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PREFACE: THE NEED FOR THIS BOOK

“...Engineers are proud of their profession, anxious to sing its praises. But they cannot seem to get beyond perfunctory and
non personal expressions of the satisfactions they derive from their work. Many of them are ‘turned on’ by what they do.
But they are unwilling or unable vo reveal their inner emotions to an audience” Samuel C. Florman - The existential

pleasures of engineering

Theodore von Karman, that polymath of the early
20th century, defined the difference between
scientists and engineers thus:

“Scientists look at things that are and ask ‘why’; engineers
dream of things that never were and ask ‘why not™”!
Engineering design is all around us every day of
our lives. Almost every artefact we touch, chairs,
doors, cutlery, light-globes, the list is endless, and
every system we use, transport, mail, supermarket,
banking, health care, power distribution and so on,
has an engineering design component. Engineers
were involved in the design of these artefacts and
systems. How did this happen? What is involved
in designing something? Even more importantly,
how does one become a designer?

This book is addressed to young engineers on
the threshold of entering the profession. The
objective is to give experience in successfully
designing simple engineering artefacts. These
artefacts are the essential building blocks of larger
more complex systems yet to be experienced. Yet
the design elements introduced here encapsulate
the richness of the full design experience of much
larger and more complex engineering systems. The
design steps involved here mimic the experiences
to be had in the design of much more complex
systems, but the examples offered provide easily
evaluated success with the much simpler systems
addressed in this book.

The activity of designing artefacts offers many
challenges. The process is essentially synthetic
rather than analytic in substance. Identifying the
real substance of the design problem is probably
the greatest challenge encountered by designers.
In the examples offered in this text we have diluted
this challenge by clearly identifying the building
block to which each specific design problem
belongs. Nevertheless we will still experience the

| A paraphrase was used by John F Kennedy in a political speech

challenge of estimating and, occasionally, making
arbitrary design choices, tempered by insight into
the problem. Yet another challenge 1s to find the
right modelling method for analysing our chosen
design. Here too we offer guidance, but the
ultimate decision is left up to the designer. We do
not prescribe how to solve problems. On the
contrary, we only ask that the design challenges
offered are solved by rational argument.
Occasionally we ask that the rationale include
sufficient information to allow a certificating
authority to evaluate the solution. In these cases
cogent argument will be needed to support the
soundness of design choices. Apart from these
minor limitations the field is there to be explored.
It is not intended that anyone memorise any
formulae or codified information offered in the
text. We sincerely hope to engage the interest of
young engineers and to develop their
understanding of the material presented.
Moreover, we hope to stimulate further enquiry
or even challenges to our approaches, where it is
felt we have skimmed over important issues. We
act only as guides in the journey through this book,
pointing out the significant features of the design
scenery. However, the journey is there for the reader
to enjoy!

The book is subdivided into two major parts.
Part 1: Modelling and synthesis, including Chapters 1
to 5, deals with some focused issues of designing
engineering components for structural integrity.
Part 2: Problem-solving strategies: An engineering culture,
including Chapters 6 and 7, introduces some
broader issues in design.

Chapter 1 introduces structural integrity and the
nature of failure, units and the notion of structural
distillation. Chapter 2 offers a brief introduction to
engineering materials, failure modes and

Xv



Contents, preface and common terminc'ogy |

introduces failure predictors (theories of failure),
based on engineering mechanics. Chapters 3 and 4
deal with the design synthesis of specific
engineering components, with extensively
explored case examples. Chapter 5 reviews the
work of Part 1, and offers case examples in the
design of engineering systems. We conclude this
part of the text with some explorations of
engineering misconceptions and some experiences
of engineering design judgement under severe
time constraint.

In Chapter 6 we introduce the operational model
of the design process and its various stages, through
the evolution of design problems. Chapter 6
identifies and explores some broad, nontechnical
issues that significantly influence the successtul
delivery of design project objectives. Finally, in
Chapter 7 we briefly introduce economic, social,
and environmental influences on design.

