 

Standard Deviations   2.050   2.020   2.490    2.450 

Coefficients of Variation  21.47%  21.47%  24.75%   31.08% 
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T E S T  N U M B E R :   9-5  

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.067   0.385   11.65     NL     3.117    3.019    2.999   2.484 

2.067   0.401   11.99     vis    3.341    3.237    3.200   2.627 

2.067     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     2.905   3.101      NaN 

Standard Deviations   0.285   0.322      NaN 

Coefficients of Variation  9.823%   10.37%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.284   0.859   19.62     NL     10.12    9.802    9.790   8.202 

2.284   0.932   21.06     vis    12.69    12.30    11.24   9.349 

2.284     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     9.478   11.40      NaN 

Standard Deviations   0.864   1.500      NaN 

Coefficients of Variation  9.116%   13.13%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.106   0.554   14.94    Prop    5.558    5.384    5.243   4.175 

2.146   0.593   15.79    Prop    6.149    5.957    5.886   4.825 

2.244   0.736   17.54    Prop    7.999    7.749    7.715   6.422 

2.776   1.221   16.29    Prop    9.673    9.371    9.510   8.226 

3.110   1.613   14.41    Prop    9.819    9.512    9.465   7.870 

3.484   1.970   12.29    Prop    8.978    8.697    8.601   7.064 

3.524   2.007   12.45    Prop    9.153    8.867    8.852   7.408 

3.543   2.099   12.75    Prop    9.649    9.348    9.318   7.775 

3.583   2.290   13.70    Prop    10.94    10.60    10.63   8.976 

4.311   2.837   10.03    Prop    8.219    7.962    8.064   6.946 

4.331   3.138   11.21    Prop    9.749    9.444    9.640   8.434 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     8.717   8.444   8.447    7.102 

Standard Deviations   1.630   1.580   1.640    1.480 

Coefficients of Variation  18.71%  18.71%  19.38%   20.85% 
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P L A T E  S T A T I S T I C S :  P L A T E 9  

================================================================ 

 

Crack Initiation at Insert 

 

 a0       disp     P      GIc      MBT       CC     MCC      EQS 

(in)      (in)   (lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.043     0.404   12.08    NL     3.419    3.217   3.215   2.609 

2.043     0.420   12.41    vis    3.653    3.441   3.426   2.752 

2.043       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

5.28e-02  0.031   0.703    NL     0.325    0.406   0.508   0.313 

5.28e-02  0.038   0.827    vis    0.437    0.528   0.637   0.387 

5.28e-02  0.031     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

2.58e+00  7.730   5.821    NL     9.507    12.62   15.81   11.99 

2.58e+00  8.918   6.668    vis    11.95    15.35   18.61   14.06 

2.58e+00    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Initiation at Precrack 

 

 ap       disp     P      GIc      MBT       CC     MCC      EQS 

(in)      (in)    lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.343     0.934   19.67    NL     10.85    10.23   10.37   8.449 

2.343     1.050   21.35    vis    14.24    13.45   12.25   10.04 

2.343       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

6.82e-02  0.118   2.745    NL     2.648    2.951   3.427   2.184 

6.82e-02  0.126   2.582    vis    3.254    3.565   3.436   2.274 

6.82e-02  0.118     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

2.91e+00  12.67   13.95    NL     24.41    28.85   33.06   25.85 

2.91e+00  11.98   12.09    vis    22.85    26.51   28.05   22.65 

2.91e+00    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Propagation Values 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.644   9.038   9.202    7.845 

Standard Deviations   1.620   1.530   1.710    1.720 

Coefficients of Variation  16.86%  16.86%  18.46%   21.94% 

 

Slopes and Intercepts 

               Delta        n          A1 

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

Mean Values       -3.482e-017       2.817       49.30 

Standard Deviations  7.79e-017       0.128       3.130 

Coefficients of Variation -223.6%      4.558%      6.356% 
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H.5 Plate 10 Data Report

