*A SHORT INTRODUCTION TO FRACTURE MECHANICS

Professor Roberto Ballarini
University of Houston

*Dedicated to "my brother from another mother”, and to our sister.




My students have been my teachers.




Introduction to the Mechanics of Fracture and Fatigue:
It is a beautiful topic!

Look at those cracks Adam!!




Outline

* Introduction to the role of fracture and fatigue
in numerous fields.

« Strength theories versus fracture mechanics theories.
* Linear elastic fracture mechanics using the
stress intensity factor approach; small-scale-yielding
arguments.

« Scale effects introduced by the presence of a crack;
failure by progressive collapse versus by crack

propagation.

« Crack propagation under mixed-mode conditions.

« Two examples of fracture mechanics-based design.



Fracture is with me even when | am on vacation;
Vancouver Island

Tofino




Cedar, by Hilary Stewart,
U. of Washington Press, 1984.
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They knew about
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control!
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One of the Liberty Ships
S.S. Schenectady

January 16, 1943
Fractured soon after its sea trials in 4°C water and -3°C air temperatures

Brittle fracture
due to low-grade steel;
Sulfur content was too high and
manganese content was tool low.
Steel became brittle at
low temperatures.
Ship was repaired
and returned to service.



Aging Aircraft Problem
Aloha Airlines Flight 243, 1988

One fatality, 58 year old flight attendant Clarabelle Lansing




DOT/FAN/AM: Full Scale Testing and
DOT-VNTSC-FAA-93-10 .

Analysis of Curved
i Aircraft Fuselage Panels
NJ 08405

Small cracks start at each rivet hole...

G. Samavedam
D. Hoadley
D. Thomson

Foster-Miller, Inc.
350 Second Avenue
Waltham, MA 02154-1196




Bone Fractures

Fig. 1. An woman
with osteoporinsis
falls from a
standing height,
resulting in &
traglity fractire

Fig. 2. Cross-section of femur with examples of
healthy and osteoporotic bone
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Angloplasty with stent Fracture of Medical Stents

Cholesterol plaque paﬂjatl;
blocking the passage of biood

0 E—

The catheter with balloon anl:.l. stent
closed and inseried ai the
point of obstruction

https://www.hindawi.com/journals/crp/2011/320983/

Intreduced The balkoon dilates and crushes
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The catheler and the balloon are
removed. And the stent remains in
place preventing recbsiruction
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https://onlinelibrary.wiley.com/doi/full/10.1111/j.1540-8183.2010.00567.x

https://www.healthline.com/health/stent

https://jksronline.org/Viewlmage.php?Type=F&aid=50959
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Cracking in concrete dams
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CASE STUDIES OF SIMULATION OF FRACTURE
IN CONCRETE DAMS

A R INGRAFFEA

Deparmmesas of Structural Engineeriag and Program of Compester Graphics, Corsall Univessity,
Ithaca, NY 14853, USA

Downstream Upstream

Key:
—— FEM, Ref.3
=== FEM, presen! analysis

@ Location of crock from
exploratory drilling

Gollery/

Foundation

St. Francis Dam failed
on March 12, 1928



Potential Collapse of Historic structures
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Shell Oil Bullwinkle Platform Offshore structures
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Design against fatigue crack initiation and
propagation from the weld that connects the
tubes that make up the structure.

(a) Single-pass fillet welds (b) Multiple-pass fillet welds

Weld

&

A: Toe crack

B: Root crack

C: Hesl crack

D: Lameliar tear

E: Underbead crack

F: Deformation crack

G: HAZ microcrack

H: Weld metal microcrack
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Hydraulic Fracturing Technology

10's -100's m




Creation of Materials with Superior Properties

What is an ideal composite? '

It should be comprised of readily
available and inexpensive materials.

It should be strong, tough and light.

It should be capable of self-healing.
k

It should not require prohibitive - 4
manufacturing processes. ol Pl ronch Shoe]

Figure 6. Damage Mechanisms Observed During the Impact and
Penetration of a Composite.

Let’ s turn to Nature for inspiration.



Example: Bioinspired design of ceramic composites
with high toughness (reverse-engineering)

STROMBUS GIGAS: WHY IS IT SO TOUGH?

