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Failure

e General Definitions

— Inability of a component, structure or facility to
perform its intended function

— Note: Failure does not necessarily involve collapse
or rupture
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Classifications of Failure

» Safety failure involves death or injury or placing
people at risk

* Examples
— Collapse of formwork during concrete placement
— Punching shear failure in flat slab concrete floor
— Trench collapse
— Slip and fall on wet floor

Functional Failure

e Functional failure involves compromise of
intended usage of structure or facility
* Examples
— Excessive vibration of floor
— Roof leaks
— Inadequate air conditioning
— Poor acoustics
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Ancillary Failure

e Ancillary failure includes factors that
perversely affect schedules, cost, or intended
use

e Examples
— Delayed construction
— Unexpected foundation problems
— Unavailability of materials

Famous Failures
Tower of Pisa (1173 to present)

e 200 ft (60 m) tall
* Inclined 5.5°

e Extensive efforts to
determine cause

* Many efforts to
correct problem
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Famous Failures
Tay Bridge, Scotland (1879)

Completed in 1828

Length: 10,321 ft. (3146 m)

85 simply supported iron lattice-truss spans
Failure occurred during a major storm

Train was passing over bridge

75 people died

Cause of failure: improper estimation of wind force
in design
— 10 psi (0.5 kPa) instead of 50 psi (2.5 kPa)

Famous Failures
Tay Bridge, Scotland (1879)
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Famous Failures
Hyatt Regency Hotel in Kansas City (1981)

Hanging walkway supported by steel rods

Collapsed, killing 113 people
e Cause: poor connection detail

Poor communication between engineer
and steel fabricator involved

Famous Failures
Hyatt Regency Hotel
in Kansas City
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Famous Failures
Hyatt Regency Hotel in Kansas City

Famous Failures
Hyatt Regency Hotel in Kansas City (1981)

| e _CONTINUOUS
— TOE-TO-TOE s e

CHANNELS

AS-BUILT DETAIL ORIGINAL DETAIL

COMPARISON OF INTERRUPTED AND CONTINUOUS
HANGER ROD DETAILS
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Famous Failures
Hyatt Regency Hotel in Kansas City

=

Hanger rod — box beam connection

Failure Analysis

Examination of a failed component and
the failure situation in order to
determine the cause(s) of failure.
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Failure Analysis Process

Description of Failure Situation: complaint,
history, all information, specifications,
material properties, designs, how operated,
etc.

Visual Examination: General appearance,
photographic documentation, care not to
damage/change components
Nondestructive Examination: SEM, X-Ray,
fractography, dimensional measurements,
die penetrant, eddy current, magnetic
particle, must write a protocol of testing

Failure Analysis Process

. Destructive Analysis: Must write a test

protocol in advance of any cutting, cleaning,

bending, etc. Must be agreed upon by other

party.

. Destructive Analysis: chemistry analysis,

metallography, mechanical testing, etching,
etc.

. Report: verbal or written. Federal or state

courts?
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Failure Analysis Tools

* Photography

e Optical Microscopy (portable)

e Scanning electron microscopy

e X-ray fluorescence

e X-ray diffraction

* Metallography

e Optical emission spectrometry

e FTIR

e Large part sectioning

* Mechanical Testing (hardness, tensile,
compression, etc.)

ASTM Standards

ASTM E-678, “Standard Practice for Evaluation of
Technical Data”

ASTM E-860, “Standard Practice for Examining and
Preparing Items That Are or May Become Involved in
Criminal or Civil Litigation”

ASTM E-1020, “Standard Practice for Reporting Incidents”
ASTM E-1188, “Standard Practice for Collection and
Preservation of Information and Physical Items by a
Technical Investigator”

ASTM E-1459, “Standard Guide for Physical Evidence
Labeling and Related Documentation”

ASTM E-1492, “Standard Practice for Receiving,
Documenting, Storing, and Retrieving Evidence in a
Forensic Science laboratory”

ASTM E-1732, “Standard Terminology Relating to Forensic
Science”.
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Federal Rules of Evidence
Rule 702

Was it designed to meet reasonable
and foreseeable conditions?