 

T E S T  N U M B E R :   10-1 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc     MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)   ()       ()       ()       () 

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

2.106     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.106   0.275   8.127     vis    1.492    1.412    1.404   1.388 

2.106     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   1.424      NaN 

Standard Deviations     NaN   0.046      NaN 

Coefficients of Variation    NaN%    3.24%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.071   1.301   13.38     NL     7.482    7.084    7.218   7.495 

3.071   1.443   14.26     vis    9.589    9.078    8.283   8.378 

3.071     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      7.320   8.832      NaN 

Standard Deviations   0.203   0.617      NaN 

Coefficients of Variation  2.769%   6.982%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.146   0.631   15.92    Prop    6.366    6.027    5.790   5.342 

2.224   0.709   17.32    Prop    7.465    7.067    6.959   6.748 

2.244   0.861   20.00    Prop    10.17    9.626    9.407   8.985 

2.284   0.975   22.06    Prop    12.30    11.65    11.48   11.15 

2.323   1.011   22.08    Prop    12.52    11.85    11.75   11.53 

3.110   1.543   15.09    Prop    9.629    9.116    9.253   9.534 

3.701   2.130   11.84    Prop    8.523    8.069    8.073   8.082 

3.740   2.243   12.28    Prop    9.113    8.628    8.679   8.783 

3.780   2.330   12.77    Prop    9.666    9.151    9.305   9.622 

3.819   2.390   12.92    Prop    9.881    9.355    9.568   10.01 

4.468   2.491   7.931    Prop    5.602    5.303    5.320   5.353 

4.508   2.903   9.448    Prop    7.409    7.014    7.150   7.431 

4.528   2.987   9.692    Prop    7.726    7.314    7.481   7.827 

4.567   3.008   9.741    Prop    7.758    7.345    7.573   8.051 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     8.866   8.394   8.413    8.461 

Standard Deviations   2.020   1.910   1.890    1.880 

Coefficients of Variation  22.73%  22.73%  22.42%   22.25% 
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T E S T  N U M B E R :   10-2 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087   0.383   11.26     NL     2.945    2.704    2.690   2.707 

2.087   0.389   11.40     vis    3.028    2.780    2.763   2.776 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     2.761   2.837      NaN 

Standard Deviations   0.123   0.127      NaN 

Coefficients of Variation   4.44%   4.494%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.362     NaN     NaN     NL       NaN      NaN       NaN     NaN 

2.362   0.942   19.86     vis    11.59    10.64     9.900   10.23 

2.362     NaN     NaN     5%       NaN      NaN       NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   10.59      NaN 

Standard Deviations     NaN   0.734      NaN 

Coefficients of Variation    NaN%   6.935%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.106   0.509   13.58    Prop    4.624    4.246    4.126   3.962 

2.146   0.743   18.18    Prop    8.623    7.917    7.616   7.169 

2.165   0.787   18.64    Prop    9.231    8.475    8.140   7.637 

2.264   0.831   19.03    Prop    9.518    8.739    8.677   8.702 

2.402   1.020   21.21    Prop    12.06    11.07    11.30   11.95 

2.913   1.358   15.22    Prop    9.415    8.644    8.704   8.976 

2.953   1.406   15.66    Prop    9.862    9.055    9.222   9.728 

2.992   1.426   15.80    Prop    9.962    9.147    9.424   10.18 

3.327   1.810   14.24    Prop    10.01    9.191    9.393   9.976 

3.366   1.876   14.68    Prop    10.51    9.651    9.962    10.8 

3.917   2.245   10.99    Prop    8.073    7.412    7.613   8.167 

3.937   2.279   10.99    Prop    8.136    7.470    7.673   8.234 

4.095   2.876   12.34    Prop    10.42    9.570    9.833   10.56 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.266   8.507   8.591    8.925 

