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ABSTRACT

This thesis is a combined experimental and finite element modeling study of the
fatigue resistance of skin-stiffener substructures for wind turbine blades.  Composite wind
turbine blades possess a stiffening spar running the length of the blade to transfer shear and
resist buckling.  The interface at the stiffener and skin is a region that has large out-of-plane
stresses which initiate fracture due to the relatively low transverse strength properties of
laminated composites.  Design lifetimes of a wind turbine blade include more cycles than
those of the typical aircraft, bridge, or helicopter structures.  Damage can initiate at very
low stresses in turbine blades due to repeated loading over the turbine lifetime.

Initial damage sites in skin-stiffeners were experimentally determined.  Damage
initiation, propagation, coalescence and failure in the skin-stiffener were observed.  An
interlaminar database consisting of crack growth curves was established for the design of
substructure architectures.

A strength-based failure criterion was used to predict initial damage locations
within the skin-stiffener.  Fracture mechanics was used to predict delamination growth after
damage was present.  Finite element results for critical strain energy release rates (GI and
GII) at the critical load for crack growth are compared with experimental GI and GII from
double Cantilever Beam (DCB) and End-Notch Flexure (ENF) tests.  The cracks in the
skin-stiffener are mixed-mode, with both GI and GII components.  The values of GI and GII

calculated for the skin-stiffener at the static delamination load are far below the GIc and GIIc

values from the interlaminar fracture tests for the same ply interface.  Corresponding
differences are observed at particular rates of fatigue crack growth.  To rationalize the
apparently very low G values for the skin-stiffener, the use of a mixed-mode criterion for
crack growth has been investigated.

The effect of matrix resin toughness on the skin-stiffener fatigue lifetime has been
investigated.  Tougher resins produce stronger sections with greater fatigue resistance over
the load range tested; the improvement from the tougher resins diminishes at lower loads
and longer lifetimes.  Design guidelines and numerical analysis methodologies have been
established to predict skin-stiffener service lifetimes in typical wind turbine blade
structures.
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CHAPTER 1

INTRODUCTION

Wind energy development has been expanding rapidly throughout the world for

the last decade.  The cost of wind generated power depends strongly on the cost and

reliability of wind turbines [1].  Fiber-reinforced polymer composites are becoming the

material of choice for turbine blades due to their superior in-plane mechanical properties,

such as specific strength and stiffness, as well as the ability to tailor material

characteristics for a particular design requirement.  Montana State University has been

pursuing studies of composite materials that are viable candidates for the wind turbine

industry [2, 3].  A greater understanding of composites and their respective

manufacturing processes could reduce costs and increase blade reliability.

The reliability of composite structures depends significantly on the design of the

specific structural details in load transfer areas.  Most wind turbine blades are designed

with a longitudinal stiffening spar that is bonded to the skin as shown in Figure 1.  The

spar resists buckling and transfers shear loading through the blade.

Stress conditions near the fillet of the spar produce a multi-axial stress state,

including interlaminar (thickness direction) stresses which can nucleate crack initiation

and growth under fatigue loading.  Composite wind turbine blades share many of the

structural components and loading conditions that are common in fixed wing aircraft and

rotorcraft structures.

Over the years, there have been a number of fatigue failures in aircraft.  The

British Comet I was the first commercial jet passenger aircraft.  Two of these crashed in
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1954, one of them four days following an inspection.  The wreckage was examined

carefully and the conclusion reached that the pressurized cabin had failed, beginning with

small cracks at the corner of a window.  Each pressurization and return to atmospheric

pressure at landing represented a cycle of stressing, of which there had been 1290 in one

plane and 900 in the other plane.  All Comet aircraft of the type were grounded and

fatigue became the focus of increased study [4].  One of the major aspects of the findings

was that the use of new materials accelerated crack growth.  It is desired to mitigate any

similar scenarios with this study.

Blade designs must strive to minimize weight and cost, making a more efficient

Figure 1.  Cross Section of Wind Turbine Blade

Fillet
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power generator, but they must also provide a durable structure with adequate life

expectancy.  The successful design must possess a combination of efficiency and

reliability.  The turbine must be efficient, minimum cost and weight,  to compete with

traditional power sources, but must be durable enough to withstand 30-40 years of

service.  Over the past ten years, Montana State University has performed research to

produce a database of material properties and fatigue performance characteristics of

composite material candidates for use in the wind turbine industry [3].  However,

complex structural details such as skin-stiffener intersections, where out-of-plane stresses

are important, cannot be designed directly with the database of in-plane properties.

Motivation and Approach

Previous research has focused on predicting quasi-static fracture of the critical

skin-stiffener intersections using finite element analysis and experimental validation [5].

To ensure cost effective efficient designs, wind turbine blades must endure service

loading lives beyond typical fatigue driven designs.  This, along with an absence of

adequate understanding of the damage mechanics that lead to fatigue failure in detail

regions of blades, gives motivation for this thesis.

In order to investigate the fatigue failures in detail regions, an approach

combining experimental fatigue testing and numerical analysis was employed.  Initial

damage sites in skin-stiffeners were experimentally determined.  Damage propagation,

coalescence and failure of the stiffener were observed.  An interlaminar database

consisting of crack growth curves was established for the analysis and design of
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substructure architectures.  Finite element model predictions for static and fatigue

damage were compared with experimental results.  The effects of matrix resin toughness

on skin-stiffener performance were investigated for several resins.  Design guidelines and

numerical analysis methodologies were ultimately established to predict stiffener strength

and damage growth rates.
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CHAPTER 2

BACKGROUND

Addressed in this chapter are design issues associated with fatigue loading of

skin-stiffeners and other detail regions.  A discussion of common modes of failure and

classical methods of analysis are presented.

A composite consists of a reinforcing phase, such as carbon or glass fibers, and a

binder agent, or matrix, consisting of a thermoset or thermoplastic resin.  Thermoset

resins are the most common type of matrix system due to good “wet out” of fibers, low

processing temperatures and generally lower cost than their thermoplastic counterparts.

Unlike thermosets, thermoplastic resins are not cross-linked.  Thus, upon heating, the

thermoplastic polymer chains disentangle to form a viscous liquid.  Since thermoplastics

yield and can undergo large deformations, they are generally tougher than thermosets.

However, their high viscosities create difficulties in processing.

Laminated composites inherently possess excellent properties in the fiber

direction shown in Figure 2.  Loaded perpendicular to the fiber direction, commonly

referred to as the transverse direction, they exhibit poor mechanical properties.   The load

is not entirely carried by the fiber and ultimately gets transferred through the matrix

material.  As a result, properties perpendicular to the fibers are matrix

driven.  Similarly, loading perpendicular to the thickness direction can produce

interlaminar cracking and peeling between the layers of layered composites.
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Failure Criterion

Failure of fiber-reinforced materials is a complex topic, and is an ongoing

activity.

There is not an all-encompassing orthotropic failure criterion that accurately predicts all

modes of failure [6].  This statement also holds true for isotropic materials; some fail by

yielding and others fail by brittle fracture.  Composite failure criteria can be broken into

two generalized catagories: compression and tension.  Each of these catagories can be

subdivided into matrix (through thickness and transverse) or fiber dominated failure.

The maximum strain failure criterion, as it applies to the plane-stress case, is

stated by Hyer [6] as the following:

“A fiber-reinforced composite material in a general state of stress will fail when

either:

1. The maximum strain in the fiber direction equals the maximum strain in a uniaxial

specimen of the same material loaded in the fiber direction when it fails; or,

Figure 2.  Fiber and Transverse Directions in a Unidirectional Composite
[6]
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2. The maximum strain perpendicular to the fiber direction equals the maximum strain

in a uniaxial specimen of the same material loaded perpendicular to the fiber direction

when it fails; or,

3. The maximum shear strain in the 1-2 plane equals the maximum shear strain in a

specimen of the same material loaded in shear in the 1-2 plane when it fails.”

Thus, the material will not fail when

where 1 and 2 are the longitudinal and transverse directions for the fibers and C refers to

the ultimate strains in tension, compression and shear, respectively.

For matrix dominated failure, the following failure criterion, Equation 1, is widely

used.  This strength criterion accounts for stress interactions that can be important in

matrix failure [7].

Where the left hand side of the equation is a function of F(σ22,σ33,σ23).  Failure occurs

when the left hand side exceeds 1.0.

An extension of the von Mises criterion for orthotropic materials [6] can be

expressed by an equation of the form
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 Tsi and Wu [8] expressed this as

Where

This failure criterion works well for principal material tensile stresses, but is

nonconservative for compression failures [7].

Note that in the failure criterion described above, all stresses must be transformed

into the principal material directions of the composite using the equations below [8].

Strains also must be transformed into the principal material directions using similar

transformation equations.

where σ11,σ22, and σ12 are transformed stresses in the principal material directions and σx,

)7(
11

11
1 








+=

CT
F

σσ

)8(
11

22
2 








+=

CT
F

σσ

)9(
1

12
66 








=

F
F

σ

)10(
1

11
11 








−=

CT
F

σσ

)11(
1

22
22 








−=

CT
F

σσ

( ) )13()sin(2)cos()cos()sin( 2
22 θσθσθθσσ xyyx −+=

( ) )14()2cos(2)2sin()2sin(
2

1
12 θσθσθσσ xyyx ++−=

)12()2sin()sin()cos( 22
11 θσθσθσσ xyyx ++=

)6(1211211
2
1266

2
222

2
1112211 <−++++ σσσσσσσ FFFFFFF



9

σy, and σxy are the applied stresses.

Fatigue

Fatigue is often one of the primary design drivers of  wind turbine subtructures

due to long operating lives.  Fatigue life is usually expressed in cycles to failure, which is

the number of repetitions of significant loads that can be sustained before cracks initiate

and propagate to cause structural failure.  Design lifetimes of a wind turbine blade

include more cycles than those of the typical aircraft, bridge or helicopter, as shown in

Figure 3 [1].

Structures often experience loading that is applied and removed many times over

the life of the structure.  Uniform cyclic loading and unloading of a specimen over time is

represented in Figure 4, where the relationships between the various stress parameters

Figure 3.  Typical S-N Curve for Various Fatigue Driven Designs [1]
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(Equations 15, 16, 17) are:

Common values of the R ratio are 0.1 (tension/tension), 10 (compression/compression),

and –1 for reverse loading (tension/compression).

Analysis of crack growth is essential in situations where a crack in a substructure

may propagate to cause structural failure.  The remaining life can be calculated in the

context of fracture mechanics to determine whether the crack may be ignored, whether

repair or replacement is needed immediately, or whether repair can be postponed until a

more convenient time.  Crack growth caused by cyclic loading is known as fatigue crack

growth.  The rate of growth with cycles can be characterized by the ratio ∆a/∆N, or for

)15()(
2

1
minmax σσσσ +== meanm

)17(
max

min

σ
σ

=R

)16()(
2

1
minmax σσσσ −== alta

Figure 4. Uniform Cyclic Loading of a Specimen
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small intervals, by the derivative da/dN, where a is the crack length and N is cycles.  The

fatigue crack growth rate, da/dN, is the slope at a point on a crack versus cycle curves as

shown in Figure 5.

Fracture Mechanics

Delaminations may develop during manufacture due to incomplete wetout or

other factors.  They may also result from high interlaminar stresses at or near free edges,

matrix cracks, or other stress concentrations.  These delaminations may then grow when

the structure is subjected to cyclic loading.  When a structure contains flaws, standard

stress or strength based analysis may no longer accurately predict behavior, due to high

stress gradients near flaws.  Engineering fracture mechanics can provide the

methodologies to compensate for the weaknesses of classical strength based analysis.  All

cracks and delaminations can be classified by three modes of growth as shown in Figure

6.  Mode I consists of a crack face opening, mode II consists of shear loading, and mode

Figure 5.  Fatigue Crack Growth Rate
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III is tearing.

Griffith stated that “crack propagation will occur if the energy released upon

crack growth is sufficient to provide all the energy that is required for crack growth” [9].

In order for a crack to propagate, the following condition must be met:

Where U is the elastic energy and W the energy required for crack growth. G, the strain

energy release rate (SERR) or crack driving force, is equal to dU/da.  The energy

consumed in crack propagation is denoted by R = dW/da, which is called the crack

resistance [9].  Thus, when G is greater than or equal to R, crack propagation will occur.

Figure 6.  Fracture Modes: Three Modes of Fracture

)18(
da

dW

da

dU
≥



13

Mixed-Mode Fracture Criteria

Complex structures often have a mixed mode interaction at crack fronts.  Once a

database of fracture toughness has been established for Mode I and II, a mixed-mode

fracture criteria must be established for use in the complex architectures.  Russell and

Street [10] suggest that it is of value to examine a database of Mode I and II toughness in

terms of available empirical relationships for mixed-mode fracture toughness behavior.

They proposed a form of

for the I-II tension shear quadrant.  The coefficients m and n are determined by curve-

fitting and the K values are the stress intensity factors and c indicates the critical value for

unstable crack growth.  The K values are proportional to the square root of the G values

[8].

Reeder [11] suggests that strain energy release is a good measure of a material’s

resistance to delamination growth and most of the failure criteria can be expressed in

terms of a critical strain energy release rate or fracture toughness.  This can be expressed

in terms of fracture energies as

where the coefficients m and n are determined by curve-fitting and the G values are the

fracture energies.  When the sum of the two terms (F) is greater than 1.0 crack growth
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will occur.

Russell and Street [10, 12] found m = n = 2 for delamination data for

unidirectional graphite/epoxy laminates.  Wu found that m = 1 and n = 2 best represented

the extensive database for splitting balsa wood and unidirectional S-glass/epoxy materials

[12].

Crews and Reeder [13, 14, 15] developed the mixed-mode bending (MMB) test

apparatus to investigate the mode interaction for laminated composites.  The MMB test

apparatus is a simple combination of mode I and mode II loading.

Russell and Street [12] point out that simple curve-fitting procedures fail to offer

any insight into the mechanisms of failure, their usefulness is limited to interpolation over

a specific fracture envelope for the material, geometry, and environment under

consideration.

  Numerical Methods to Predict Strain Energy Release Rates

This study used a direct method for numerically predicting G from finite element

alnalysis: the Virtual Crack Closure Technique (VCCT).