Are opinions based on scientific, peer-
reviewed literature?

Are data repeatable?

Fractography

*Analysis of fracture surfaces
*Visual examination
*Optical microscopy
*Scanning electron microscopy (SEM)
*Chemical spectroscopy
*Scientific evidence to support fracture
mechanism theory
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Visual Examples of Various
Structural Failure Modes

UH-1N Turbine: Helical shaft failure

. . F-18 Engine Sha
Torsion Fai I ures Torsional Buckling

(ductile material behavior)
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Ductile & Brittle
Failures in Tension

Brittle

Note :
Shear Lip
Formation

MET 450/550

Brittle Failures from CH-
53E Rotor System

(Note granular appearance,
no appreciable plastic deformation.)
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Rivermarks & Chevrons
(point toward origin of failure)

Fatigue Zone
Origin

Fatigue Failures

Note that the Beachmarks propagate outward from the origin,
like waves in a pond.
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Mechanical Aspects of Fracture

General Rules:

Ductile Overload = Maximum Shear Stress
(Dull and fibrous, plastic deformation)

Brittle Overload = Maximum Tensile Stress
(Shiny and flat, little or no plastic deformation)

Ductile and Brittle in Tension

o3 TR
S |

Brittle vs ductile fracture on 1038 steel bolts
deliberately heat treated with different properties.
Left: water-quenched, 47HRC

Right: annealed, 95SHRB (equivalent 15HRC)
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Mechanical Aspects of Fracture

7= Shear stress
o = Normal stress

; N
/—.—‘Q Elastic T Elastic

T stress . stress

Tension Torsion Compression

Elastic
stress
distribution

distribution distribution

o =0
Basic S Tmax ™
A P e %O
Single-Load Failures Single-Load Failures
-, - —
N ' “I
BN ! M
sy
Ductile Brittle Ductile Brittle Ductile Brittle

Ductile Overload in Tension

302 stainless steel tensile sample
with typical cup-cone fracture .
45° slant fracture from two sides.

Plane strain condition in center
(flat).
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Ductile Overload in Tension

Low-carbon steel test
specimen showing 45°
shear aspect of tensile
fracture in a ductile
metal. Other fracture
initiation points are

Stress (load)

b} [l

Fraciure

Strain (elongation)
Typical stress-strain diagram showing

(a) elastic region which will return to
original size and shape when load is
removed, (b) region of permanent
plastic deformation without necking,
and (c) region of permanent plastic
deformation with localized necking.

present. Fracture at “X”.
Microvoid Coalescence
' t !
| |
’:‘“ 1|I".1||| |II||
"I:Illll';;'lh :iwm '.J'nlfll
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- (¢} Blongated dimple (lensile tearing) -

Influence of direction of principal normal stress on the shape
of dimples formed by microvoid coalescence.

Ductile Failure

Microvoid coalescence - uniaxial
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Failure

i ¥

Ductile

-
W

Microvoid coalescence - shear

Ductile Failure

Microvoid coalescence - shear
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Mechanical Aspects of Fracture

Tension
<< Elasiic

stress
distribution

Single-Load Failures

Ductile

Yo Omax
Basic
equation:
——— o -0
Tmax = 2

7= Shear stress

Torsion
o = Normal stress

—— Elastic
stress
distribution

Tmax

i

o, Tmax +
-
Tmax gy | - &
(. :*

Single-Load Failures

Ductile Brittle

Compression
Elastic
stress
distribution

o =0

* Tmax =

e S R AL

Single-Load Failures

'
f

i

Ductile

Brittle

Liberty Ships.
A New t-2 tanker, S.S. Schenectady. Fractured 1941.