Standard Deviations   1.750   1.610   1.720    2.020 

Coefficients of Variation  18.91%  18.91%  19.99%   22.66% 
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T E S T  N U M B E R :   10-3 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087   0.407   11.72     NL     3.237    3.003    2.939   2.748 

2.087   0.425   12.12     vis    3.481    3.229    3.152   2.929 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      2.982   3.198      NaN 

Standard Deviations   0.202   0.228      NaN 

Coefficients of Variation  6.767%   7.122%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.598   1.056   16.49     NL     8.998    8.346    8.297   7.999 

2.598   1.141   17.69     vis    11.30    10.48    9.486   9.104 

2.598     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values      8.410   10.09      NaN 

Standard Deviations   0.421   0.991      NaN 

Coefficients of Variation  5.006%   9.822%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.146   0.685   17.40    Prop    7.624    7.071    6.826   6.207 

2.185   0.755   18.10    Prop    8.523    7.905    7.623   6.915 

2.205   0.794   18.76    Prop    9.166    8.502    8.234   7.536 

2.244   0.846   19.49    Prop    9.922    9.203    8.996   8.385 

2.579   0.849   16.85    Prop    7.626    7.074    7.562   8.429 

3.012   1.582   15.93    Prop    10.80    10.01    9.970   9.640 

3.031   1.589   15.93    Prop    10.78    9.995    10.00   9.770 

3.583   1.959   12.19    Prop    8.569    7.948    8.017   7.958 

3.602   2.283   13.82    Prop    10.82    10.04    10.09   9.941 

3.622   2.290   13.88    Prop    10.85    10.06    10.17   10.13 

4.606   3.188   9.958    Prop    8.324    7.721    7.957   8.247 

4.646   3.283   10.28    Prop    8.707    8.076    8.402   8.873 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.308   8.634   8.654    8.503 

Standard Deviations   1.260   1.170   1.160    1.240 

Coefficients of Variation  13.58%  13.58%  13.38%   14.57% 
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T E S T  N U M B E R :   10-4 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.067     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.067   0.409   11.72     vis    3.282    2.993    2.928   2.691 

2.067     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values         NaN   2.974      NaN 

Standard Deviations     NaN   0.243      NaN 

Coefficients of Variation    NaN%   8.187%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.480   0.940   15.80     NL     8.112    7.396    7.272   6.746 

2.480   1.018   16.83     vis    10.06    9.170    8.256   7.576 

2.480     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     7.382   8.765      NaN 

Standard Deviations   0.563   1.080      NaN 

Coefficients of Variation  7.622%   12.34%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.126   0.567   14.41    Prop    5.359    4.885    4.725   4.241 

2.165   0.758   18.42    Prop    8.785    8.009    7.773   7.025 

2.205   0.848   19.39    Prop    10.05    9.163    8.873   7.985 

2.224   0.895   20.37    Prop    10.99    10.02    9.769   8.918 

2.520   1.082   17.73    Prop    10.15    9.251    9.163   8.624 

2.953   1.327   13.99    Prop    8.357    7.619    7.635   7.357 

2.972   1.333   13.92    Prop    8.305    7.572    7.613   7.384 

2.992   1.439   14.95    Prop    9.451    8.616    8.704   8.522 

3.031   1.497   15.49    Prop    10.01    9.123    9.325   9.350 

3.425   1.800   12.70    Prop    8.651    7.887    8.018   7.952 

3.524   1.971   12.53    Prop    8.963    8.172    8.254   8.081 

3.563   2.167   13.70    Prop    10.42    9.504    9.690   9.665 

3.583   2.196   13.89    Prop    10.64    9.696    9.942   10.03 

3.622   2.321   14.56    Prop    11.49    10.48    10.83   11.10 

4.547   2.970   9.253    Prop    7.455    6.797    6.985   7.078 

4.567   3.305   10.38    Prop    8.918    8.130    8.414   8.647 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.249   8.432   8.482    8.248 