Irwin postulated that if a crack extends from a to a + ∆, for infinitesimal values of

∆, the crack opening displacement behind the new crack tip will be approximately the

same as those behind the original crack tip [16].  Then the work necessary to extend the

crack from a to a + ∆ is the same as that necessary to close the crack tip from a + ∆ to a

(Equation 21).
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where v(r) is the crack opening displacement at a distance r behind the crack tip, a + ∆,

σy is the normal stress distribution ahead of the crack, and ∆ is the  change in crack

length, shown in Figure 7.

Irwin then calculated G using Equation 22 as

where G is the amount of work required to close the crack an infinitesimal length ∆.

Rybicki and Kanninen [16] then applied the Irwin Crack Closure Method to a 4-noded

quadrilateral finite element, as
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Figure 7.  Normal Stress σy Distribution Ahead of the Crack Tip [17]
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where:  ∆ is the width of the element,  F is the force on node, u is the horizontal

displacement of the node and v is the vertical displacement of the node and shown in

Figure 8.  This was the basic method used for the studies presented herein.
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Figure 8.  4-Noded Quadrilateral Finite Element [17]
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CHAPTER 3

EXPERIMENTAL METHODS

Resin and Fabric Systems

Fiberglass composites consist of a glass fabric reinforcing phase and a resin

matrix binding agent.  The majority of specimens used in this study were processed using

CoRezyn 63-AX-051, an unsaturated ortho-polyester resin.  Interplastic Corporation

manufactured the resin.  This resin, when combined with Lupersol DDM-9 methyl ethyl

ketone peroxide (MEKP) at 1-2% by volume, yields a composite that is representative of

those used in wind turbine blade components.

Vinyl Esters are also common in the manufacturing of composite wind turbine

blades.  Therefore, selected skin-stiffeners were also manufactured using two Vinyl Ester

resins, Derakane 8084 (rubber modified) and Derakane 411C-50.  Dow Chemical

supplied the Vinyl Ester resin systems.  Vinyl Esters were cured with 0.5% by volume

Cobalt Naphthenate-6% (CoNap) promoted with 2% by volume Trigonox 239A catalyst.

All polyester and Vinyl Ester samples were postcured at 60ºC for a period of two hours.

Molds and glass plates were coated with A1380 mold release to ease removal of Vinyl

Ester samples.

The E-glass fabrics used in this study were manufactured by Owens-Corning

Fabrics.  All samples consisted of two architecturally different ply layers.  The first fabric

is D155 (areal dry weight of 526 g/m2) which is a stitched unidirectional (90º) fabric.

The second fabric is the DB120 (areal dry weight of 407 g/m2) which is a double bias

stitched ±45º fabric, as shown in Figure 9.
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Manufacturing Equipment

The mold base for the DCB and ENF specimens, Figure 10, consisted of a 1.3 mm

thick aluminum plate.  A 12.7 mm x 12.7 mm groove was machined for the silicone

gasket material.  The mold base was topped with a 12.7mm thick tempered glass plate.

Figure 9.  E-Glass Fabrics used in Test Specimens

Inlet Port

Silicon Gasket

Aluminum
Mold Base

Figure 10.  Flat Plate RTM Mold for DCB and ENF Specimens
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The glass was secured to the mold base with 10 C-clamps.

A peristaltic pump was used for manufacturing all specimens used in this study,

shown in Figure 11.

Parastaltic Pump

C Clamp

Silicon Gasket

Figure 11.  Peristaltic Pump and Skin-Stiffener Mold

Skin-Stiffener
Mold
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The C Clamps were torqued such that the gap between the glass plate and aluminum

mold base was 4.5 mm, which ensured that the skin and web thickness were each 4.5

mm.

Testing Machines

Two testing machines were used to perform the experimental tests.  The static

DCB specimens were tested using an Instron model 8562.  This test machine is a servo

electric driven machine with a 22480 N load cell, shown in Figure 12.

Figure 12.  Servo Electric Test Machine with 445 N Load Cell

Servo Electric
Test Machine

Control
Panel

Actuator

Hydraulic
Grips
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All of the remaining specimens were tested using an Instron Model 8511.  This test

machine is a servo hydraulic driven machine with a 4480 N load cell, shown in Figure 13.

DCB and ENF Specimens

Mode I interlaminar fracture toughness was obtained using the Double Cantilever

Beam (DCB) test, see Figure 14.

Figure 13.  Servo Hydraulic Test Machine

Servo
Hydraulic
Test Machine

Hydraulic
Grips

Control
Panel

Actuator
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A teflon strip is positioned at the mid thickness between glass fiber layers during the

manufacturing process to represent a flaw or crack.  Loading hinges are bonded to the

DCB specimens.  The beam is loaded in displacement control using a tensile test machine

until the crack front moves a measurable amount.  The beam is then unloaded and final

crack length is recorded.  Load and displacement are continuously recorded during

loading and unloading of the specimen.  A typical load versus displacement plot is shown

in Figure 15.  ASTM has a detailed description of the DCB testing procedure and in

depth analysis of several methods for calculating G values [18].  The detailed

experimental testing procedures used in this thesis are discussed later in this chapter for

further clarification and testing repeatability.

Figure 14.   Double Cantilever Beam (DCB) Specimen
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Common methods of determining the GIc are the Modified Beam Theory (MBT)

and the Area Method [18].  The MBT method is derived from elementary beam theory

while the Area Method is a graphical approach.  The Mode I strain energy release rate,

GIc, using the MBT method (Equation 25) is:

where Pcr is the critical load, δcr is the critical displacement at the applied load location, b
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Figure 15.  Typical Load versus Actuator Displacement Curve for DCB
Specimen
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is the specimen width, and a is the delamination length measured from the load

application point (piano hinge) (Figure 14).

The area enclosed by the load versus displacement curve is the amount of energy,

SERR, required to grow the crack some distance ∆a.  The GIc, from Equation 26 is thus

calculated by:

where area is the area enclosed by loading-unloading loop (Figure 16), b is the width of

the specimen and ∆a is the change in crack length.
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Mode 2 interlaminar fracture toughness is determined by the End Notch Flexure

Test (ENF) as shown in Figure 17.  Russell and Street [19] originally developed the

testing procedure.  The teflon strip is positioned between the glass fiber laminates in the

composite during the manufacturing process.  The beam is placed in a three point loading

fixture.  The specimen is loaded at the midspan until the crack front moves some

measurable amount, ∆a.  The beam is then unloaded. A typical load versus displacement

plot is shown in Figure 18.

Figure 17.  Mode II Fracture Specimen Geometry
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A closed form equation for GIIc associated with delamination growth by Russel

and Street [19] yields Equation 27

where P is the applied load for crack growth, a is the initial crack length in specimen, b is

the specimen width, h is the half height of composite beam, and E is the flexural

modulus.  The load taken for the calculation is the intersection of the load-displacement

curve with the 5% tangent line shown in Figure 18.
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Fatigue testing of DCB and ENF specimens is a common method of

characterizing crack growth rates for specific composite architectures.  A procedure [20,

21] for obtaining delamination growth rates is described as follows.  The following

values are recorded at specified intervals: a, the crack length, N, the number of load

cycles, and δ, the actuator displacement.  An empirical relation is then determined for

change in crack length per cycle, da/dN.  Once a crack length to number of cycles

relationship has been obtained, the SERR and delamination growth rate can be

determined using the methods described earlier in the chapter.  A typical log-log

relationship between da/dN and ∆G is shown in Figure 19, where ∆G is the range of G

between the maximum and minimum loads.

Figure 19. Typical Log-log Relationship between da/dN and ∆G
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From the da/dN versus ∆G curve, a power law relationship (Equation 28), known

as Paris Law [20], can be defined using a standard curve fitting computer package.

where da/dN is the delamination growth rate, A is a material parameter, n is a material

parameter and G is the strain energy release rate at the maximum load in the fatigue

cycle.  The range of G in the cycle, ∆G, is more commonly used for metals [22].

    The two specimen configurations were investigated to determine static and fatigue

G values for Mode I and II, shown in Table 1.

Series ID Specimen Layup Crack Number Motivation

Type Interface of Tests

6XX DCB [(45),(90)2,(45)]4 (45°/45°) 14 static GI test

6XX DCB [(45),(90)2,(45)]4 (45°/45°) 8 fatigue GI test

7XX DCB [(45)9,(90),(45)8] (90°/45°) 18 static GI test

7XX DCB [(45)9,(90),(45)8] (90°/45°) 8 fatigue GI test

8XX ENF [(45)9,(90),(45)8] (90°/45°) 3 static GII test

7XX-8XX ENF [(45)9,(90),(45)8] (90°/45°) 14 fatigue GII test

The DCB and ENF specimens were prepared using the flat plate mold and inserting

teflon release film at the center of the fabric lay-up to form an initiation crack.

Both types of specimens were cut into 2.54 cm widths using a diamond bit wet cut table

saw.  DCB specimens were sanded with 100-grit sandpaper where the loading hinges

were mounted to remove any release agent from the manufacturing process.  Loading

Table 1.  Table of DCB and ENF Series ID and Motivation

)28(nGA
dN
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hinges were adhered to the samples using a two-part epoxy, Hysol EA9302.2NA.  The

edges of the specimens were wet sanded and polished with 400 grit sandpaper so crack

fronts could easily be identified and measured.

Several methods of crack length monitoring were investigated.  Two electrical

resistance methods were attempted using copper tape and silver colloidal paint.  Visual

inspection with a scaled loupe microscope, shown in Figure 20, was used in parallel with

tape and paint techniques to ensure accurate crack front readings.  The copper tape was

obtained from 3M, Electrical Tape Division, Part # 3224-1.  The silver colloidal paint

was obtained from Ted Pella, Inc., Catalog # 16031.  The conductive materials were

adhered to the surface of the crack specimen, shown in Figure 21.  A voltage was applied

to a three-quarter wheatstone bridge.  The DCB with the conductive material served as

the fourth resistor to complete the bridge circuit.

Figure 20.  Scaled Loupe Used to Monitor Crack Fronts
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The voltage across the DCB could then potentially be measured during the test operation.

A function could then have been obtained for crack length as a function of voltage.  The

copper tape and silver colloidal paint monitoring systems functioned with little or no

success  as a consequence of coating variability.  Thus, subsequent tests consisted of

visual inspection only.

In order determine a valid value for GIc, the specimens were precracked a small

distance (2-3 mm) to eliminate erroneous results due to a resin rich region at the tip of the

starter film.  Tests were performed by loading and unloading the specimens so that a

complete load history could be recorded for future reference.  All crack growth was

monitored within a 0.1 mm using a scaled loupe microscope.   Crack fronts were

generally uniform across the width of the beam.

DCB Static Test Procedure

1. Specimens were precracked with a small flat screwdriver, past the teflon strip, so the

resin rich region would not influence G values.

2. Initial crack length was recorded using the scaled loupe to the nearest 0.1 mm.

3. Specimens were loaded using hinges mounted to aluminum straps placed in Instron

grips, shown in Figure 21.

4. Specimens were loaded in displacement control at a rate of 0.254 mm/sec.

5. The critical load, used in the MBT equation, was determined as the point at which

non-linearity occurred in the load-displacement curve and a drop in load occurred.

This corresponded to an increase in compliance of the DCB specimen.
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6. After onset of non-linearity, the specimen was then unloaded at a rate of 0.254

mm/sec to zero load.

7. Final crack length was recorded using the scaled loupe.

8. Subsequent values for GIc were then calculated using MBT (Equation 25).  Pcr and δcr

were entered into the MBT equation.  The area enclosed by the load-displacement

hystersis loop was numerically integrated using EasyPlot.  This area divided by the

projected area of crack growth is the strain energy release of the system during crack

growth.

DCB Fatigue Test Procedure

1. The specimen was precracked using a small screwdriver.

2. The initial crack length was recorded using scaled loupe.

Figure 21.  DCB Test with Conductive Copper Tape

Loading Hinges

Instron Grips

Aluminum Spacers

Copper Tape
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3. The specimen was loaded using hinges mounted to aluminum straps placed in Instron

grips shown in Figure 21.

4. The specimen was loaded to the average load in load control.

5. A load control sinusoidal waveform that produced an R-value of 0.1 was applied to

the specimen at a frequency of 4-6 Hz.  The adaptive control feature from the Instron

control panel was set.  This ensured that a constant load was applied to the specimen

as the compliance increased when the crack front advanced.

6. The maximum displacement limits were set such that the DCB crack front could

advance between 1 and 5 mm.

7. Once the displacement limit was tripped, final crack length, maximum cyclic load,

number of loading cycles, and initial and final displacements were recorded.  A

Labview program was written to record cyclic data at specified intervals.  Cyclic load

data was typically recorded every 40 –60 cycles.  This reduced the amount of

computer CPU and disk space required for archival and handling of test data files.  A

copy of the Labview program used for DCB testing performed in this thesis is given

in Appendix D.

8. Reduced data for da/dN and GIc (Equations 28 and 26), using the Power Law and

MBT relationships, were determined as discussed earlier.

Static ENF Test Procedure

1. The specimens were precracked (as described previously).

2. The initial crack length was recorded using the scaled loupe.
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3. The specimen was loaded in displacement control at a rate of 0.254 mm/sec.

4. The critical load was determined to be the point at which non-linearity occurred in the

load-displacement curve or a drop in load occurred (Figure 18).  At the point of non-

linearity, the crack usually grew quickly in an unstable fashion.  An ENF test in

progress is shown in Figure 22.

5. The critical load and displacement values were inserted into Equation 27 for the

determination of  GIIc.

ENF Fatigue Test Procedure

1. The specimen was precracked.

2. The initial crack length was recorded using scaled loupe.

Loading Fixture

ENF Specimen

Three Point
Testing
Apparatus

Figure 22.  ENF Test in Progress
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3. The specimen was loaded to the average compressive load in load control.

4. A sinusoidal waveform, in load control, that produced an R-value of 0.1 was applied

to the specimen at a frequency of 4-6 Hz.  The adaptive control feature from the

Instron control panel was set.

5. The maximum displacement limits were set.

6. Once the displacement limit was tripped, final crack length, maximum load, number

of loading cycles, and initial and final tip displacements were recorded.  A Labview

program was written to record cyclic data at specified intervals.  Cyclic load data was

typically recorded every 40–60 cycles.  This reduced the amount of computer CPU

and disk space required for archival and handling of test data files.  A copy of the

Labview program used for ENF testing is given in Appendix D.