Brittle Overload
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Ductile and Brittle in Tension

Brittle vs ductile fracture on 1038 steel bolts
deliberately heat treated with different properties.
Left: water-quenched, 47HRC

Right: annealed, 95SHRB (equivalent 15SHRC)

Brittle Failure

Transgranular Fracture — River Patterns
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J e
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Transgranular Fracture — River Patterns

Brittle Failure

.......

A a i o < :f =g K 8
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Transgranular Fracture — River Patterns
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Fractography and Grain Size

Mixed Molde Fracfure
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Intergranular Failure

.Int.erg'ranular Fracture

Brittle Fracture — Material/Processing Issue

Intergranular Failure

Brittle Fracture — Material/Processing Issue
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Fatigue Failure
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Typical fatigue (S-N) diagram of laboratory tested medium-strength steel.
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=
Fig. 2 Highly enlarged schematic cross-sectional sketch of stage 1 and stage 2

fatigue. The edge of the metal is at left. When tensile forces repeatedly
act on the surface, the microstructural changes of stage 1 cause a submicroscopic
crack to form. With each repetitive opening, the crack jumps a small distance (one
striation). Note that the spacing of each striation increases with the distance from

the origin, assuming the same opening stress. The metal at the tip of the fatigue
crack (right) is plastically deformed on a submicroscopic scale.

Laboratory test
sample of a
7075-T6
aluminum alloy.
Cycled with 10
high stress and
then 10 low
stress, repeated.

Fatigue striations in a low-carbon 8620
steel. Direction of propagation follows
the arrow.

Post-fracture damage (rub
marks) on a 7075-T6 alloy.
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Schematic of multiple fatigue origin
sites (O), striations (S), beachmarks (B)
and ratchet marks (R). Note stage 1,
stage 2 and stage 3. Thousands of
striations and a few beachmarks should
be evident.

Fig.10 Surface of afatigue fracture ina hait, with hardness of about

35 HRC, that was subjected 1o rotating bending. Presence of numerous.
ratchet marks (small shiny areas at surface) indicates that fatigue cracks were initi-
ated at many locations along a sharp snap-ring groove. The eccentric pattern of
oval beachmarks indicates that the load on the shaft was not balanced; note final
rupture area (stage 3) near left side,

Striation pattern corresponding to
periodic variable-amplitude load
sequence. Fatigue crack in 2024-T3
sheet. National Aerospace Laboratory
NLR, Amsterdam
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4 inch OD gray cast
iron pipe.

Fatigue Fracture Surface - Beachmarks
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Fatigue Failure

Fatigue Fracture Surface - Beachmarks

Fatigue Failure
o 3t <Gl O ot

Fatigue Fracture Surface - Striations
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Fatigue Failure

Crack Propagation Direction

BE I00VST44-CZ L (300X)

Fatigue Fracture Surface - Striations

Pipe Failures
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Pipe Failures

Brittle Tearing shear
l(i JE— }_(,
fractures fracture

(a)

| Ductile Tearing shear
| fracture fracture
(b)

Tearing shear fractures (multiple stress states). (a) In
brittle material. (b) In ductile material.

Definition of Corrosion

h )
Oxides, Ore
{themodynamically stable)

* Corrosion 'Y )
Mining, Extractive Metallurgy
and Metallurgical Processing Corrosion Processes

Metals and Alloys in Service
(thermodynamically unstable)

Corrosion is the deterioration of materials (metals)
by chemical interaction with their environment. The
term corrosion is sometimes also applied to the
degradation of plastics, concrete and wood, but
generally refers to metals.
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Anodic & Cathodic Reactions

Cathode
{redection)

ANQDE
Corrosion
(coddation)

Anodic & Cathodic Reactions

Metal (Anodic) Reaction:
Fe — Fe™ + 2¢
Al — Al + 3¢
Zn — Zn*? + 2¢

M—->M"+e (general notation for any metal reaction)

Cathodic Reaction:

O, +H,0 +4e — 40H
O, +4H" + 4e- — 2H,0
2H,0 +2e— H, + 20H"

Several Secondary Reactions
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Corrosion Chemistry

BASIC CORROSION PROCESS

Anodic Reaction: M
(Reduction)

GALVANIC CORROSION

Ti-6Al-4V

Stainless Steel -]
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» Titanium: TiO,

« Stainless Steel: CrO}

» Co-Cr Alloys: CrO,
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Effects of Corrosion

Losses are economic and safety:
* Reduced Strength

* Downtime of equipment

» Escape of fluids

» Lost surface properties

* Reduced value of goods

The consequences of corrosion are many and varied and
the effects of these on the safe, reliable and efficient
operation of equipment or structures are often more serious
than the simple loss of a mass of metal. Failures of various
kinds and the need for expensive replacements may occur
even though the amount of metal destroyed is quite small.

Underground Corrosion

Buried gas or water supply pipes can suffer
severe corrosion which is not detected until
an actual leakage occurs, by which time
considerable damage may be done.
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Corrosion Influenced by Flow

==
J?_

The cast iron pump impeller shown here suffered
attack when acid accidentally entered the water that
was being pumped. The high velocities in the pump
accentuated the corrosion damage.

Corrosion Influenced by Flow

This is a bend in a copper pipe cooling

system. Water flowed around the bend and then
became turbulent at a roughly cut

edge. Downstream of this edge two dark corrosion
pits may be seen, and one pit is revealed in section.
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Influence of Corrosion on Value

A very slight amount of corrosion may not interfere with the
usefulness of an article, but can affect its commercial value. At
the points where these scissors were held into their plastic case
some surface corrosion has occurred which would mean that the
shop would have to sell them at a reduced price.

Motor Vehicle Corrosion and Safety

The safety problems associated with corrosion of motor
vehicles is illustrated by the leaks around the solder
connection on a radiator.
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~ Corrosion at Sea

Sea water is a highly corrosive electrolyte towards mild
steel. This ship has suffered severe damage in the areas
which are most buffeted by waves, where the protective
coating of paint has been largely removed by mechanical

action.

Aluminium Corrosion

The current trend for
aluminium vehicles is not
without problems. This
aluminium alloy chassis
member shows very
advanced corrosion due
to contact with road salt
or use in winter driving
conditions.
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Reinforced Concrete Corrosion

SSE

The steel reinforcement in the concrete corrodes
due to the application of salt during the winter
months. Dangerous areas, like steps, tend to get
heavy applications of salt.

Galvanic Series In Flowing Sea Water

Steady State Flectrode
Marerial Potendal, Volts
(Samrated Calnmel Half-Cell)
Graphite +025
Plationm +0.15
Zisconinm -0.04
Type 316 Stainless Steel (Passwe) -0.03
Type 304 Stainless Steel (Passive) -0.08
Momnel 400 -0.08
Hastelloy C -0.08
Titanium -0.1
Sitver -0.13
Type 410 Stainless Steel (Passive) -0.15
Type 316 Stainless Steel (Active) -0.18
Nickel -02
Type 430 Stainless Steel (Passive) -0.22
Copper Alloy 715 (70-30 Cupro-Nickel) -023
Copper Alloy 706 (90-10 Copro-Nickel) -0.28
Copper Alloy 43 (Admicalty Beass) -0.29
G Bronze -0.31
Copper Alloy 687 {Alnminum Beass) 032
Copper -0.36
Alloy 464 (Naval Rolled Brass) 04
‘Type 410 Stainless Steel (Active) -052
Type 304 Stainless Steel (Active) -053
Type 430 Stainless Steel (Active) -0.57
Carbon Steel -0.61
Cast Iron -0.61
Alnminum 3003-H -0.79
Zinc -1.03

Dan from ASM Handbook, Vol 13, Corrosion of Tirnium and Tinnnm AlloTs, p. 673,
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Galvanic Corrosion

This rainwater guttering is made of aluminium
and would normally resist corrosion

well. Someone tied a copper ground wire around
it, and the localized bimetallic (galvanic) cell led
to a “knife-cut” effect.