Standard Deviations   1.510   1.380   1.430    1.550 

Coefficients of Variation  16.33%  16.33%  16.88%   18.79% 
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T E S T  N U M B E R :   10-5 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.087     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.087   0.407   11.57     vis    3.213    3.140    3.285   2.738 

2.087     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   3.094      NaN 

Standard Deviations     NaN   0.244      NaN 

Coefficients of Variation    NaN%   7.897%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.268     NaN     NaN     NL       NaN      NaN      NaN     NaN 

3.268   1.289   9.622     vis    5.560    5.434    5.312   4.452 

3.268     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   5.190      NaN 

Standard Deviations     NaN   0.502      NaN 

Coefficients of Variation    NaN%   9.676%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.165   0.649   16.39    Prop    6.825    6.670    6.959   5.775 

2.244   0.924   21.69    Prop    12.00    11.73    12.37   10.49 

2.264   0.955   22.21    Prop    12.54    12.26    13.00   11.16 

2.303   1.070   24.38    Prop    14.94    14.60    15.65   13.71 

3.307   1.721   12.92    Prop    8.777    8.578    9.120   7.858 

3.346   1.802   13.53    Prop    9.445    9.231    9.933   8.766 

3.543   2.055   12.65    Prop    9.358    9.145    9.752   8.452 

3.563   2.397   14.83    Prop    12.15    11.87    12.75   11.21 

3.583   3.398   10.06    Prop    9.561    9.344    7.894   4.293 

4.665   3.117   9.061    Prop    7.459    7.289    7.969   7.260 

4.685   3.642   10.72    Prop    9.641    9.423    10.39   9.624 

4.705   3.998   11.65    Prop    10.90    10.65    11.76   10.91 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      10.30   10.07   10.63    9.126 

Standard Deviations   2.300   2.250   2.550    2.610 

Coefficients of Variation  22.35%  22.35%  23.95%   28.62% 
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T E S T  N U M B E R :   10-6 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.106   0.339   11.04     NL     2.535    2.409    2.418   2.497 

2.106   0.363   11.28     vis    2.763    2.626    2.597   2.603 

2.106     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     2.465   2.647      NaN 

Standard Deviations   0.061   0.078      NaN 

Coefficients of Variation  2.479%   2.953%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.539     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.539   1.003   17.25     vis    9.917    9.424    8.544   8.388 

2.539     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values       NaN   9.068      NaN 

Standard Deviations     NaN   0.726      NaN 

Coefficients of Variation    NaN%   8.011%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.126   0.507   14.54    Prop    4.865    4.624    4.494   4.349 

2.165   0.622   17.34    Prop    6.909    6.566    6.438   6.339 

2.185   0.668   18.32    Prop    7.727    7.343    7.227   7.170 

2.205   0.771   19.62    Prop    9.347    8.882    8.602   8.265 

2.224   0.821   20.69    Prop    10.34    9.828    9.573   9.302 

2.559   1.131   19.18    Prop    11.25    10.69    10.50   10.36 

3.150   1.455   13.43    Prop    8.227    7.818    7.715   7.694 

3.169   1.515   13.92    Prop    8.773    8.337    8.265   8.319 

3.209   1.755   15.76    Prop    11.05    10.50    10.46   10.62 

4.075   2.610   12.28    Prop    9.733    9.250    9.432   10.05 

4.921   3.246   8.423    Prop    6.845    6.505    6.570   6.863 

4.941   3.471   9.085    Prop    7.688    7.306    7.429   7.868 

5.000   3.487   8.984    Prop    7.571    7.195    7.365   7.905 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     8.487   8.065   8.005    8.085 

Standard Deviations   1.840   1.740   1.720    1.750 

Coefficients of Variation  21.63%  21.63%  21.46%   21.61% 
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P L A T E  S T A T I S T I C S :  P L A T E 10 

================================================================ 

 