97% CaCo,
~3% protein binder




Layers 0.5-2 mm thick

2nd order
// // lamella
¥
of [ T1 11111
M m

~ Y
st order First order lamellae

IRNRERENEN lomella 5-60 um thick; many um wide

Second-order Third-order Twinning in third-
lamella lamella order lamella

large top face

side face

60-130 nm thick; 1-20 nm wide
100-380 nm wide
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Fracture surface showing crossed lamellar microstructure



REVERSE ENGINEERING

Microstructure Dominant fracture mechanisms

Tunnel cracking Crack bridging

0.3 mm

Modeling

Steady-state tunneling

bridging lamella \,
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http://www.gereports.com/post/110549411475/ceramic-matrix-composites-allow-ge-jet-engines-to/

GE CMC Engine







Gears Used in Rotorcraft Transmission and Drive Systems

David Lewicki



E = Experiment
P = Predicted

Backup ratio = 0.5

[ 2 g;‘ = —— -: -:_ =

Backup rao=10




Cracking in Semiconductor Devices
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: Figure 26 (1) The plan view of the surface of i die, near a die comer (source bibS7 Huang o1 al, 2000). (b)
) Patterned aluminum pads. Cracks form in SiN over aluminum, but not in SiN over silica (source bib§6 Huung

ef ol 2002) (€) A crossssection shows a crack in SIN (courtesy of Dr, J. B. Han), (d) A cross-section shows

Figare 25 (u) A pboto of a flip-<chip package () A schematic of crosssection of the package. (<) Magnifiad
shifted aluminum pads (source bibSS Huang ¢t al., 2001)

wview of the interconnect structure



Fracture, fatigue and strength of MEMS materials

active device:
electrostatic actuator

ll

1438 pairs of comb
fingers; 0.8 mN at 150 V

stress analysis

R. Ballarini and A.H. Heuer Research Group



Developing models and experimental techniques
for fracture and fatigue at small scales

Fatigue of polycrystalline silicon for MEMS



Developing models and experimental techniques
for fracture and fatigue at small scales

Submicrometer high-temperature fracture experiments on silicon.




Why?
1. What are the origins of the toughness of bone and other
tissues?
2. Development of multiscale models

Cancellous bone

Collagen

Lamella fiber

Fracture of Individual Collagen Fibrils

Macrostructure Microstructure Nanostructure

Human hair
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An example of the “process zone” that develops at crack tips
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Examples of
Fracture Mechanics-Based Design:

1. Break-out strength of anchors embedded in
concrete.

2. Design of gears in rotorcraft transmission
and drive systemes.

Roberto Ballarini
Thomas and Laura Hsu Professor
University of Houston

Tongji University



Fracture Mechanics Model of Anchor
Group Breakout: A Classroom Example
or
ACI/RILEM have learned a lot, but not
enough

al Interlock
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The codes up to the early 1990’s

2h, + dy

du"”

Puact = fmd? (1 + ) 4/ fimd? (1 +d)

Does not agree with experimental data!

¢ (f; = 4(15\/70') Overpredicts capacity!



0

What material property is this test measuring?
The compressive strength is correlated with the force
required to pull out the anchor. #

Compressive
strength

Pull-out force



Failure of headed anchors reflects a progressive crack propagation
process; (Ballarini et al., 1985) Two-dimensional configuration

Experimental and analytical investigation of LOK test and pullout
problem by changing the position of the support reactions;



Stress Intensity Factors

K;=mode | K;;=modell
stress intensity stress intensity
factor factor

2
K, J(Kj g
_ -1 =
em - Ztan KII KII

4

Gear tooth fillet-,

Initial
crack mouth *,

;~Crack increment size

) /,r- New crack tip
Initial crack tip—" ¢

N Predicted angle = f( K;;/ K; )
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2u(§§-+ 1 §¥J+ = 0 ( bonded upper portion)

(Oiy - icxy)- =0 (unbonded lower portion)

o 10” = 0 (stress free crack surface)
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{,c.(;) {;‘._.z‘. + Ky (x,6) - Ka(x,~E)} 4E + {:0(5) {x2(x,E) - Ka(x,-§)] 4
+ 71 (x+1) a (x) + [S8(p) Ff;* K3(x,p) - Ky(x,=p)} dpo
0
+ J° 8(p) [Rulx,p) = K3(x,=p)} dp
0

¢ I‘O('l’) Ko(x,t) dt + [‘ W) K (x,0)dr+£1(x) =0 =<c<x<c
° 0

P

J€ [a(E) - a(€)] d& o (3]
0

[e[8(E) - B(E)] dE + (I)‘[o(r) - %(1)] dt = 0
0




All physical quantities can be obtained after solving numerically the equations
(3.4)-(3.8). In particular, the stress intensity factor, defined by

K, —iKy = lim v/[22(r—) (045 —iogy) (3.10)

can be directly related to the dislocation density y(r) by taking the asymptotic
form of (3.6). In terms of dimensionless quantities arising from the numerical
scheme, the result is

v
(K;—iKy) (d/P) = 2ixde Y/ (I/e)y (1), (3.11)

where

=
R M e,
W")—u_ de 1.