7. Reduced data for da/dN (Equation 28) and GIIc, using the Russel and Street Equation

(Equation 27), were determined as discussed earlier.

Substructure Specimens

The skin-stiffener tests were performed to investigate the mechanisms and mode

of fracture for intersection detail regions.  The skin-stiffener, shown in Figure 23, was

chosen for its relatively simple geometry and ease of manufacturing. These tests

provided data for substructure modeling validation with the Ansys finite element code.

A variety of resin systems were used in the skin-stiffeners.  A summary of

the stiffener test matrix and motivations is presented in Table 2.  The edges of the skin-

stiffeners were polished to enhance the detectability of damage and crack growth within
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the specimens.  Load, displacement, bending strain and damage were monitored on all

tests.

Two load cases were investigated.  They were initial static tensile pull-off tests

and cyclic tensile tests.  These tests were performed with the simply supported testing

apparatus shown in Figure 24. The load for both cases was applied to the specimen by

gripping the upper 2.5 cm of the web in the hydraulic grips of the Instron and the

Figure 23.  Skin-Stiffener Loading , Geometry and Dimensions
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reacting load with the bars of the test fixture.

Series ID Resin Layup Number Motivation

Web Skin of Tests

8TXX-10TXX Ortho-polyester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 3 static test – initial
damage & maximum
load

8TXX-10TXX Ortho-polyester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 17 fatigue test

18TXX Ortho-polyester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 6 static crack growth
investigation

11TXX 8084 Vinyl Ester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 3 static test – initial
damage & maximum
load

11TXX 8084 Vinyl Ester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 8 fatigue test
14TXX Iso-polyester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 3 static test – initial

damage & maximum
load

14TXX Iso-polyester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 8 fatigue test

16TXX 411 Vinyester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 3 static test – initial
damage & maximum
load

16TXX 411 Vinyl Ester [(45),(90)2,(45)]s [(45),(90)2,(45)]s 9 static & fatigue test

Figure 24. Test Apparatus used for ENF and Skin-Stiffener Specimens

Table 2.  Summary of Skin-Stiffener Test Matrix
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During the cyclic fatigue loading experiments, the skin-stiffener was inserted

between the reaction bars and secondary reaction bars with rubber bands to constrain

downward movement of the skin shown in Figure 25.

This was a safety precaution to ensure that complete unloading of the specimen

and unconstrained downward translation did not occur, resulting in impact of specimen

to the lower plate of the testing apparatus.

Static Test Procedure

1. Specimens were loaded in displacement control at a rate of 0.254 mm/sec.

2. Data were collected for load, actuator displacement and skin bending strain.  A

typical load versus displacement curve is shown in Figure 26.

Inston Grip

Extensometer

Three Point
Testing
Apparatus

Reaction Bars
with Rubber
bands

Figure 25.  Typical Skin-Stiffener Tensile Test
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3. Initial damage onset was taken as the point where the load-displacement curve

became non-linear.  This correlated well with an audible “pop”, where crack initiation

occurred at the radius between the web and flange.

Fatigue Test Procedure

1. Specimens were loaded to the mean load in load control.

2. A sinusoidal waveform that produced an R-value of 0.1 was applied to the specimen

at a frequency of 2-4 Hz.
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3. The maximum and minimum per cycle data was collected for load, actuator

displacement, and skin bending strain.  The Labview program recorded cyclic data at

specified intervals.  Cyclic data was typically recorded every 40 –60 cycles.

4. The maximum displacement limits were set at 0.635mm intervals.

5. Once the displacement limit was tripped, damage locations and crack lengths were

recorded with a scaled loupe microscope.

6. Steps 1 through 5 are repeated until a change in maximum displacement of 5.08mm

occurred.  This change in displacement correlates to static initial damage onset for

ortho-polyester skin-stiffener specimens.
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CHAPTER 4

NUMERICAL METHODS

DCB specimens were modeled by finite element analysis (FEA) to validate the

analysis against the established MBT formula (Equation 25).  The FEA procedure was

then used to determine GI and GII values for the skin-stiffener specimen.  Ansys finite

element DCB models for the double cantilever beam (DCB) specimen were constructed

using 2-D (plane strain) and 3-D continuum elements.  The 2-D model was employed for

skin-stiffener geometry [23].

DCB Models

The DCB was initially modeled using 3-D continuum elements (solid 45) in

Ansys 5.5.  A 3-D analysis was performed to investigate edge effects during crack

growth. Half symmetry about the longitudinal mid-plane of the DCB was used to

simplify the model by restricting the nodes along the mid-plane to have zero horizontal

(z)-displacement.  The lower beam tip was constrained in the vertical (y) and longitudinal

(x) directions as shown in Figure 27.  The lower beam tip was constrained in the (x) and

(z) directions to simulate hinge load points. The experimental load was halved and

applied to the upper beam tip in the vertical (y) direction.

A 2-D DCB model was then constructed using 2-D (plane strain) continuum

elements (plane 82).  The lower beam tip was constrained in the horizontal (x) and

vertical (y) directions as shown in Figure 28.  The lower beam tip was constrained in the

(x) direction to simulate the hinge load point.  A vertical normalized load per unit width

was applied to the upper beam tip.
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A mesh sensitivity study performed by Haugen suggests that the ratio of total

crack length to element width (a/da ratio) must be greater than 25 [5].  He reported that

instability occurs for (a/da) ratios of less than 25 and invalid G results occur.  Thus, in the

localized region of all the crack front models, element size was minimized to obtain an

(a/da) ratio greater than 25.

The models were constructed using individual lamina rather than smeared

properties.  This method requires more processing and CPU time, but is generally more

accurate.

Figure 27.  3-D DCB Model with Applied Loads and Constraints

Refined Area for
Crack Front

Z Direction
Constraint

Load Application Point

Hinge Constraints
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Individual lamina layer properties, nine independent properties for orthotropic materials,

were entered into Ansys as separate material sets.  The models are then constructed with

a series of areas for 2-D analysis or volumes for 3-D analysis.   The material set was set

active for each area or volume being meshed.  All models were constructed and analyzed

with the use of batch files.  The use of batch files reduces interaction time between the

Ansys Graphic User Interface (GUI) and the user.  Batch files can be easily modified to

perform parametric studies on material properties, boundary conditions, loading cases,

etc.  A sample batch file is enclosed in Appendix D.  Additional input lines can be added

to reduce post-processing time if specific output is desired, thus reducing additional

interaction with the Ansys GUI post-processor.

The material properties for the polyester E-glass plies were obtained from the

MSU database published by Mandell and Samborsky [3].  Typical material properties for

DB120 and D155 fabric layers are shown in Tables 3 and 4.

Crack Front

Hinge Constraints

Load per Unit Width Application Point

Figure 28.  2-D DCB Model with Applied Loads and Constraints



Longitudinal Direction Transverse Direction

Elastic Constants Tension Compression Shear Tension Compression

Fabric lay-up V E E L G UTS , UCS , J UTS , UCS ,F

% GPa GPa GPa MPa % MPa % MPa MPa % MPa %
L T LT LT L U L U TU T U T U

A130 [0] 45 36.3 8.76 0.32 3.48 858 2.53 -334 -0.92 85.3 33.8 0.39 -93.3 -1.058

D092 [0] 45 35.3 8.76 0.31 4.15 959 2.98 -773 -2.19 141 38.3 0.44 -133 -1.5210

D155 [0] 45 35.0 8.99 0.31 4.10 987 2.83 -746 -2.02 97.7 27.2 0.32 -123 -1.676

DB120* [0] 44 26.6 7.52 0.39 4.12 610 2.49 -551 -2.08 84.9 24.9 0.33 -114 -2.0016

DB240* [0] 46 31.0 7.34 0.35 3.74 697 2.67 -528 -1.74 68.7 19.7 0.27 -122 -1.698

0/90RO [0/90] 46 23.9 23.9 0.26 4.08 382 2.27 -223 -0.93 99.1 382 2.27 -223 -0.93
V* 7

Notes:  All coupons for this Table were tested at 0.25 mm/s, with a 100 mm gage length. Compression tests used a 13 mm gage
length with unsupported edges.
E  - Longitudinal modulusL

L  - Poisson’s ratioLT

G  and J  - Shear modulus and ultimate shear stress from a simulated shear (±45) ASTM D3518 test. LT TU

UTS  - Ultimate longitudinal tensile strengthL

,  - Ultimate tensile strainU

UCS  - Ultimate longitudinal compressive strengthL

 ,  - Ultimate compressive strain. Coupons had a 13 mm gage length.U

* DB120 and DB240 fabrics were separated into a +45E and a -45E orientation and then rotated to 0 degrees to form a
unidirectional material. The reasoning behind the testing of the DB120 and DB240 fabrics is that the fabric stitching operation
causes a noticeable waviness in the fabric. If the properties of straight fiber tows are used to model the ±45 directions, the
calculated values would be extremely high than what actually would be present because of this waviness. The 0E/90E ROV material
was tested as a balanced 0E/90E fabric.

Table 3. Static Longitudinal, Transverse and Simulated Shear Properties for D155 and DB120 Unidirectional Properties



Physical Constants of Material D155, V  = 36%F

Property and Test Values Average s.d.
test plane

E , GPa (LT plane) 28.1, 27.0, 29.8 28.3 1.4L

E , GPa (LZ plane) 28.0, 28.3, 27.6 28.0 0.4L

E , GPa (TZ plane) 8.00, 7.31, 7.93 7.75 0.38T

E , GPa (ZX plane) 7.10, 7.65, 7.38 7.38 0.28Z

NU 0.329, 0.320, 0.301 0.32 0.01LT

NU 0.305, 0.338, 0.331 0.33 0.02LZ

NU 0.466, 0.395, 0.449 0.44 0.04TZ

G , GPa 3.31, 3.35, 3.23 3.30 0.06LT

G , GPa 3.03, 2.72, 2.70 2.82 0.19LZ

G , GPa 2.78, 3.12, 1.76 2.55 0.71TZ

Strengths of Material D155, V  = 36%F

Property and Test Values Average s.d.
test plane

UTS , MPa (LT plane) 891, 814, 883, 838 856 37L

UTS , MPa (LZ plane) 679, 672, 685, 646 671 17L

UTS , MPa (TZ plane) 26.6, 36.0, 30.4, 32.9, 29.0 31.0 3.6T

UTS , MPa (ZT plane) 21.7, 18.7, 20.4, 18.1 19.7 1.6Z

UTS , MPa (ZL plane) 19.4, 17.7, 22.3, 17.1, 15.2 18.4 2.7Z

J , MPa 95.1, 82.1, 78.8 85.3 8.7LT

J , MPa 79.6, 77.3, 77.1, 63.2 74.3 7.5LZ

J , MPa 19.9, 17.6, 12.0 16.5 4.0TZ

Shear properties determined by V-notched beam (ASTM 5379) 

Table 4. Physical Elastic Constants for D155 Material with Ortho-polyester Resin.
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Skin-Stiffener

Two models were constructed for the skin-stiffener geometry.  The first model

was built to analyze and confirm the elastic region of the stiffener experimental load-

displacement curve.  High strain gradient areas were located and analyzed using the

failure criteria discussed in Chapter 2 to determine initial cracking locations.  The second

model was constructed to predict crack growth for monotonic and cyclic load cases after

an initial crack was present.

A plane strain analysis using plane 82 quadrilateral elements was used in the skin-

stiffener models, which were also constructed using individual lamina layers and not

smeared properties.   Half symmetry about the web of the stiffener was used to simplify

the model by restricting the nodes along the mid-line to have zero (x)-displacement,

shown in Figure 29.  Three coordinate systems were constructed for the element

generation of the first model.  A coordinate system was developed for the web, bend

region and the flange and skin regions.  These coordinate systems were used to keep the

orthotropic composite properties aligned with the local coordinate systems of the

elements.  Three material property sets were constructed.  An orthotropic set was

constructed for each glass fabric (DB120 and D155) and one isotropic set for the resin

rich region between the web and stiffener.  The coordinate systems and bend region mesh

configuration are shown in Figure 30.  The support from the test apparatus was modeled

as a condition of no vertical (y)-displacement at a distance of 6.35 cm from the web
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centerline.  The vertical applied nodal force was normalized per unit width of the

specimen and applied to the top of the web.

Once initial damage was introduced within the FEA model, the skin-stiffener was

no longer symmetric.  Thus, a full model was generated to represent the stiffener during

crack propagation, shown in Figure 31.

Five coordinate systems were constructed for the discretization of the full model.  The

three sets of material properties that were used in the symmetric model were used in

conjunction with the five local coordinate systems.  One to one aspect ratios in areas that

possessed high stress gradients were implemented while low stress gradient areas had

Symmetric Boundary
Condition at Web
Centerline

Load per Unit
Width

Pin Contact
U =0

Web

Flange Skin

Figure 29.  Symmetric Finite Element Model for Skin-Stiffener
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aspect ratios of three to four.  Elements surrounding the crack tip were highly refined to

capture the stress gradients.

The increase in aspect ratios dramatically reduced the total number of elements

required for mesh generation.  One disadvantage of modeling individual fabric layers is

that element heights can not exceed the height of the fabric layers.  The use of smeared

properties would eliminate this restriction. Much larger elements could then be used

which in turn would lower the computer computational solution time.  This skin-stiffener

model was small enough that solving times were usually under five minutes on a Pentium

233Mhz machine.  Smeared properties should be incorporated into larger 2-D or 3-D

Resin Rich
Region

Coordinate
System #1

Coordinate
System #2

Coordinate
System #3

Figure 30.  Coordinate Systems and Mesh for Symmetric Skin-Stiffener
Model
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models with low stress gradient areas to minimize solution intervals.  The final area and

mesh configurations for the full model are shown in Figure 32.

The analysis of the specimens with FEA involved using the model without a crack

to simulate initial behavior of the skin-stiffener in the elastic, undamaged state.  High

stress gradient regions were investigated at experimentally determined critical loads using

the failure criteria previously described in Chapter 2.  Delaminations were then inserted

in the full non-symmetric stiffener model and G values were calculated using the VCCT

method discussed previously in Chapter 2.