Crack Initiation at Insert 

 

 a0        disp     P      GIc     MBT       CC     MCC      EQS 

(in)       (in)   (lbf)  (psi-in)   ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.090     0.377   11.34    NL     2.906    2.705   2.683   2.651 

2.090     0.378   11.04    vis    2.877    2.697   2.688   2.521 

2.090       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

1.48e-02  0.034   0.352    NL     0.353    0.297   0.261   0.135 

1.48e-02  0.055   1.450    vis    0.721    0.668   0.677   0.565 

1.48e-02  0.034     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

7.10e-01  9.131   3.104    NL     12.15    10.98   9.715   5.091 

7.10e-01  14.52   13.18    vis    25.05    24.76   25.18   22.42 

7.10e-01    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Initiation at Precrack 

 

 ap       disp      P      GIc     MBT       CC     MCC      EQS 

(in)      (in)    (lbf)  (psi-in)   ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.720     1.099   15.22    NL     8.198    7.609   7.596   7.414 

2.720     1.139   15.92    vis    9.669    9.038   8.297   8.021 

2.720       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

3.62e-01  0.185   1.632    NL     0.762    0.658   0.608   0.631 

3.62e-01  0.193   3.568    vis    2.166    1.887   1.610   1.961 

3.62e-01  0.185     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

1.33e+01  16.78   10.72    NL     9.291    8.644   8.003   8.505 

1.33e+01  16.97   22.42    vis    22.40    20.88   19.40   24.45 

1.33e+01    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Propagation Values 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     9.246   8.683   8.796    8.558 

Standard Deviations   1.780   1.680   1.740    1.840 

Coefficients of Variation  19.26%  19.26%  19.68%   21.42% 

 

Slopes and Intercepts 

               Delta        n          A1 

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

Mean Values       -2.414e-017       2.816      51.98 

Standard Deviations  5.91e-017       0.073      2.560 

Coefficients of Variation -244.9%      2.595%     4.922% 
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H.6 Plate 11 Data Report

 

T E S T  N U M B E R :   11-1 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.047   0.424   12.75     NL     3.924    3.779    3.740   2.974 

2.047   0.445   13.24     vis    4.282    4.124    4.065   3.206 

2.047     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.604   3.919      NaN 

Standard Deviations   0.428   0.484      NaN 

Coefficients of Variation  11.86%   12.35%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

3.071   0.917   8.270     NL     3.674    3.539    3.515   2.817 

3.071   1.007   8.856     vis    4.323    4.164    3.891   3.065 

3.071     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.386   3.861      NaN 

Standard Deviations   0.386   0.560      NaN 

Coefficients of Variation   11.4%    14.5%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.500   0.696   11.21    Prop    4.641    4.470    4.386   3.428 

3.661   1.402   7.663    Prop    4.365    4.204    4.214   3.438 

4.409   1.952   6.265    Prop    4.128    3.975    4.018   3.333 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.378   4.216   4.206    3.400 

Standard Deviations   0.257   0.248   0.184    0.058 

Coefficients of Variation  5.872%  5.872%  4.372%   1.700% 
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T E S T  N U M B E R :   11-2 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.047   0.406   13.25     NL     3.793    3.727    3.728   2.963 

2.047   0.427   13.80     vis    4.151    4.079    4.066   3.211 

2.047     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.552   3.877      NaN 

Standard Deviations   0.394   0.446      NaN 

Coefficients of Variation  11.10%   11.50%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.421   0.555   10.67     NL     3.528    3.466    3.437   2.684 

2.421   0.603   11.38     vis    4.088    4.016    3.813   2.943 

2.421     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.279   3.715      NaN 

Standard Deviations   0.398   0.528      NaN 

Coefficients of Variation  12.15%   14.21%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.874   0.858   10.06    Prop    4.328    4.253    4.245   3.361 

3.504   1.246   8.170    Prop    4.190    4.117    4.128   3.298 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.259   4.185   4.187    3.329 