Galvanic Corrosion

The tubing, shown here was part of an aircraft’s
hydraulic system. The material is an aluminium alloy
and to prevent bimetallic galvanic corrosion due to
contact with the copper alloy retaining nut was
cadmium plated. The plating was not applied to an
adequate thickness and pitting corrosion resulted.
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Galvanic Corrosion

Galvanic Corrosion

This polished
aluminium rim has
road salt and mud
on the rim. Galvanic
corrosion has started
between the
chromium plated
brass spoke nipple
and the aluminium
rim.

Corrosion Prevention

Treatment of the metal

o0 Surface coating — zinc, tin, plastic paint, phosphate, etc.
o Alloying — stainless steel

Treatment of the environment

o pH control

o0 Removal of oxygen

o Inhibitors

o0 Temperature

Change in electrical potential
o Cathodic protection

MET 450/550
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Corrosion of Pipelines

Dissimilar Metals
Dissimilar Soils
Differential Aeration
Mill Scale

Other Issues (Alloy Leaching)

Cathodic Protection

@ )

¢ .
= Magnesium Anode

Eumlh

Impressed current
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Cathodic Protection
Impressed Current

Sacrificial Anodes
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Cathodic Interference
0/7 Pipeline subject to interference

Current discharge leading
to less negative potentials

‘- (- ): Protected structure |

- Anode

Current pickup leading to
more negative potentials

Cathodic interference example (schematic).

Fire Sprinkler System

MET 450/550
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Fire Sprinkler System

Fire Sprinkler System
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Fire Sprinkler System

B Sample_1289_S001.pgt

FS: 640
Fe
Fe
P
Fe
Mnj
- T ‘| ¥ t T T T T T T
10 15 20
Element | Line keV | KRatio | Wit% At% At Prop | ChiSquared

o KAl | 0277 | 0.0181 827 27.94 20 3.15
P KA1 | 2.013 | 0.0685 898 11.76 0.8 0.71
Cr KAl | 5414 | 00077 0.54 0.42 0.0 037
Mn KAl | 5.898 | 0.0035 031 0.23 0.0 0.29
Fe KAl | 6403 | 09006 | 81.63 59.27 42 0.99
Al KAl | 1.487 | 0.0003 0.06 0.08 0.0 0.59
Si KAl | 1.740 | 0.0013 0.20 0.29 0.0 0.56
Total 1.0000 | 100.00 | 100.00 7.2 0.28
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Natural Gas Pipeline

Natural Gas Pipeline
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Natural Gas Pipeline
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Natural Gas Pipeline
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USS Arizona

USS Man gy
: — = % g
-~ USS Tennessee:
i )
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THICKNESS
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Page 50



Forensic Engineering

. USAR-02-001

USS Arizona

Upper Deck

Main Deck b == 1

e s i e v = [ g I s WA,

—————— Sample SUSAR-02-007
20 Ib. plate

Sample FISAR-02-008
7.8, plate

| —— Sample SUSAR-02-008
2016 plate

Sample BUSAROZ010
30 Il plate.

Mosira)

Water Depth (ft.)

19.5

26

34

USS Arizona

ASAR 02-001 (Original 20 Ib plate)

ASAR 02-002 (Original 37.5 Ib plate)]

ASAR 02-003 (Original 20 Ib plate)

ASAR 02-004 (Original 25 Ib plate) |

Port Side

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Original Plate Thickness (in.)

OPlate Remaining at 61yrs. B Metal Lost‘

0.8

0.9 1
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Modular Hip Implants
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Hip Implant

Hip Implant - Fatigue

MET 450/550

Page 53



Forensic Engineering

Hip Implant — Corrosion Residue

Hip Implant — Fretting Corrosion
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