FIG. 13— MINIMUM PRINCIPAL STRESSES
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Variables : d,h, matrix F:nferf-fs
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ANCHOR PULL-OUTTEST

FIG. 6— CONFIGURATION OF 2-D

PULL-OUT TEST
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profile predicted

1.
I 25mm I

Specimen 4A

crack profile profile
observed in predicted

Krenchel’s tests I 1" I by theory

25mm

Specimen 7A



seres

o 1 dzh=0.758"
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The new code formulas are based on LEFM

ip Y ip
7 .

Proc. Royal Society of London, 1986

Prppy = ch3/2 el kcmd?’/z

Ballarini et al. 1986,1987; Elfgren 1998; Elfgren and Ohlsoon
1992; Eligehausen and Sawade 1989; Eligehausen and Balogh
1995; Eligehausen et al. 2006; Fuchs et al. 1995; Karihaloo
1996; Krenchel and Shah 1985; Ozbolt et al. 1992,1999; Vogel
and Ballarini 1999; Piccinin et al. 2010,2012



log (6™/f))

(a)

The pullout test is basically a fracture toughness test; it obeys
The strongest size effect (-1/2)

Strength
criterion

Nonlinear
fracture
mechanics
criterion

Linear elastic
fracture

« mechanics

criterion

4 53“:'
s 11 eyl

Size effect on the concrete cone
strength (f..= 33 MPa)

2
i

1

Nominal strength [MPa]

&€ 8
r oo el
¥
H
]

i

« ACI 349 (1985), F = 1.15 sqrt(f, ) h, 2 (no size effect)

CEB (1980), (LEFM), F = 15.5 sqri{f,,) h, 05"

Test data
Calculated, Ozbaolt (1595)

Bazart SEL; F,= 1.53 sqrtif,,) (1+h,413) "*(fit of the calculated data)

L] IFIIIII I I lIIIllil I
3 4 56789 2 3 456789 2 2
100 1000
Embedment depth [mm]
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Very shallow embedments and .
with prestress Experiments




Crack Profiles: d/c=2

Crack profiles obtained from visual inspection;

LEFM captures inclination and shape;



Group anchors and anchors near free edges

EFFECTIVE STRESS
AREA




The codes still maintain some of
the old approach: for a group, multiply
the LEFM formula by:

ANc
ANco

The ratio of the projected areas of the break
out cone associated with a group of N anchors
and an isolated anchor, respectively does not

correctly reflect the edge effects. It is overly

conservative.

The Commentary then continues with
modifications to the design formulas that
reduce the conservatism in the design, with
certain restrictions.



Toy problem showing this is incorrect
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s/d=5,3,1.5,1.2,1.0 the capacity ratios are 1.0, 1.0, 0.25, 0.16 and 0.11, respectively (for
s/d=5 and s/d=1 the Code considers the anchors as non-interacting). The 75-90% range
of the reduction prescribed by the Code is significantly larger than the ~20-30%

reduction predicted by the simulations.



Suggestion

With the advent of powerful and sophisticated computational
approaches to fracture simulation, derive capacity formulas
through simulation.
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Thin rim - Thick rim -
catastrophic rim fracture “benign” tooth fracture

® Thin-rim gears desired for reduced weight.

® Stress fields and failure characteristics significantly different for thin-
rim gears compared to conventional gears.

® Catastrophic failures have occurred in thin-rim gears.

® Safety and reliability can not be sacrificed.



Definition of Backup Ratio (m1;)
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Figure 1.2.1.—Gear tooth bending stress index rim thickness correction factor

(AGMA, 1990).




Develop design guidelines to prevent
rim fracture failure modes in gear tooth
bending fatigue.



Crack Modeling Using Finite Element Method
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Paris equation, n = 2.264, C = 1.149x10-"5 in/cyc/{psivin.)" (Au and Ke, 1981)

Paris equation, n = 2.854, C = 6.027x10-19 in/cyc/{psivin) (Au and Ke, 1981)

Paris equation, n = 2.655, C = 2.721x10-"7 inJeyc/{psivin)" {Au and Ke, 1981)

Paris equation, n = 2.420, C = 1.084x10-18 in/cyc/\psiNin)" (Au and Ke, 1981)

Collipriest equation, n =1.63, C = 8.36x102 in/eyc/fksivin)", AKy, = 3.5 ksivin,,
K = 200 ksiVin,, R = 0 (Forman and Hu, 1984)
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Analysis Procedure

FEM model of gear

l

Load analysis

l

Add initial crack

l

K,, K, vs. gear rotation <~
K,/K, vs. gear rotation

6,, vs. gear rotation

Oy VS. gear rotation

l

Determine crack
propagation angle

|

Extend crack,
Re-mesh model




Typical Finite Element Gear Model

Tooth load at HPSTC

Fixed /

inner-hub
B.C.s




Load Case Locations for FEM

Load case
1
2 10
3 11
4 12
5
6

Tooth 1

13
14
15
16
NA Tm\
B 17
s
NNN72%%
NV
Tooth 2: Tooth 3
|l

0.26-mm crack size, 68 N-m driver gear torque.