Test Apparatus
Constraint uy=0

Normalized Load
per Unit Width

Figure 31.  FEA Model for Crack Propagation
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Delamination
Region

Coordinate
System #1

Coordinate
System #2

Coordinate System #3

Coordinate
System #4

Resin Rich
Region

Figure 32.  Coordinate System and Mesh For Skin-Stiffener Crack
Propagation
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

A summary of the experimental results for the GI, GII and skin-stiffener test

specimens are presented in this Chapter.   Detailed results for each test are presented in

Appendix A.

Static GI Crack Tests

Static DCB Mode I (GIc) tests were conducted to examine interlaminar fracture

toughness with the polyester CoRezyn matrix.  Two ply configurations were tested:

[(±45),902,(±45)]4 and [(±45)9, 90, (±45)8].  Cracks were propagated along (45°/45°) and

(90°/45°) interfaces to investigate toughness changes with different layup configurations,

simulating crack locations in the skin-stiffener tests.

(90°/45°) Ply Interface

A plot of fracture toughness versus crack extension (where a* is the crack

extension beyond the teflon starter film) is shown in Figure 33.  The GIc versus crack

length data were linear curve-fit for use in the FEA static crack growth analysis.  GIc

values calculated from the MBT method increased from an initiation value of 130 J/m2 to

an average plateau value of 461 J/m2 once the crack had grown over 5 mm in length, as

shown in Table 5.  The results indicate that an R-curve effect exists in the polyester

(90°/45°) configuration as noted by other investigators [5].
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(45°/45°) Ply Interface

Fracture toughness versus crack extension data for the (90°/45°) ply interface is

also shown in Figure 33.  The (45°/45°) interface exhibited a similar R-curve behavior

after initiation.

Other investigators have reported a similar R-curve behavior.  Alif et al. [24]

observed tow debonding in the fabric layers above and below the crack interface for a

woven fabric carbon/epoxy interface.  They reported that a single tow debond resulted in

a GIc increase of 50 J/m2.  The excess energy involved in tow debonding was estimated

from the difference between the smooth load/displacement curve and the peaks in

(90/45) Crack Interface
GIc = 50.61a* + 216.25

R2 = 0.75

(45/45) Crack Interface
GIc = 43.695 a* + 245.13

R2 = 0.92
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Figure 33.  GIc Fracture Toughness versus Crack Extension
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fracture toughness associated with the strand debonding process.  Haugen [5] postulated

that tow debonding effectively created a larger fracture process zone, as well as

DCB Layup
(Ply Interface

GIc (J/m2) Std
Dev.

# Points GIc (J/m2) Std
Dev.

# Points

Delaminated) a* < 2.1 mm a* > 2.1 mm
[(45)9,90,(45)8] 248.8 75.4 5 462.1 106.5 12
[(45),902,(45)]4 272.8 41.1 7 420.3 75.0 7

multiple crack paths.  Delamination with multiple cracks required more energy than did a

simple planar delamination.  He observed that with tow debonding, the crack actually

grows simultaneously at the mid-plane fracture surface and the tow-matrix interface one

ply thickness away from the mid-plane.  (Haugen [5] studied the multiple crack fronts in

glass fiber/polyester resin [(±45)]10 DCBs).  The increase in fracture toughness with

crack length in the (90°/45°) interface was proposed to be the direct result of fiber

bridging, multiple crack paths, and strand debonding.  The larger process zone was

observed in both sets of DCB specimens.  A schematic of the crack profile is shown in

Figure 34.  The crack front began in the (90°/45°) interface, grew transversely through

the 90° ply and delaminated the (90°/45°) interface and ultimately the (45°/45°) interface.

The cracking in the (90°/45°) case grew along the path of least resistance.  It is believed

that the “actual” GIc values for the (90°/45°) DCB are slightly higher than the

experimental results due to the fact that the crack front coalesced in the 45° plies and did

not stay in the (90°/45°) interface.

Table 5. GIc Values from Static DCB Tests
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The test results indicate a definite toughness increase with crack extension for

both of the interfaces. Initiation values were very similar for both interfaces.  The

toughening in both cases can be attributed to fiber bridging and tow debonding.  It should

be noted that increases in fracture toughness were not great until the crack fronts had

grown beyond 2 mm.  This would indicate that the designer should not rely on fiber

bridging and strand debonding to increase fracture toughness for small cracks.  A better

method of design would be to assume small material flaws and insure that growth of

these flaws will not occur at the GIc initial value.  Interlaminar stresses could be reduced

by changing reinforcement architecture [25].

GI Fatigue Crack Growth Tests

Similar DCB Mode I crack growth tests were performed under fatigue loading.

The fatigue cracks were propagated at the (90°/45°) ply interface at an R-value of 0.1. An

CRACK FRONT
TRANSVERSETEFLON FILM

90° PLY

±45° PLY
CRACKS

TOW DEBONDING

Figure 34. Detail of Static Crack, (90°/45°) Interface, DCB Specimen



54

initial fatigue test showed an R-curve effect similar to that exhibited in the static tests for

longer cracks.  This was evident due to the fact that as measurements were taken during

the cyclic tests, the growth rate became smaller as the G became larger.  The DCB crack

path is shown in Figure 35.  The fatigue damage zone possessed little or no transverse

cracking.  The damage zone in the vicinity of the crack front was smaller than the static

tests due to the fact that, during fatigue crack growth, smaller loads and displacements

result in a lower strain energy within the specimen.  The crack front had a tendency to

propagate toward the (45°/45°) interface.

Subsequent fatigue tests were performed with crack extensions of 5 mm or less to

reduce R curve influences.  The R-curve effect was minimized so an accurate database

could be assembled for analysis of the early stages of damage initiation and growth.  The

test data indicate that R-curve effects are very small or virtually nonexistent for short

CRACK FRONT
TEFLON FILM

90° PLY

±45° PLY

Figure 35. Detail of Fatigue Crack, (90°/45°) Interface, DCB Specimen
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crack lengths.  Once cracks grew to lengths over 5 mm, the R-curve began to “level off”

and plateau.  Other investigators have reported similar behavior.  Mandell and Tsai [21]

observed similar R-curve effects and plateau regions for wet and dry DCB carbon fiber

tests.  They proposed that this “leveling” effect was the result of the full development of

the fiber bridging zone, as evidenced by the constant GIc values for long crack lengths.

The growth rate (the change in crack length per cycles (da/dN)) versus the

maximum strain energy per cycle (GImax) is shown in Figure 36.  The complete

characterization of delamination growth under cyclic loading should be bounded at the

upper and lower ends.  The lower bound is the threshold below which delamination

da/dN = 2x10-20 Gmax
7.62
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Figure 36.  Mode I – (da/dN) versus GImax.  [(45)9,90,(45)8] Laminates Cracked in
the (90°/45°) Interface.  Short Crack Data (below 5 mm), R = 0.1, DCB
Specimen.
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growth does not occur and is typically referred to as the Threshold Strain Energy, Gth.

The upper bound is the Critical Strain Energy Release value GIc, above which the growth

is unstable.  The static GIc values are typically used to indicate the cyclic GIc because this

is the point which growth occurs during one cycle.  Cyclic mode I tests were performed

at lower and lower load levels to converge on the threshold energy, Gth.  No growth

occurred on a DCB specimen with a calculated GImax of 50 J/m2 for 2 million cycles.

Thus, Gth was assumed to occur between 50 J/m2 (no growth per cycle) and 57 J/m2

(3.65x10-7mm/cycle). The data were fitted by the power law relationship previously

described in Chapter 2.  An exponent of 7.6 best correlated the DCB data.

Static GIIc Crack Tests

Static ENF tests were conducted to examine the Mode II interlaminar fracture

toughness (GIIc) of cracks propagated between (90°/45°) plies (Figure 30).  The same

specimens were used for ENF and DCB tests: ortho-polyester matrix with a [(±45)9, 90,

(±45)8] ply layup.  A typical load versus actuator displacement curve is shown in Figure

37.    Typically, while the ENF test is in progress, the crack grows in an unstable manner,

creating a  “popping” noise due to the large energy release once the critical load is

reached.   The (90°/45°) interface ENF cracks grew in a very stable manner for several

millimeters up to 10 mm before the ENF midspan was reached, Figure 38.

 At that point, the critical load was reached and the crack grew in an unstable manner.

Following the ASTM E399 metals fracture test standard, the GIIc values were obtained by



57

Crack Front

Figure 38.  ENF Test in Progress with Stable Crack Growth
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a 5% offset method, inserting a line at 95% of the slope of the linear portion of the load-

displacement slope [26].  At the point of intersection, GIIc was calculated using Equation

27, discussed in Chapter 2.  This method ensured repeatability among test specimens

since the initial change in slope could not be solely characterized as either crack growth

or matrix cracking.  It was assumed that some interaction of crack growth and matrix

cracking contributed to the initial change in slope of the load-displacement curve.

After examining the ENF test specimens, it was apparent that a large damage zone

existed that consisted of tortuous multiple crack fronts as shown in Figure 39.  Multiple

transverse cracks occurred in the 90° and ±45° plies.  These multiple fronts blunted the

damage zone and increased the resistance for growth of the main crack.  Upon unstable

crack growth, the main delamination site always followed the (90°/45°) interface, with no

transverse cracking or branching.  The static ENF test results are given in Table 6.

CRACK FRONT

TRANSVERSE CRACK

TEFLON FILM

90° PLY

±45° PLY

Figure 39. Detail of  Static Crack during Stable Crack Growth, ENF Specimen
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ENF Layup Interface
Delaminated

GIIc (J/m^2) Std Dev. # Points

[(45)9,90,(45)8] (90°/45°) 941.8 260.6 3

GII Fatigue Crack Growth Tests

Mode II fatigue crack growth tests were also performed on the same (90°/45°)

interface as for the static Mode I tests with an R-value of 0.1.  The behavior of the initial

fatigue test also showed an R-curve effect similar to the cyclic DCB tests discussed

earlier.  After the initial ENF cyclic test, subsequent tests were performed with crack

extensions less than 5 mm.  A plot of change in crack length per cycle (da/dN) versus

GIImax is shown in Figure 40.

 The data were fitted to the power law relationship (Equation 28), previously

described in Chapter 2, giving an exponent of 5.2.  The cracks grew in a stable manner in

the (90°/45°) interface as shown in Figure 41.  No transverse cracking occurred in the

ENF fatigue specimens in the GIImax range shown.  It is believed that this was primarily

due to lower strain energy, relative to the static tests in the crack front vicinity due to

lower cyclic loads and deflections.  The tests were conducted for short cracks lengths

(less than 5 mm) to reduce toughening and R-curve effects.

Table 6. GIIc Values for Static ENF Tests
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±45° PLY

CRACK FRONT
TEFLON FILM
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Figure 41. Detail of Fatigue Crack, ENF Specimen
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Static Skin-Stiffener Tests

Two series of static pull-off tests were performed on the skin-stiffeners.  The first

series of tests used ortho-polyester matrix material substructures to determine the load

when initial damage occurred and the critical load to drive the crack when the

delamination was present.  A second series of static pull-off tests were then performed

using several resin systems to observe the matrix effect on initial damage and ultimate

load.

Ortho-Polyester Matrix

For the ortho-polyester matrix specimens, the stiffeners were loaded manually

until an initial crack “popin” was observed.  Complete control of the test was necessary

so that it could be stopped for inspection after initial damage had occurred. To achieve

this result, the test was performed manually using the Inston actuator displacement keys

located on the control panel.  Initial damage of the skin-stiffener was accompanied by an

audible “pop” during the test.  The test specimen was immediately unloaded and the

initiation load and initial crack length were recorded, using a scaled loupe, while the

specimen was still in the three point test apparatus (Figure 24).  By leaving the specimen

in the test apparatus, continuity between initial and critical load tests was maintained.

The specimen was then manually loaded again until large scale delamination

crack growth was observed.  The maximum load to drive the crack was then recorded.

The maximum values were gathered by the Instron computer ultimate values menu.  The

results of these test specimens are presented in Table 7.

The initial crack “popin” occurred in the fillet area between the web and flange.

This was expected since the largest interlaminar strain gradient occurred in this area



62

(Chapter 6).  The delamination crack was in the (90°/45°) interface, shown in Figure 42.

Initial Damage Critical Load Number of Tests
Load Crack Length for Crack Growth

(N / cm) (mm) (N / cm)
94.9(6.8) 2.48 (0.2) 128.6 (7.9) 6

As the structure was loaded for the second time, the upper crack front (crack front #2)

grew toward the web in the (90°/45°) interface.  The lower crack front (crack front #1)

Crack Front #2

Crack Front #1

±45° Ply

90° Ply

Figure 42.  Location of Delamination and Nomenclature for Crack
Fronts.

Table 7.  Static Load and Crack Length Data for Ortho-polyester Skin-
Stiffeners; ( ) indicate standard deviation
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grew transversely through the 90° ply and arrested.  Haugen observed similar

delamination locations and growth for ortho-polyester skin-stiffeners [5].

Resin Comparison for Static Tests

Based upon these results, it appeared that the brittle ortho-polyester matrix

material was a limiting factor in the delamination resistance of the stiffener.  Therefore,

increasing the resin toughness should result in greater delamination resistance.  Resin

toughness plays a dominant role in the interlaminar fracture of composites.  Bradley [27]

reported that increasing the ductility and decreasing the yield strength of the matrix resin

increases the delamination fracture toughness by increasing the plastic zone size ahead of

the crack tip, giving greater load redistribution away from the crack tip and more crack

tip blunting.  A number of resin systems have been investigated by Orozco [28] and Li

[29], from which three other resin systems of interest were selected.

Skin-stiffener sections with two vinylester resins, 8084 and 411, and one

additional polyester resin, isophthalic, previously described in Chapter 3, were tested.

The results for initial damage and maximum load are presented in Table 8.  The

specimens were loaded with a displacement controlled ramp until final pull-off occurred.

Pull-off was defined as flange-skin separation.