Standard Deviations   0.098  0.0962   0.083    0.045 

Coefficients of Variation  2.299%  2.299%  1.982%   1.347% 
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T E S T  N U M B E R :   11-3 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.047   0.397   12.30     NL     3.454    3.202    3.136   2.573 

2.047   0.436   13.31     vis    4.098    3.800    3.703   3.009 

2.047     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.091   3.652      NaN 

Standard Deviations   0.372   0.461      NaN 

Coefficients of Variation  12.02%   12.62%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.539   0.618   10.10     NL     3.559    3.300    3.239   2.670 

2.539   0.646   10.50     vis    3.865    3.583    3.381   2.777 

2.539     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.192   3.401      NaN 

Standard Deviations   0.375   0.461      NaN 

Coefficients of Variation  11.74%   13.56%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.894   0.893   9.250    Prop    4.134    3.833    3.681   2.905 

3.346   1.176   8.493    Prop    4.320    4.005    3.946   3.276 

3.858   1.457   7.370    Prop    4.031    3.737    3.769   3.279 

3.976   1.479   6.955    Prop    3.745    3.472    3.522   3.102 

4.016   1.642   7.465    Prop    4.418    4.096    4.150   3.644 

4.232   2.095   8.371    Prop    6.000    5.563    5.689   5.090 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.441   4.118   4.126    3.549 

Standard Deviations   0.799   0.741   0.796    0.793 

Coefficients of Variation  17.99%  17.99%  19.28%   22.35% 
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T E S T  N U M B E R :   11-4 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.047   0.403   12.20     NL     3.561    3.370    3.327   2.758 

2.047   0.432   12.97     vis    4.056    3.839    3.778   3.113 

2.047     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.254   3.696      NaN 

Standard Deviations   0.346   0.407      NaN 

Coefficients of Variation  10.63%    11.0%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.480     NaN     NaN     NL       NaN      NaN      NaN     NaN 

2.480  0.6271   10.23     vis    3.832    3.627    3.398   2.737 

2.480     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values         NaN   3.399      NaN 

Standard Deviations     NaN   0.476      NaN 

Coefficients of Variation    NaN%   13.99%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc     MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)   ()       ()       ()       () 

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

2.953   0.904   9.445    Prop   4.284    4.055    4.049   3.437 

3.622   1.290   7.492    Prop   3.954    3.742    3.769   3.253 

4.173   1.912    7.44    Prop   5.052    4.782    4.855   4.259 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      4.430   4.193   4.224    3.650 

Standard Deviations   0.564   0.533   0.564    0.536 

Coefficients of Variation  12.72%  12.72%  13.35%   14.68% 
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T E S T  N U M B E R :   11-5 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.047   0.418   12.88     NL     3.905    3.914    3.984   3.040 

2.047   0.446   13.48     vis    4.362    4.372    4.420   3.329 

2.047     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.711   4.121      NaN 

Standard Deviations   0.448   0.528      NaN 

Coefficients of Variation  12.08%   12.82%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.441   0.585   9.613     NL     3.419    3.428    3.372   2.406 

2.441   0.644   10.42     vis    4.080    4.090    3.845   2.716 

2.441     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.156   3.683      NaN 

Standard Deviations   0.501   0.654      NaN 

Coefficients of Variation  15.87%   17.76%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc     MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)   ()       ()       ()       () 

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

2.677   0.809   10.08    Prop   4.523    4.534    4.462   3.184 

3.150   1.038   8.227    Prop   4.024    4.034    4.016   2.934 

3.386   1.268   8.347    Prop   4.636    4.647    4.676   3.490 

3.740   1.710   8.029    Prop   5.447    5.460    5.423   3.941 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.658   4.669   4.644    3.387 

Standard Deviations   0.590   0.591   0.587    0.433 

Coefficients of Variation  12.66%  12.66%  12.64%   12.79% 
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T E S T  N U M B E R :   11-6 

================================================================ 

 

Crack Initiation at Insert: 