Notch inserted
in tooth fillet

Backup ratio =3.3 Backup ratio =1.0

Backup ratio = 0.3



Definition of Backup Ratio (m1;)




Definition of Initial Crack Location (&,)

Applied
tooth load

P~
~
Pitch
radius




Effect of Initial Crack Location on Crack Path

Gear Parameters:
« 28 teeth

8 pitch

« 1.75" pitch rad

« 20° press angle
e mp=1.0




Effect of Initial Crack Location on Crack Path

Initial crack
location:
6, =120°

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
0, = 114"

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
6, =109°

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:

6, = 104"
(max tensile)

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
g, =99°

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
0, = 94°

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:

g, = 88°
(root centerline)

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
g, = 83"

Failure mode:
Tooth fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
0,=178"

Failure mode:
Rim fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
0,=73"

Failure mode:
Rim fracture




Effect of Initial Crack Location on Crack Path

Initial crack
location:
g, = 68°

Failure mode:
Rim fracture




Effect of Initial Crack Location on Crack Path




Mode |
stress
intensity
factor,
K, (ksivin)

Mode I
stress
intensity
factor,
K, (ksivVin)

Stress Intensity Factors

80

60

40

20

o

0.0

99°
88°

83°

00=83°

0.1

0.2 0.3
Crack Length, in




Effect of Backup Ratio on Crack Path

Backup ratio:
mg=1.0

Tooth/rim fracture
transition:
6, =81°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg=1.1

Tooth/rim fracture

| | transition:
NS/ hote




Effect of Backup Ratio on Crack Path

Backup ratio:
mg=1.2

Tooth/rim fracture
transition:
0,=71°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg=1.3

Tooth/rim fracture
transition:
All tooth fractures




Effect of Backup Ratio on Crack Path

Backup ratio:
mg=1.0

Tooth/rim fracture
transition:
6, =81°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg = 0.9

Tooth/rim fracture
transition:
6, = 86°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg = 0.8

Tooth/rim fracture
transition:
0, =91°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg = 0.7

Tooth/rim fracture
transition:
6, =97°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg = 0.6

Tooth/rim fracture
transition:
6, =102°




Effect of Backup Ratio on Crack Path

Backup ratio:
mg = 0.5

Tooth/rim fracture
transition:
6, = 107"




Validation of Finite Element Modeling

Backup ratio = 3.3

E = Experiment
P = Predicted

Backup ratio = 0.5



Design Map

T = tooth fractures
R = rim fractures
C = compression
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Initial crack location, 6, (deg)




Mode | Stress Intensity Factors

9

8

7

Mode | 6
stress

intensity 5
factor,

K, (ksivin) 4

3

2

1

Initial
crack
location,
& (deg)

78

Backup ratio, mp

Gear Parameters:

28 teeth

« 8 pitch

« 1.75" pitch rad

« 20° press angle

* 500 Ib tooth load
* 0.030" crack size



Mode | Stress Intensity Factors

9

8

7

Mode | 6
stress

intensity 5
factor,

K, (ksivin) 4

3

2

1

Initial
crack
location,
& (deg)

78

Backup ratio, mp

Gear Parameters:

28 teeth

« 8 pitch

« 1.75" pitch rad

« 20° press angle

* 500 Ib tooth load
* 0.030" crack size

« AISI 9310 steel
* AK,, = 5 ksinin



Paris equation, n = 2.264, C = 1.149x10-"5 in/cyc/{psivin.)" (Au and Ke, 1981)

Paris equation, n = 2.854, C = 6.027x10-19 in/cyc/{psivin) (Au and Ke, 1981)

Paris equation, n = 2.655, C = 2.721x10-"7 inJeyc/{psivin)" {Au and Ke, 1981)

Paris equation, n = 2.420, C = 1.084x10-18 in/cyc/\psiNin)" (Au and Ke, 1981)

Collipriest equation, n =1.63, C = 8.36x102 in/eyc/fksivin)", AKy, = 3.5 ksivin,,
K = 200 ksiVin,, R = 0 (Forman and Hu, 1984)
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Design Map

T = tooth fractures
R = rim fractures
N = no fracture
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Initial crack location, 6, (deg)