All of the skin-stiffeners delaminated in the bend region.  The toughened

vinylester 8084 matrix material demonstrated good resistance to damage with an initial

damage load of 189.3 N/cm.  A typical plot of load versus displacement for the vinylester

8084 skin-stiffener is shown in Figure 43.  The 8084 vinylester was anticipated to

perform the best in the pull-off tests since it was the only rubber modified toughened

resin tested.
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Matrix Material Initial Damage Displacement at Ultimate Number of
Load Initial Damage Load Load Specimens

(N/cm) (cm) (N/cm)
Ortho-polyester 87.0 (5.9) 0.22 (0.02) 143.7 (1.5) 3

Iso-polyester 98.2 (2.2) 0.24 (0.01) 166.1 (1.2) 3
411 vinylester 143.9 (60.7) 0.44 (0.24) 198.3 (1.0) 3

8084 vinylester 189.2 (25.6) 0.48 (0.08) 221.0 (10.6) 3

Table 8. Table of Load and Displacement Data for Different Resin Skin-
Stiffener.  ( ) indicate Standard Deviation
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Figure 43.  Load versus Displacement for 8084 Vinylester Skin-Stiffener
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Skin-stiffener Fatigue Tests

Once a static baseline had been established for the skin-stiffeners, cyclic loading

was investigated.  Two series of cyclic tests were performed.  The first series of tests used

the ortho-polyester matrix material to determine initial damage location, rate of damage

accumulation, change in structure stiffness, change in maximum bending strain and

cycles to failure at specific load levels.  The second series of fatigue tests was performed

on skin-stiffeners with different resins to observe cycles to failure at specific load levels.

Ortho-polyester Fatigue Tests

An initial “popin” crack similar to that in static tests occurred in the fillet area

between the web and flange for the fatigue specimens during the period of the cyclic test

(crack #1).  The delamination crack was in the (90°/45°) interface in the bend region

(step #1) shown in Figure 44.

The upper crack front (step #2) grew into the web region but stayed in the

(90°/45°) interface.  The lower crack front (step #3) grew transversely through the 90°

ply and arrested. It is believed that the load paths changed within the stiffener when the

crack grew transversely through the 90° ply.  When the transverse crack appeared,

additional transverse cracks occurred at the (noodle/45°) interface (crack #2).  A

delamination then propagated between the flange and skin (45°/45°) interface causing a

significant increase in compliance which resulted in stiffener/flange pull-off.
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As damage accumulated within the bend region, a reduction in specimen stiffness

occurred. This resulted in an increase in the maximum actuator displacement as shown in

Figure 45.  As the compliance of the stiffener increased, the maximum bending strain in

the skin showed a similar trend.  (This could be of interest in determining damage states

in turbine blades.  Changes in maximum strain could be recorded at areas of interest on

the turbine blades.  When damage initiates in the blade section, possible discontinuities or

slope changes would occur in the strain plots.)  The growth rate (da/dN) was obtained

from crack growth observations during testing using a scaled loupe.  G values were

CRACK #1
STEP #1

UPPER CRACK
FRONT #2

INITIAL CRACK

TRANSVERSE CRACK

FLANGE

SKIN
STEP #3

90° PLY

CRACK #2

±45° PLY

WEB

Figure 44.  Skin-Stiffener Crack Sequence during Fatigue Loading



67

determined using FEA VCCT stiffener models.  A crack growth per cycle (da/dN) versus

Gmax plot is shown in Figure 46, where Gmax was determined by FEA as described in

Chapter 4.

Resin Comparison in Fatigue Tests

Performance of the different matrix materials under cyclic loading conditions was

investigated with an R-value of 0.1.  As in the static tests, two vinylester resins, 8084 and

411, and one polyester resin, isophthalic, previously described in Chapter 3, were tested.

Damage was initiated within the bend region on all the skin-stiffener specimens.

Figure 45. Ortho-polyester Skin-Stiffener Maximum Cyclic
Displacement versus Number of Cycles
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All cracks formed in the (90°/45°) interface and propagated in a manner similar to the

fatigue crack growth in the ortho-polyester stiffeners.  Failure was defined as a maximum

cyclic deflection of 0.43 cm.  This was the displacement for initial damage for the static

ortho-polyester skin-stiffener specimens.

The maximum cyclic load versus number of cycles to failure is plotted for each of

the matrix materials in Figure 47.  The vinylesters operated at the highest maximum loads

to equivalent cycles to failure when compared to the three other matrix materials.  The

8084 vinylester produced the largest initial and maximum loads during the static load

tests, and also performed the best on an absolute load scale during fatigue testing.

However, when the fatigue sensitivity is viewed relative to the static performance by
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(90°/45°) Interface of Ortho-polyester Skin-stiffeners



69

normalizing the cyclic loads by the static failure load, the order reverses.  Now the 8084

system shows the most rapid loss in load carrying ability relative to its static strength

(Figure 48).  Also demonstrated in Figure 48, the polyester resin systems can operate at

higher percentages of their maximum static loads when compared to the vinylester resin

systems.
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CHAPTER 6

FINITE ELEMENT RESULTS AND

CORRELATION WITH EXPERIMENTS

The results of numerical modeling performed with the ANSYS 5.5 finite element

analysis (FEA) code are presented in this chapter.  Comparisons are made with

experimental data, and a methodology for fatigue design is outlined in this chapter.  The

finite element models were dependent upon accurate elastic and strength properties for

the composite system.  Properties used in the FEA models were taken from the MSU

Database [3].

DCB specimens were first modeled to establish the ability to correlate results

from the FEA using the Virtual Crack Closure Method (VCCT) with the established

MBT method.  The DCB specimens were initially modeled using 3-D continuum

elements to justify the use of 2-D plane strain continuum elements.  Once these

techniques were established, the same method was applied to cracks in skin-stiffener

specimens.

DCB models

 To implement the FEA models, a well defined fracture toughness database had to

be used in conjunction with the engineering and strength material properties.  The FEA

method was validated with the [(±45)9, 90, (±45)8] DCB test results.  The DCB models

were analyzed to gain confidence in the applied methodology and numerical techniques.

The mesh size near the crack front was governed by the (a/da) ratio.  Recall that

independent work performed by Haugan and Raju [5, 30, 31] demonstrated that (a/da)
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ratios must be greater than 25 for accurate G predictions, where (da) is the element size at

the crack tip and (a) is the crack length.

A 3-D model was analyzed to observe any possible width effects and to see if any

accuracy or information would be sacrificed using a 2-D plane strain or plane stress

model. The 3-D model was performed using the critical load for a specified crack length

from an actual experimental static DCB test, shown in Figure 49.

Copy

Experimental
Critical Load

Figure 49.  3-D DCB FEA Model
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The actual DCB specimen modeled was DCB 870.  The critical load, 23.4 N/cm, was

divided by the total number of nodes across the width of the DCB.  This force per node

value was then applied as a nodal load to each node at the tip of the DCB and boundary

conditions were applied as described in Chapter 4.  A plot of strain energy, GI, versus the

normalized distance from the DCB center is shown in Figure 50.

The horizontal axis in the figure was defined such that y/B = 0 corresponds to one

of the DCB free edges, and y/B = 0.5 corresponds to its center.  Each data point in the

figure represents the energy release rate at the center of a local area of crack closure.

Energy release rates in the figure were normalized by the total energy release rate, for the

Figure 50.  Normalized Strain Energy Release Rate for DCB
Model with a 42.7mm Crack Length (3-D solid elements).
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entire width, as determined by the finite element results. To avoid later confusion, energy

release rates (GI) for the 3-D model will be for the entire width as “average values”.

The results for the DCB were not surprising.  Davidson, Kruger and Konig  [25]

confirmed that peak energy release rates occur near the center of the specimen width for

[±30/012/±30]s DCBs.  They also demonstrated that certain non-symmetric stacking

sequences exhibit varying amounts of coupling between the primary bending curvature

and either the transverse bending curvature or the twist curvature.  Wang and Raju [32]

reported a similar trend for skin-stiffeners with plate elements.  Raju and Crews observed

a rise in GI-values at the mid-plane section (y/B=0.5) and a significant drop at the free

edge in the 3-D analysis of double cantilever beam and other similar specimens [33].

A 2-D plane strain model of DCB 870 was then analyzed to compare to the 3-D

results.  The 2-D plane strain model used the critical load of 23.4 N/cm, for a specified

crack length of 42.7mm, from the experimental static DCB 870 test.  The 2-D, 3-D and

experimental MBT GI results for DCB 870 are presented in Table 9.  The maximum GI

value in the 3-D case is about 40% higher; it is assumed that, in practice, the crack front

will curve sufficiently to flatten the GI variation through the thickness, so that the average

value is more meaningful.

Experimental MBT
Mode I DCB

3-D FEA Model
(average through thickness)

2-D Plane Strain Model

GIc (J/m2) % Difference GIc (J/m2) % Difference GIc (J/m2) % Difference

255.6 -- 243.3 4.8 260.9 2.1

Table 9.  Comparison of Three Methods for Calculation of GI Values
in DCB Specimens:  MBT, 3-D FEA, and 2-D FEA (DCB Specimen
780 with a 42.7mm Crack Length)
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The 2-D plane strain model was then used to correlate incremental increases in

crack length for the same experimental DCB sample.  The results for GIc versus crack

length are shown in Figure 51.

The 2-D plane strain model using experimental crack length and force values is in good

agreement with the Modified Beam Theory (MBT).  The maximum percent difference

was 6%.  These results show that the FEA model using the VCCT correlates with the

MBT results for several crack lengths and forces.  The final deformed shape and stress in

the vertical direction for the plane strain model is shown in Figure 52.

The average 3-D model GI result was lower than the MBT and 2-D plane strain

results.  The differences in the strain energy may be due to errors in the FEA models,

material properties, local affects due to tow debonding or assumptions about the stress
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Figure 51.  GIc versus Crack Length Calculated by 2-D Plane Strain
FEA Model and MBT (DCB 780 Specimen).
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region near the crack tip.  This may indicate that the DCB specimen was thick enough to

behave overall as a plane strain test with negligible edge effects and no plane stress

characteristics.

Skin-Stiffener Models

The skin-stiffener was modeled in ANSYS as described in Chapter 4.  The goals

of the skin-stiffener modeling were to predict static linear displacements, initial damage

load and location using the maximum strain failure criterion (Equations 1, 2, & 3).  After

the initial damage load and location were known, the determination of the critical load to

propagate the “pop-in” crack was of interest.  Finally, determination of fatigue life at

specified load cycles was to be analyzed and predicted using DCB and ENF data.  The

bend region of the skin-stiffener was the prime area of interest.  This was the damage

initiation site for both the static and cyclic tests.

Figure 52.  Deformed DCB Model with Transverse Stress Field Contour Plot
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Static Skin-Stiffener Comparison

The symmetric half model of the skin-stiffener was incrementally loaded with no

damage to confirm the stiffener experimental linear displacement and bending strains.  A

plot of load versus displacement for the experimental specimen and FEA model are

shown in Figure 53.  The FEA model showed good agreement with the experimental

displacement data.  The FEA results differed from the average experimental data by 7%.

The difference was attributed to possible differences in material properties for the skin-

stiffener in the detail and global regions.
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Once displacements and strains were confirmed using the FEA model, initial

failure analysis was performed to determine the local failure location and load to initiate

damage.  Experimental observations showed that delaminations occurred at the (90°/45°)

interface.  The strains in the bend region were calculated using a load of 1 N/cm.  Since

the model was a linear elastic analysis, the strains were scaled until failure occurred using

the maximum strain criterion (Equations 1, 2, & 3).  The 1 N/cm load was multiplied by

the scale factor to determine the initial damage load.  Initial damage load was obtained by

linearly scaling the 1 N/cm load and strains until a maximum strain was obtained.  These

maximum strain values are listed in Table 3.  Before strain results could be extracted

from the model, the output had to be viewed in the cylindrical coordinate system used to

create the stiffener bend region. Typical contour plots in the bend region for the

Figure 54.  Skin-Stiffener Tangential Strain Plot
at the Bend Region (no crack).



79

tangential and radial strains are presented in Figures 54 and 55 respectively.  The strains

were rotated from the global coordinate system to the local cylindrical coordinate system

so strains were tangent and normal to the bend radius.

In the bend region local coordinate system, the (x) direction was the radial direction, the

(y) direction was tangent to the bend radius and the (z) direction was orthogonal to (x)

and (y).

The predicted initial damage load is shown in Table 10.

Figure 55.  Skin-Stiffener Radial Strain Plot at the Bend
Region (no crack).
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Ply Maximum Strain Criterion Average Experimental Percent
Initial Damage Load Initial Damage Load Difference

(N/cm) (N/cm) (%)

45° 82.6 94.9 13

The maximum strain criterion predicted an initial damage load of 82.6 N/cm.  The

tensile failure occurred in the bend region 45° ply due to interlaminar radial stresses.  The

predicted damage load had a percent difference from experimental results of 13%.  This

was considered to be acceptable accuracy given the complicated damage states outlined

in Chapter 5.

Once the initial damage location was determined, the nonsymmetric model was

analyzed using a crack length of 2.48 mm inserted between the (45°/90°) plies and an

applied load of 128.6 N/cm.  The crack used in the model was the observed experimental

static “pop-in” crack length (Table 7).  A typical plot of the radial stress field in the bend

region is shown in Figure 56.  In reference to all cracks in the skin-stiffener model, crack

front #1 is the lower crack tip extending toward the stiffener flange tip.  Crack front #2 is

the crack tip extending toward the stiffener web section.  FEA results for GI and GII at the

critical load for crack growth are compared with  experimental GI and GII from DCB and

ENF tests in Table 11.  The cracks in the skin-stiffener are mixed-mode, with both GI and

GII components.  The values of GI and GII calculated by FEA for the skin-stiffener

delamination crack at the load which produced crack growth are far below the GIc and

GIIc values from the DCB and ENF tests for the same ply interface.

Table 10.  Predicted Initial Damage Load and Location
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To rationalize the apparently very low G values for the skin-stiffener, the use of a

mixed-mode criterion for crack growth has been investigated.  The skin-stiffener G

values shown in Table 11 were inserted into Equation 20 using exponents of 1 (m = n =

2) and ½ (m = n = 1) to determine (F).  For crack growth to occur, recall that the sum of

the two ratios (F) must be greater than or equal to one.