 

 a0      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.047   0.405   12.06     NL     3.523    3.318    3.276   2.654 

2.047   0.421   12.47     vis    3.781    3.561    3.512   2.838 

2.047     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.193   3.423      NaN 

Standard Deviations   0.375   0.407      NaN 

Coefficients of Variation  11.76%    11.9%      NaN% 

 

Crack Initiation at Precrack: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.342   0.549   10.32     NL     3.572    3.363    3.261   2.547 

2.342   0.591   10.94     vis    4.075    3.837    3.559   2.750 

2.342     NaN     NaN     5%       NaN      NaN      NaN     NaN 

 

      GIcNL    GIcVis    GIc5% 

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

Mean Values     3.186   3.556      NaN 

Standard Deviations   0.445   0.577      NaN 

Coefficients of Variation  13.97%   16.23%      NaN% 

 

Crack Propagation Values: 

 

 ap      disp     P      GIc      MBT       CC      MCC      EQS 

(in)     (in)   (lbf)  (psi-in)    ()       ()       ()       () 

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

2.835   0.951   10.10    Prop    5.003    4.711    4.569   3.570 

3.701   1.406   7.712    Prop    4.326    4.074    4.138   3.547 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values      4.665   4.392   4.353    3.559 

Standard Deviations   0.478   0.451   0.305    0.016 

Coefficients of Variation  10.26%  10.26%  6.999%   0.462% 
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P L A T E  S T A T I S T I C S :  P L A T E 11 

================================================================ 

 

Crack Initiation at Insert 

 

 a0       disp     P      GIc      MBT       CC     MCC      EQS 

(in)      (in)   (lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.047     0.409   12.58    NL     3.693    3.552   3.532   2.827 

2.047     0.434   13.21    vis    4.122    3.962   3.924   3.118 

2.047       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

1.80e-05  0.010   0.461    NL     0.206    0.291   0.332   0.192 

1.80e-05  0.010   0.455    vis    0.203    0.287   0.325   0.174 

1.80e-05  0.010     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

8.79e-04  2.445   3.670    NL     5.571    8.195   9.391   6.801 

8.79e-04  2.329   3.446    vis    4.913    7.236   8.271   5.579 

8.79e-04    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Initiation at Precrack 

 

 ap       disp     P      GIc      MBT       CC     MCC      EQS 

(in)      (in)   (lbf)  (psi-in)    ()       ()      ()       () 

Mean Values----------------------------------------------------- 

2.549     0.645   9.796    NL     3.551    3.419   3.365   2.625 

2.549     0.686   10.39    vis    4.044    3.886   3.648   2.831 

2.549       NaN     NaN    5%       NaN      NaN     NaN     NaN 

Standard Deviations--------------------------------------------- 

2.64e-01  0.155   0.934    NL     0.092    0.092   0.117   0.155 

2.64e-01  0.159   0.857    vis    0.178    0.244   0.231   0.141 

2.64e-01  0.155     NaN    5%       NaN      NaN     NaN     NaN 

Coefficients of Variation(%)------------------------------------- 

1.03e+01  23.96   9.538    NL     2.578    2.695   3.469   5.916 

1.03e+01  23.13   8.251    vis    4.411    6.267   6.334   4.966 

1.03e+01    NaN     NaN    5%       NaN      NaN     NaN     NaN 

 

Crack Propagation Values 

 

             GIc-MBT  GIc-CC  GIc-MCC  GIc-EQS 

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

Mean Values     4.472   4.295   4.290    3.479 

Standard Deviations   0.464   0.443   0.420    0.314 

Coefficients of Variation  10.30%  10.30%  9.772%   8.888% 

 

Slopes and Intercepts 

               Delta        n          A1 

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

Mean Values       -3.095e-017       2.882       48.36 

Standard Deviations  7.58e-017       0.084       1.840 

Coefficients of Variation -244.9%      2.912%      3.802% 
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