DCB and ENF Tests Skin-Stiffener

by Ansys FEA

GI (J/m2) GII (J/m2) GI (J/m2) GII (J/m2)

341.8 941.3 143.1 101.4

Table 11.  Strain Energies for 128.6 N/cm Load and 2.48mm crack in Bend Region
of Skin-stiffener

Crack Front
#2

Crack
Front #1

Figure 56.  FEA Tangential Strain Plot with Crack Front Locations



82

Before the mode interaction equation could be used to predict the critical load, G had to

be confirmed to vary as a function of P2 following theoretical expectations [9].  The

model was incrementally loaded using 3 load steps of 44, 61 and 79 N/cm.  The strain

energies (GI and GII) at crack front #2 and applied loads were parsed from the FEA result

file.  G versus load is shown in Figure 57.

The assumed variation of GI and GII with P2 for a specified crack length fit the

FEA results accurately (R=1.0 and 1.0 for mode I and II respectively using the

transformed regression method).  This demonstrates that a crack model could be run with

an arbitrary applied load (Pmodel), and G values could then be determined using the mode
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interaction criterion previously described in Chapter 2 (Equation 20).  The interaction

sum (F) then could be used to scale the load applied to the model (Pmodel) to determine the

critical load (Pcr) that will propagate the crack.  The sequence of events used in

determining the critical static load that initiates crack growth for the skin-stiffener is

shown in Figure 58 (represented here in terms of a “design” sequence).

Using ratio exponents of 1 and ½, the interaction sums (F) were 0.56 and 0.98

respectively, shown in Table 12.  This resulted in predicted crack propagation loads of

172.6 and 130.2 N/cm respectively.  The analysis showed that exponents of ½ seem to

correlate well with the experimental data.  A difference of 1.2% from the experimental

critical propagation load of 128.6 N/cm was obtained with ratio exponents of ½ (m = n =

1) compared to a difference of 34.2% with ratio exponents of 1 (m = n = 2).

Recall from elementary fracture mechanics that G varies with square of K.  Recall

that K is the stress intensity factor.  This very important parameter or factor describes all

the crack tip stresses for elastic solutions.   Since K varies with the square root of G, an

interesting point is that since interaction exponents of ½ best correlate with experimental

data,  the interaction varies linearly with K.

Skin-Siffener Fatigue Comparison

The same skin-stiffener model was used to predict behavior for the fatigue

loading tests. Experimental observations showed that delaminations occurred in the

(90°/45°) interface.  The non-symmetric model was analyzed with various crack lengths
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Construct/Reconstruct FEA Model

Confirm Validity of Model with Basic
Engineering Principles (Force or Energy
Balance Equations)

Static Analysis

Determine Stress Concentration Areas

Insert Flaw in Failed Area or Area that
Possesses Large Stresses Gradients

Run Model with Design
Load (Pdesign)

Obtain FEA G Values using VCCT Method

Using Interaction Criterion
• Insert FEA G values
• Insert Experimental Gc values from Fracture Toughness Database

(DCB and ENF Tests)
• Obtain Interaction Sum (F)

Determine Critical Load
that Initiates Crack

Growth

elcr P
F

P mod

2

1

1






=

Is Pcr < Pdesign ?

Finalize Design

Run Model with Design
Load (Pdesign) and Apply
Classic Strength Failure

Criteria to Determine
Initial Damage Load

Is Design
Acceptable?

yes

no

no

yes

Figure 58  Sequence of Events for Static Analysis of Skin-Stiffener
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Empirical from Numerical Experimental F Predicted F Predicted

DCB and ENF Tests Ansys Critical Linear Exponent Critical 1/2 Exponent Critical

GIc (J/m2) GIIc (J/m2) GI (J/m2) GII (J/m2) Load (N/cm) Ratios (m=n=2) Load (N/cm) Ratios (m=n=1) Load (N/cm)

341.8 941.3 143.1 101.4 128.6 0.56 172.6 0.98 130.2

Skin-Stiffener Fatigue Comparison

to investigate the mode interaction as crack front #2 propagated toward the web.  Crack

lengths in the fatigue model were varied from 1.2 mm to 9.0 mm to determine mode

interactions for various crack lengths in the bend region.  A plot of G versus crack length

for crack front #2 is shown in Figure 59.  GI varied from 55% to 99% of the total G (GT)

for crack lengths from 1.2 mm to 9.5 mm as shown in Figure 60.  The crack front

becomes mode I dominated as the crack progresses around the bend region toward the

web of the stiffener.

A similar methodology to that used to predict critical static loads was used to

determine the cyclic crack growth rate of the skin-stiffeners at a specified load level.

Three specific experimental cases were investigated that were run at various load levels

resulting in various crack growth rates (da/dN).  The experimental skin-stiffener

specimens were 9T9 and 10T3.  The average crack length, DCB and ENF experimental

GI and GII, and FEA GI and GII are shown in Table 13.

Table 12.  G Values, Interaction Sums and Predicted Critical Loads for the FEA
Skin-Stiffener Model
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Specimen Crack Growth
Rate (da/dN)

Crack
 Length

Corresponding GI and
GII from DCB and ENF
Data at given (da/dN)

Skin-Stiffener Calculated GI

and GII from FEA

GI GII GI GII

(mm/cycle) (mm) (J/m2) (J/m2) (J/m2) (J/m2)
9T9 8.09x10-7 2.4 62.9 119 25 20.3

10T3 9.47x10-5 2.8 113.8 289.3 58.5 42.5
10T3 6.31x10-5 2.9 107.9 268.2 54 38.3

The experimental G values were empirically derived from the Power Law equations

The DCB and ENF G values were obtained from the inverse of the power law curve-fit

equation 28 (Figures 36 and 40) relating G and (da/dN) for the DCB and ENF specimens.

In Equation 20, if the sum of the two ratios (F) is equal to one, it is assumed that crack

growth will occur at the chosen rate (da/dN).  Since G is proportional to P2, the load can

be scaled by (F) to obtain the predicted load for the selected growth.  Ratio sums (F),

predicted load, crack length, crack growth rate and experimental load are presented in

Table 14.

Sample Crack (da/dN) Ratio Sum (F) Experimental Predicted Percent
Length (mm/cycle) m,n=1 m,n=1/2 Load Load

(m,n=1/2)
Error

(mm) (N/cm) (N/cm) (%)
9T9 2.4 8.09 x 10-7 0.57 1.04 61.3 60.1 2.0
10T3 2.8 9.47 x 10-5 0.66 1.09 78.8 75.5 4.2
10T3 2.9 6.31 x 10-5 0.64 1.10 78.8 75.1 4.6

Table 13.  Strain Energies and Crack Length for DCB and ENF Crack Growth
Compared with Skin-Stiffener Values at the Same Crack Growth Rate

Table 14.  Experimental and Predicted Loads for Different Crack Growth
Rates in Bend Region of Cyclic Loaded Skin-stiffeners
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When the normalized GI and GII components of the skin-stiffener are compared to

the individual mode tests (DCB and ENF), the Mode II G components (Figure 61)

possess similar slopes but very different GII values. The Mode I G component (Figure 62)

of the stiffener gives approximately half the exponent of the DCB Mode I test but the GI

values are closer together than the GII values.  It is believed that these discrepancies are

due to geometric effects since the stiffener crack is in the bend region.  The results appear

to suggest that the crack in the skin-stiffener may grow in mode II (same exponent), but

at a greatly reduced GII level due to the mode I contribution.  The interaction term (F)

which correlates the data best is ½ (m = n = 1), the same as for the static case.

The sequence used in determining the critical fatigue load that produces a

particular value of crack growth rate in the skin-stiffener is shown in Figure 63, again

cast in terms of design.  The overall lifetime would then require integration of the crack

growth rate as the crack extends to failure in a particular geometry.  For example, a

growth rate of 10-6 mm/cycle would produce a 2 mm long delamination in 2x106 cycles if

the G values remained constant as the crack grew, which is in approximate agreement

with Figure 63.
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Construct/Reconstruct FEA Model
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Engineering Principles (Force or Energy
Balance Equations)

Fatigue
Analysis
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Insert Flaw in Failed Area or Area that
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Figure 63.  Sequence of Events for Fatigue Crack Growth Analysis
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Use of Methodology in Design

The following procedures are illustrated to give the reader an understanding of the

experimental tests and analysis that should be performed on a fiber-reinforced structure

under static and cyclic loading conditions that have been investigated in this thesis.

Static Analysis

Experimental Testing:

• Obtain material and engineering properties for the fiber-reinforced composite

used in the structure.

• Perform Mode I test to obtain GIc versus Crack Length (if material possesses

R-curve effects) relation for the specific fiber-reinforced composite material.

• Perform Mode II test to obtain GIIc fracture toughness.

Analysis:

• Build FEA model with boundary conditions representative of actual structure

being analyzed.

• Run model to locate high stress gradient areas.

• Analyze model using classic failure criteria to determine the load at which

structure will begin to fail.

• Insert delamination or crack at the failed region in the FEA model.  An initial

crack length can be determined by setting F = 1, and through an iterative

process, insert a crack and adjust the length accordingly until F = 1 at the

classic failure criteria predicted failure load.

• Apply operating load to the structure with damage.
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• Determine the Mode I and II G values at the crack fronts in the model.

• If the crack possesses Mode I or II only, the FEA model G can be directly

compared to the experimental Gc value.  If G > Gc, the crack front will

advance.

• If the crack is mixed-mode, then a mixed-mode criterion must be used to

determine if the crack front will advance.

Refer to Appendix B Part A for a sample calculation to determine critical load for

crack growth.

Fatigue Analysis

Experimental Testing:

• Obtain complete material and engineering properties for the fiber-reinforced

composite used in the structure.

• Perform cyclic Mode I test to obtain da/dN versus GImax relationship (power

law relationship) for the specific fiber-reinforced composite material.  To

ensure conservative G values, the tests should be performed using short crack

lengths to reduce R-curve effects.

• Perform cyclic Mode II test to obtain da/dN versus GIIc relationship.  These

tests should also be performed using short crack lengths as discussed

previously.
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Analysis:

• Build FEA model with boundary conditions representative of actual structure

being analyzed.

• Run model to locat high stress gradient areas.

• Insert a delamination or crack in the highest stress area.

• Apply the maximum cyclic design load to the FEA model.

• Determine the Mode I and II G values at the crack fronts in the model.

• If the crack possesses Mode I or II Gs only, the FEA G can be directly

compared to the experimental Gmax.  From the experimental database power

law relationship the growth rate of the crack can be determined.

• If the crack is mixed-mode, then a mixed-mode criterion (m = n = ½ best fit

the experimental data in this thesis) must be used to determine if the crack

front will advance.

Refer to Appendix B Part B for a sample calculation to determine load at a

specified crack growth rate.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A summary of the experimental and numerical results is presented in this chapter.

Recommendations for stiffener analysis and design methodology are based upon these

results.

Experimental Summary and Conclusions

DCB and ENF Specimens

• The static Mode I GIc for the (90°/45°) and (45°/45°) interface double cantilever beam

(DCB) specimens showed toughness increases with crack extension (R-curve

behavior).  This was due to fiber bridging and tow debonding.

• The fatigue Mode I GI for the (90°/45°) interface DCB specimens also showed

toughness increases with crack extension due to fiber bridging and tow debonding.

As a result, short crack growth extensions were used to characterize fatigue crack

growth and establish a crack growth curve.

• Fracture toughness values for the (90°/45°) interface static Mode II GIIc growth from

end notch flexure (ENF) testing were approximately four times greater than Mode I

GIc values.

• Static Mode II ENF specimens with (90°/45°) interface cracks grew in a stable

manner for several millimeters due to crack branching or multiple crack fronts and

tow debonding.
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• Mode II fatigue crack growth also showed toughness increases with crack extension

due to multiple crack fronts and tow debonding.  A mode II fatigue crack growth

curve was established using short crack extensions as with mode I.

• The mode I and II fatigue crack growth exponents were 7.62 and 5.15 respectively.

Skin-Stiffener Specimens

• Static tests on Ortho-polyester matrix skin-stiffeners show that damage initiated in the

web-flange transition bend region during tensile pull-off loading.  These cracks grew

in the (90°/45°) interface.  Transverse cracking then occurred through the 90° flange

plies.  The delaminations grew toward the web centerline and flange-skin interface.

Delamination continued toward the flange tip and web centerline until ultimate failure

occurred.

• Stiffeners made with tougher resins showed large increases in static initial damage

and ultimate loads since delamination resistance is dominated by the toughness and

strength of the matrix material.

• Toughened vinylester resin skin-stiffeners were most resistant to damage and ultimate

failure under both tensile and fatigue loading, but the normalized strength decreased

more rapidly in fatigue than for more brittle matrix systems.

Numerical Techniques and Correlations with Experimental Results

• The Virtual Crack Closure Technique (VCCT) determined GI predictions typically

agreed with the Modified Beam Theory (MBT) values for both static and fatigue

loading of DCB test specimens.
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• Using FEA analysis for skin-stiffeners, the maximum strain criterion conservatively

predicted the initial damage load within 12% of experimental loads.

• FEA calculated GIc and GIIc values at crack growth in skin-stiffened specimens were

far below GIc and GIIc values found from DCB and ENF tests.  An interactive failure

criterion with m = n = ½ provided a good correlation of skin-stiffener results with

ENF and DCB data (1.2% error in load prediction).

• An interactive failure criterion with m = n = ½ also correlated the fatigue crack

growth rate data between the skin-stiffener specimens and the DCB and ENF

specimens.  Thus F, the interaction sum, varies linearly with K, the stress intensity

factor.

• A methodology for static and fatigue strength prediction of complex substructures

like the skin-stiffener geometry has been presented.

Future Work

• Further research is required in the area of mixed-mode static and fatigue fracture for

this class of composites.  This might include both mixed mode bending tests and

other complex geometries of interest in specific applications.  These could be

modeled with the FEA VCCT method.

• An initial investigation was performed using toughened resins in skin-stiffeners.  An

in-depth fatigue/toughness study should be performed to justify the use of a polyester

or vinylester matrix.  Since the 8084 vinylester operated at much higher load levels, it

would be of great interest for further study.
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APPENDIX A

TEST RESULTS



18T2 see note(a) 2.3 129.1 3.4 2.9
18T4 89.3 1.9 134.8 2.8 2.4
18T5 85.8 1.9 119.1 2.8 2.4
18T6 99.8 1.8 134.8 2.6 2.2
18T3 99.8 1.9 133.1 2.8 2.4
18T10 99.8 2.0 120.8 3.5 2.8
Average 94.9 2.0 128.6 3.0 2.5
Stand. Dev. 6.8 0.1 7.9 0.3 0.2

(a)  no initial damage load obtained

Ortho-Polyester Skin-Stiffener 
Static Crack Growth Tests

Average Crack 
(average of 

initial and final 
crack lengths) 

(mm)

Final Crack 
(length of 
crack after 
critical load 

applied) 
(mm)

Critical Load 
(load at which 
growth in initial 

crack 
occurred) 

(N/cm)

Initial Crack 
(crack resulting 
from "Pop-in" 
load) (mm)

"Pop-in" Load 
(load that initiated 
cracking in bend 
region) (N/cm)

Specimen



specimen width Load at Displacement at Maximum Load Displacement
Initital Initial Damage at Maximum 

Damage Load
(mm) (N) (mm) (N/cm) (mm)

8T6 24.1 83.3 2.0 145.0 6.8
8T8 24.1 83.9 2.3 142.0 9
8T10 24.1 93.8 2.3 144.0 7.6
average 24.1 87.0 2.2 143.0 7.8
Stand. Deviation 0.0 5.9 0.2 1.4 1.1

Ortho-Polyester
Static Test Specimens

Load versus Displacement
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specimen width load level Normalized Load cycles
(maximum (max. cyclic load/ (cycles to failure
cyclic load) avg. max. static load) failure when max.

disp. = 0.43cm)
(mm) (N/cm) (Cyclic/Monotonic)

10T12 24.9 46.6 0.32 1999047 runout
10T7 24.9 52.3 0.36 2114649 runout
8T9 23.9 52.9 0.37 2216888 runout
8T14 24.4 61.1 0.42 1987449 runout
9T9 23.9 61.1 0.42 1949129 runout
10T11 24.6 72.0 0.50 487960
10T4 24.4 65.6 0.46 651491
10T8 24.9 65.7 0.46 658000
8T4 24.4 69.6 0.48 278040
8T5 24.4 69.8 0.49 257160
8T13 24.4 69.8 0.49 198600
9T10 23.9 74.7 0.52 77642
9T1 24.1 74.1 0.52 142897
8T7 24.1 78.8 0.55 118855
8T12 23.9 78.9 0.55 225934
8T11 24.1 79.2 0.55 110102
10T5 24.4 87.7 0.61 16809
average 24.2 76.6 0.53
Stand. Deviation 0.2 5.9 0.04
R Value = 0.1

Ortho-Polyester
Fatigue Test Specimens

Load versus Cycles

Load = -5.9615Ln(N) + 144.59
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specimen width Load at Displacement at Maximum Load Displacement
Initital Initial Damage at Maximum 

Damage Load
(mm) (N) (mm) (N/cm) (mm)

14T6 22.6 95.7 2.6 167.2 1
14T7 22.8 99.1 2.3 164.9 0.9
14T8 22.9 99.7 2.4 166.2 1.1
average 22.8 98.2 2.4 166.1 1.0
Stand. Deviation 0.2 2.2 0.1 1.2 0.1

Iso-Polyester
Static Test Specimens

Load versus Displacement
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specimen width load level Normalized Load cycles

(maximum (max. cyclic load/ (cycles to failure
cyclic load) avg. max. static load) failure when max.

disp. = 0.43cm)
(mm) (N/cm) (Cyclic/Monotonic)

14T13 23.1 84.4 0.51 52444
14T12 23.1 84.4 0.51 54870
14T4 23.1 76.3 0.46 422760
14T5 23.1 76.9 0.46 244840
14T1 22.4 76.4 0.46 349160
14T3 25.4 67.2 0.40 2511234 runout
14T10 25.4 67.2 0.40 1096320
14T9 23.1 67.7 0.41 934200
average 23.6 75.1 0.45
Stand. Deviation 1.1 7.2 0.04
R Value = 0.1

Iso-Polyester
Fatigue Test Specimens

Load versus Cycles

Load = -7.0437Ln(N) + 165.4
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specimen width Load at Displacement at Maximum Load Displacement
Initital Initial Damage at Maximum 

Damage Load
(mm) (N) (mm) (N/cm) (mm)

16T4 22.6 100.9 2.7 197.6 6.7
16T5 22.8 186.8 6.2 199 7.3
Average 22.7 143.9 4.4 198.3 7.0
Stand. Deviation 0.1 60.7 2.4 1.0 0.4

411 Vinylester

Static Test Skin-Stiffener Specimens

Load Versus Displacement
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specimen width load level Normalized Load cycles
(maximum (max. cyclic load/ (cycles to failure
cyclic load) avg. max. static load) failure when max.

disp. = 0.43cm)
(mm) (N/cm) (Cyclic/Monotonic)

16T9 24.9 123.0 0.62 4960
16T3 24.1 116.2 0.59 13000
16T6 25.4 99.8 0.50 50360
16T7 24.9 105.4 0.53 39131
16T14 25.4 81.4 0.41 925360
16T12 25.4 82.3 0.41 911320
16T13 25.1 90.0 0.45 183689
16T8 24.6 81.8 0.41 227040
16T11 25.1 70.1 0.35 4056872
Average 25.0 101.3 0.51
Stand. Deviation 0.5 17.2 0.09
R Value = 0.1

411 Vinylester

Fatigue Skin-Stiffener Specimens

Load versus Cycles

Load = -8.6576Ln(N) + 197.15
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specimen width Load at Displacement at Maximum Load Displacement
Initital Initial Damage at Maximum 

Damage Load
(mm) (N) (mm) (N/cm) (mm)

11T1 2.5 159.8 3.9 209.5 14.6
11T2 2.5 201.9 5.5 223.1 14.7
11T3 2.5 206.0 4.9 230.4 10.9
Average 2.5 204.0 5.2 221.0 12.8
Stand. Dev. 0.0 2.9 0.4 10.6 2.7

Static Skin-Stiffener Specimens
8084 Vinylester

Load versus Displacement
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specimen width load level Normalized Load cycles
(maximum (max. cyclic load/ (cycles to failure
cyclic load) avg. max. static load) failure when max.

disp. = 0.43cm)
(mm) (N/cm) (Cyclic/Monotonic)

11T9 2.5 115.3 0.52 18420
11T5 2.5 102.3 0.46 66640
11T7 2.5 101.9 0.46 71780
11T4 2.4 91.0 0.41 374640
11T13 2.4 91.0 0.41 439600
11T14 2.5 76.3 0.35 1901840
11T10 2.5 76.7 0.35 2402371 runout
11T11 2.5 87.4 0.40 315930

R Value = 0.1

8084 Vinylester
Fatigue Skin-Stiffener Specimens

Load versus Cycles

Load = -7.7443Ln(N) + 189.28
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Test Total Hinge a* Max Load Average Disp. Width GIc

Specimen Distance (mm) (mm)  (N)  (mm) (mm) (J/m2)

dcb600a 22.5 0.0 113.0 0.8 26.9 234.8
dcb600b 23.0 0.5 123.2 1.0 26.9 296.0
dcb600c 25.4 2.9 127.2 1.2 26.9 326.4
dcb600d 26.2 3.7 136.6 1.4 26.9 398.7
dcb600e 27.7 5.2 139.7 1.5 26.9 428.6
dcb608a 23.8 0.0 107.9 0.9 26.9 224.9
dcb608b 24.2 0.4 114.4 1.0 26.9 261.5
dcb608c 25.4 1.6 122.5 1.2 26.9 328.2
dcb608d 27.1 3.3 133.0 1.4 26.9 396.6
dcb611a 21.1 0.0 114.8 0.8 26.9 246.8
dcb611b 22.0 0.9 123.2 1.0 26.9 317.6
dcb611c 24.4 3.3 132.1 1.2 26.9 376.0
dcb611d 25.6 4.5 137.9 1.5 26.9 450.4
dcb611e 27.3 6.2 151.2 1.8 26.9 565.2

a*=distance from the teflon starter strip

600 Series DCB Monotonic Data 
[(45),902,(45)]4 Ply Layup

Mode I (GIc) versus Crack Length

GIc = 43.695 a* + 245.13
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Test Average a* a* Max Initial Final Cycles da/dN GIc Width
Specimen Overall Initial Final Load Disp. Disp.

Crack Crack Crack 
(mm) (mm) (mm)  (N)  (mm) (mm) (mm/cycle)  (J/m2) (mm)

dcb613 21.2 0.7 0.9 62.2 0.7 0.8 65208 3.07E-06 117.0 26.9
dcb621 27.8 0.7 1.8 77.0 2.5 2.6 158 6.96E-03 391.8 26.9
dcb610 24.5 0.4 0.6 67.2 0.8 0.8 10848 1.84E-05 117.4 26.9
dcb612 22.7 0.4 1.7 63.2 0.7 0.7 132755 9.79E-06 107.9 27.2
dcb616 26.9 0.6 2.0 77.0 1.4 1.7 7205 1.94E-04 249.7 26.9
dcb620 26.1 2.0 2.5 95.5 1.0 1.1 572 9.27E-04 214.8 26.9
dcb604 29.8 1.6 2.9 87.0 1.0 1.1 1019 1.32E-03 176.5 26.9
dcb602 32.2 3.5 4.8 67.2 0.9 0.9 80276 1.59E-05 102.1 26.9

a*=distance from the teflon starter strip

600 Series DCB Fatigue Data 

[(45),902,(45)]4 Ply Layup

(da/dN) versus GImax

(da/dN) = 5x10-16GImax
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Specimen Total Hinge a* Max Load Average Disp. Width GIc 

Distance (mm) (mm)  (N) (mm) (mm) (J/m2)

dcb705 37.3 5.0 87.3 3.1 25.4 424.1

dcb751 38.0 0.0 62.7 1.9 25.4 180.6

dcb751b 39.0 1.0 76.3 2.7 25.4 308.1
dcb751c 41.2 3.2 79.6 3.0 25.4 347.5
dcb751d 42.0 4.0 91.2 3.9 25.4 498.0
dcb752 38.0 0.0 56.0 1.5 25.4 132.3
dcb752b 40.1 2.1 81.1 2.6 25.4 311.4
dcb752c 42.3 4.3 91.0 3.2 25.4 405.5
dcb752d 44.1 6.1 92.5 3.5 25.4 434.6
dcb750c 40.6 2.6 96.5 2.6 25.4 370.2
dcb750d 44.8 6.8 99.1 3.3 25.4 431.6
dcb780a 42.7 0.0 64.5 2.9 25.4 260.9
dcb780b 44.3 1.6 66.5 3.4 25.4 299.8
dcb780c 46.2 3.5 74.6 4.2 25.4 400.0
dcb780d 48.5 5.8 83.0 5.0 25.4 505.9
dcb780e 49.4 6.7 87.8 5.7 25.4 603.5
dcb781a 40.9 2.6 81.8 3.3 25.4 390.1
dcb781b 44.4 6.1 104.1 5.0 25.4 696.1

a*=distance from the teflon starter strip

700 Series DCB Monotonic Data 
[(45)9, 90, (45)8] Layup

Mode I (GIc) versus Crack Length

GIc = 50.613 a* + 216.25
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Test Average a* a* Max Initial Final Cycles da/dN GIc Width
Specimen Overall Initial Final Load Disp. Disp.

Crack Crack Crack 
(mm) (mm) (mm)  (N)  (mm) (mm) (mm/cycle)  (J/m2) (mm)

dcb706 42.4 3.5 7.7 68.1 2.4 2.8 188 2.23E-02 244.5 25.7
dcb701 44.1 1.6 1.9 36.3 1.6 1.9 614691 4.88E-07 84.7 25.7
dcb702 41.2 0.5 0.8 45.8 1.4 1.7 1207 2.49E-04 100.8 25.7
dcb703 38.8 2.3 4.5 41.7 1.1 1.4 186960 1.18E-05 78.6 25.7
dcb704 40.8 1.3 3.0 35.8 1.3 1.4 270352 6.29E-06 71.0 25.1
dcb708 42.3 5.5 6.1 31.5 1.2 1.4 1642000 3.65E-07 57.1 25.4
dcb707 39.3 3.5 5.0 55.4 1.5 1.7 5262 2.85E-04 132.5 25.7
dcb700 39.9 0.8 4.9 68.6 2.5 2.6 72 5.74E-02 259.1 25.7

a*=distance from the teflon starter strip

[(45)9, 90, (45)8] Layup
700 Series DCB Fatigue Data 

(da/dN) versus GImax

(da/dN) = 2x10-20GImax
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Sample Crack a* Max Load Average Disp. Width Height GIIc

Length (mm) (mm) (N) (mm) (mm) (mm) (J/m2)

ENF831 25.7 1.6 873.1 2.7 24.1 24.1 762.5
ENF828 27.3 0.9 854.0 2.7 26.4 24.1 822.1
ENF827 28.1 0.7 1054.2 2.8 27.4 23.9 1240.8

800 Series ENF Monotonic Data 
[(45)9, 90, (45)8] Layup

a*=distance from the teflon starter strip



Test Average a* a* Max Initial Final Cycles da/dN GIIc Width
Coupon Overall Initial Final Load Disp. Disp.

Crack Crack Crack 
(mm) (mm) (mm)  (N)  (mm) (mm) (mm/cycle)  (J/m2) (mm)

ENF713 32.2 1.0 4.0 650.7 2.4 2.9 14233 2.11E-04 619.9 25.1
ENF714 35.5 0.9 6.0 522.4 2.0 2.3 54707 9.32E-05 469.6 25.3
ENF716 25.5 1.3 2.5 443.1 1.5 1.7 80000 1.50E-05 174.3 25.4
ENF818 31.3 1.4 4.3 503.5 1.9 2.1 56009 5.18E-05 335.9 24.4
ENF819 27.8 1.4 3.4 551.1 1.9 2.1 22329 8.96E-05 347.2 24.4
ENF817 26.9 1.7 3.4 383.3 1.4 1.6 181578 9.36E-06 157.7 24.4
ENF823 27.2 1.0 3.7 722.8 2.7 2.8 427 6.32E-03 585.7 24.1
ENF824 27.3 0.8 3.6 741.0 2.7 2.8 1174 2.39E-03 595.0 24.6
ENF829 28.1 1.0 4.3 702.8 2.7 2.9 1356 2.43E-03 587.0 24.1
ENF830 26.9 1.5 3.6 723.7 2.6 2.7 585 3.59E-03 524.8 24.1
ENF840 26.2 1.4 2.7 734.8 2.7 2.8 298 4.36E-03 490.3 24.6
ENF841 27.4 1.8 5.2 771.4 2.8 2.8 219 1.55E-02 603.2 24.4
ENF842 25.8 0.8 1.1 364.7 2.6 2.7 385316 7.79E-07 117.7 24.6
ENF845 23.9 1.1 1.9 391.4 1.4 1.6 536447 1.49E-06 113.1 24.9

a*=distance from the teflon starter strip

800 Series ENF Fatigue Data 
[(45)9, 90, (45)8] Layup

(da/dN) versus GIImax

(da/dN) = 5x10-16GIImax
4.6
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(90/45) Interface
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SAMPLE CALCULATIONS
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APPENDIX B

PART A

STATIC SAMPLE CALCULATION



� Mode I GI versus crack length emperical relation

derived from experimental DCB Monotonic Tests :

GModeI = 50.61 a + 216.25

216.25 + 50.61 a

� HMode II GII constant in relation to crack lengthL
� Desired Crack Length to be analyzed HmmL :

a = 3;

� Experimental Mode I & II Energies HJ ê m2L resulting from
Inverse of Emperical Relationships of crack length versus G :

GModeI = 50.61 a + 216.25

368.08

GModeII = 941.8

941.8

� Load applied to the model by the designer HNêcmL :
Pmodel = 128;

� Numerical Mode I & II Energies HJ ê m2L :
GModeI−Num = 143;

GModeII−Num = 141;

� Interaction Criterion to Determion Ratio Sum HFL :
F = ikjj GModeI−Num

�����������������������
GModeI

y{zz 1����2
+ ikjj GModeII−Num

�������������������������
GModeII

y{zz 1����2

1.01023



� Predicted Load HNêcmL :
Ppredict = ikjj 1

����
F
y{zz 1����2

Pmodel

127.35
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APPENDIX B

PART B

FATIGUE SAMPLE CALCULATION



� Mode I HdaêdNL versus GI emperical relation
derived from experimental DCB Fatigue Tests :

Equation1 = H∆a∆NModeIL � 2∗10−20 ∗GModeI7.6239

∆a∆NModeI ==
GModeI
7.6239

�����������������������������������������������������������
50000000000000000000

� Inverse of HdaêdNL versus GI :
Solve@Equation1, GModeID88GModeI → 383.57 ∆a∆NModeI

0.131166<<
� Mode II HdaêdNL versus GII emperical relation

derived from experimental ENF Fatigue Tests :

Equation2 = H∆a∆NModeIIL � 5∗ 10^−16∗GModeII^4.5765

∆a∆NModeII ==
GModeII
4.5765

�����������������������������������������������
2000000000000000

� Inverse of HdaêdNL versus GII :
Solve@Equation2, GModeIID88GModeII → 2204.91 ∆a∆NModeII

0.218508<<
� Rate for crack tip to grow chosen by the designer Hmm êcycleL :

∆a∆NModeI = 9.47∗10^−5

0.0000947

∆a∆NModeII = 9.47∗10^−5

0.0000947



� Experimental Mode I & II Energies resulting

from Inverse of Emperical Relationships HJ ê m2L :
GModeI = 383.5696 H∆a∆NModeIL0.131166
113.783

GModeII = 2204.9 H∆a∆NModeIIL0.21850
291.22

� Load applied to the model by the designer HNêcmL :
Pmodel = 78.8;

� Numerical Mode I & II Energies HJ ê m2L :
GModeI−Num = 58.5;

GModeII−Num = 42.5;

� Interaction Criterion to Determion Ratio Sum HFL :
F = ikjj GModeI−Num

�����������������������
GModeI

y{zz 1����
2

+ ikjj GModeII−Num
�������������������������
GModeII

y{zz 1����
2

1.09905

� Predicted Load HNêcmL :
Ppredict = ikjj 1

����
F
y{zz 1����2

Pmodel

75.1653



APPENDIX C
DETERMINATION OF NUMERICAL

INITIAL CRACK LENGTH



<<NumericalMath`PolynomialFit`

5th order polynomial that fits the Mode I GI  data (Figure 59). 

g1 = 
PolynomialFit[{{1.09,13.25},{1.46,19.74},{2.13,28.37},{2.7,58.75},
{4.5,10.72}},5];

Expand[g1[x]]

−211.436 + 484.68 x − 370.825 x2 + 120.097 x3 − 13.1529 x4

Plot@g1@xD, 8x, 1, 2.7<D;
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<<NumericalMath`PolynomialFit`

5th order polynomial that fits the Mode II GII data (Figure 59).

g2 = 
PolynomialFit[{{1.09,5.25},{1.46,11.81},{2.13,24.55},{2.7,43.04},{
4.5,2.54}},5];

Expand[g2[x]]

−78.3085 + 168.775 x − 125.469 x2 + 43.057 x3 − 5.02718 x4



Plot@g2@xD, 8x, 1, 2.7<D;

1.25 1.5 1.75 2 2.25 2.5

10

20

30

40

5th order polynomial that fits the Mode I GI  verus a for 79 N/cm Applied 
Load data (Figure 59) in Bend Region of FEA Skin-Stiffener Model: 

G1 = −211.436 + 484.68∗ a − 370.825∗ a^2 + 120.097∗a^3 − 13.1529∗a^4;

5th order polynomial that fits the Mode II GII verus a for 79 N/cm 
Applied Load data (Figure 59) in Bend Region of FEA Skin-Stiffener 
Model: 

G2 = 78.3085 + 168.775∗a − 125.469∗a^2 + 43.057∗a^3 − 5.02718∗ a^4;

Interaction Criterion:

Equation3 =
ikjjjjjjikjj G1

����������
G1c

y{zz 1����2
+ ikjj G2

����������
G2c

y{zz 1����2 y{zzzzzz � F;

Experimental Mode I GI versus Crack Length Relation for Experimental 
DCB data (Figure 33).

G1c = 50.613∗a + 216.25;

Experimental Mode II GII for Experimental ENF data (Table 5).

G2c = 941.8;

G versus Load Squared Relation:

Equation6 = Pcrit � ikjj 1
����
F
y{zz 1����2

∗79;



Experimental "Pop-in" Load for Skin Stiffener:

Pcrit = 94.9;

Determination of Minimum Crack Length for Insertion into the FEA 
Skin-Stiffener Model:

Solve@8Equation3, Equation6<, 8a, F<D88F → 0.692982, a → 1.45375 − 0.347503 ä<,8F → 0.692982, a → 1.45375 + 0.347503 ä<,8F → 0.692982, a → 1.73935<, 8F → 0.692982, a → 4.43627<<
Smallest real root gives a crack length of 1.73 mm (actual experimental 
Crack Length was 2.0 mm).



APPENDIX D
SAMPLE FEA BATCH FILE



!  sample batch file for a Mode I DCB Test

/prep7

!  Element Type--Plane82--Plane Strain
et,1,plane82
keyopt,1,3,2

!  variables
!  height of enf
h=0.3295
t1=0.1725
t2=h-t1
t3=0.02756

!  crack length
a=1.679
!  length of specimen
l=6

!  Skin and Flange Material Properties  45's
!  Material Set #1
mp,ex,1,1.713e6
mp,ey,1,1.15e6
mp,ez,1,1.713e6
mp,gxy,1,.1068e7
mp,gyz,1,.5973e6
mp,gxz,1,.6636e6
mp,nuxy,1,0.288
mp,nuyz,1,0.288
mp,nuxz,1,0.434

!  Skin and Flange Material Properties  0's
!  Material Set #2
mp,ex,2,1.29e6
mp,ey,2,1.29e6
mp,ez,2,5.00e6
mp,gxy,2,6.636e5
mp,gyz,2,6.636e5
mp,gxz,2,6.636e5
mp,nuxy,2,0.29
mp,nuyz,2,0.29
mp,nuxz,2,0.29

!  Web Material Properties  45's
!  Material Set #3
mp,ex,3,1.15e6
mp,ey,3,1.713e6
mp,ez,3,1.713e6
mp,gxy,3,.1068e7
mp,gyz,3,.6636e6
mp,gxz,3,.5973e6



mp,nuxy,3,0.288
mp,nuyz,3,0.434
mp,nuxz,3,0.288

!  Web Material Properties  0's
!  Material Set #4
mp,ex,4,1.29e6
mp,ey,4,1.29e6
mp,ez,4,5.00e6
mp,gxy,4,6.636e5
mp,gyz,4,6.636e5
mp,gxz,4,6.636e5
mp,nuxy,4,0.29
mp,nuyz,4,0.29
mp,nuxz,4,0.29

!  Noodle Material Properties (resin only)
!  Material Set #5
mp,ex,5,0.563e6
mp,prxy,5,0.36

!  Keypoints for thin  section
k,1,0,0,0
k,2,a-0.2,0,0
k,3,a,0,0
k,4,a+0.2,0,0
k,5,l,0,0
k,6,l,t1,0
k,7,a+0.2,t1,0
k,8,a,t1,0
k,9,a-0.2,t1,0
k,10,0,t1,0
k,11,0,0,0
k,12,a-0.2,0,0
k,13,0,-t2,0
k,14,a-0.2,-t2,0
k,15,a,-t2,0
k,16,a+0.2,-t2,0
k,17,l,-t2,0
k,18,a+0.2,t3,0
k,19,a,t3,0
k,20,a-0.2,t3,0
k,21,0,t3,0
k,22,l,t3,0

!k,100,0,0,-1

!create cart. coord. system
!cskp,12,0,1,2,100

!areas
a,21,20,9,10  !area 1
a,20,19,8,9  !area 2



a,19,18,7,8  !area 3
a,18,22,6,7  !area 4
a,11,12,14,13  !area 5
a,12,3,15,14  !area 6
a,3,4,16,15
a,4,5,17,16
a,1,2,20,21
a,2,3,19,20
a,3,4,18,19
a,4,5,22,18

esize,h/8

!  Turn on mapped meshing
mshkey,1

!  90's
mat,2
amesh,9,12,1

!  45's
mat,1
amesh,1,4,1
amesh,5,8,1

/solu

!apply ux=0 on top of dcb
allsel
nsel,s,loc,x,0,0.001
nsel,r,loc,y,t1-0.001,t1
d,all,ux,0

f,all,fy,14.5

!apply ux=0 on top of dcb
allsel
nsel,s,loc,x,0,0.001
nsel,r,loc,y,-t2+0.001,-t2
d,all,ux,0

d,all,uy,0

allsel

!  Solving Time Steps and Nonlinear Deformation
 nlgeom,on
 time,11
 deltim,5
 neqit,10

! /solu



APPENDIX E
DATA ACQUISTION PROGRAMS



good fatigue one with time and extensometer THE CARD.vi

E:\lab view vI\good fatigue one with time and extensometer THE CARD.vi

Last modified on 7/9/2000 at 9:29 AM

Printed on 10/23/2000 at 2:56 PM

Page 1

C:\fatigue data\fatigue\cal.dat

%.6f

format (%.6f)

append to file don't transpose

Transpose Array?

0.1000980.100098

Min. Position, inchesMin. Position, inches

0.1025390.102539

Max. Position, inchesMax. Position, inches

-0.549316-0.549316

Min Load, in poundsMin Load, in pounds

0.4882810.488281

Max Load, in poundsMax Load, in pounds

10000.00

scan ratescan rate

22

device device 

 0:2 0:2

input channelsinput channels

1.9840001.984000

Time in SecondsTime in Seconds

10.000000

Time Delay

0.000000

Position Offset

0.000000

Load Offset

1000010000

number of samplesnumber of samples

 0:2 0:2

strain input channelsstrain input channels

10000.00

high volt. strainhigh volt. strain

10000.00

low volt. strainlow volt. strain

10000.00

high voltagehigh voltage

10000.00

low voltagelow voltage

0 . 0 0 0 0 0 0 0 00 . 0 0 0 0 0 0 0 0

Min compressive Strain 1Min compressive Strain 1

0 . 0 0 0 0 0 0 0 00 . 0 0 0 0 0 0 0 0

Max Compressive Strain 1Max Compressive Strain 1

0.00000000

Strain OffsetStrain Offset

First put cal.dat in the save box below.

Second, Make the posit ion offset 0.00000000

Third, run the program once, with the single arrow right below 

the edit pull down menu.

Fourth, copy the min posit ion inches into the posit ion offset box.

Fifth, run again.  The min and max posit ions should be equal 

to zero (or pretty close)

Sixth, change cal.dat to the appropriate f i le name.

Seventh, hit the run continuous button (right in between the single 

arrow and the stop sign).  It wil l  save data unti l you stop it now, in

the file you told it to save it in.

By the way, the stop sign stops test ing.
The Save box



good fatigue one with time and extensometer THE CARD.vi

E:\lab view vI\good fatigue one with time and extensometer THE CARD.vi

Last modified on 7/9/2000 at 9:29 AM

Printed on 10/23/2000 at 2:52 PM

Page 1

input channels

device 

scan rate
0

Load

Max Load, in pounds

562.0

Min Load, in pounds
562.0

Determine

Max & Min Load

Instron Conversion

Instron Voltage 

Conversion

Max. Position, inches

1.0

Min. Position, inches
1.0

Instron Conversion

Instron Voltage 

Conversion

1

Position

Transpose Array?

format (%.6f)

Time Delay

Position Offset

Load Offset

Strain

0

1000

strain input channels

number of samples

high volt. strain

low volt. strain

high voltage

low voltage

Min compressive Strain 1

Max Compressive Strain 1

Strain Offset

1.0

1.0

Instron Conversion

Acquire

Waveform

Acquire

Waveform

 1 [0..2]
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E:\lab view vI\good fatigue one with time and extensometer THE CARD.vi

Last modified on 7/9/2000 at 9:29 AM

Printed on 10/23/2000 at 2:53 PM

Page 2

 0 [0..2]



good fatigue one with time and extensometer THE CARD.vi

E:\lab view vI\good fatigue one with time and extensometer THE CARD.vi

Last modified on 7/9/2000 at 9:29 AM

Printed on 10/23/2000 at 2:53 PM
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1000

Time in Seconds

 2 [0..2]