Most introductory texts in design explore either
Part 1 or Part 2 of this text, but it is rare to find
them together in a single book. We suggest that
this separation is the direct result of Western
European, mainly German, influence on design
thinking. In the European school of thought,
design for structural integrity has been identified
with focused analytical objectives of deriving some
specific details of component geometry.
Additionally, in the European school, that type of
design took place after the gross structural or
embodiment decisions had been made by some
broader creative process. In that school of serial
design, allowing the design analyst to influence the
embodiment decisions would be seen as opening
the floodgates to a whole range of iterative redesign
issues, that might severely impact on concept-to-
launch times.

Current thinking in design has more-or-less
rejected these limitations on the total design
programme. We subscribe to the notion that
successful design must take place in a creative
environment, where all influences are considered,
as far as possible, concurrently. So, why do we deal
with particular design experiences in structural
integrity, before considering the broader issues in
design? The answer to this question lies in
pedagogy. This book is addressed to both teachers
and students of design. Our experience with design
education has led us to the conclusion that some
early success with component design, as offered
in Part 1, is far more motivating and accessible for
students than the broader issues of design dealt
with in Part 2 of this book. Nevertheless, we do

xvi

not prescribe how others should use the text. Both
parts are self contained and may be taught or read
separately in any order. We hasten to point out,
however, that even in Part 1 we offer design
experiences with opportunities for creative
expression in design choices. We also conjecture
that the particular design experiences offered in
Part 1 may be clearly described by the general
design procedures introduced in Part 2. We leave
the support or refutation of this conjecture to
readers.

Andrew Samuel
John Weir
Melbourne, 1999



COMMONLY USED SYMBOLS AND DESIGN TERMINOLOGY

A area, cross-section area

C,c most commonly a parametric constant of
proportionality

13 corrosion allowance

D,d diameter

e base of Naperian logarithm, eccentricity
E modulus of elasticity (Young’s modulus)
f stress intensity, function

F force

F actual factor of safety

F design factor of safety

g acceleration due to gravity

G shear modulus of elasticity
I

I second moment of area about x-axis;polar
second moment of area

k,K  spring constant , stiffness, kinetic energy
K.  fracture toughness coefficient

K, K. modifying factors for endurance limit

I, L length measure

m mass, end-fixity ratio

P pressure

q load/unit length

R radius

r real interest rate (lending rate -

inflation rate)

S/, S, material endurance limit(material
property); component endurance limit

S ultimate tensile stress (material property)
S, yield stress (material property)

t, T material thickness, time, temperature
u strain energy/unit volume

v, velocity, potential energy, shear force
W transverse load

p axial load

x, X axis direction

y, Y axis direction

z, Z axis direction

o thermal coefficient, angle

B hollowness ratio

0 small change in quantity, extension/
compression

£ strain

n efficiency, welded joint efficiency

0,0  angle, twist per unit length (torsion)

U coefficient of friction, Poisson’s ratio,
dynamic viscosity

kinematic viscosity (1/p)

ratio of circumference of circle to diameter
density

direct-stress (general)

shear-stress (general)

S QD 8 <

diameter ratio

Allowable value: bound or limit on some specified
output variable (e.g. 7 < 96 MPa)

Compromise: arbitration between conflicting
objectives (e.g. accepting an increase in mass for a
reduction in stress level: this is also called a trade-
o)

Conflicting objectives (also, occasionally, competing
objectives): design objectives that negatively
influence each other (e.g. low mass coupled with
high strength, large volume coupled with small
surface area; high reliability coupled with low cost)

Constraint: mandatory requirement to be fulfilled
by the design (e.g. must be manufactured in
Australia; must meet Federal Drug Administration
Authority requirements)

Criteria: scales on which we measure the relative
level of achievenent of design objectives (e.g. the
criterion for a “low mass” objective is mass in kg).
See also performance variable

Design goal: the primary functional objective of a
design (usually expressed in terms of a design need)

Design need: expression of a means for solving a
problem, withot reference to embodiment (e.g. “a
means of removing dirt from clothing”, instead of “a
washing machine”)

Design variable: variables in the control of the
designer (e.g. material choice; length; diameter;
number of spokes)

xvil
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Design parameter: combination of performance
variables (or criteria) whose improvement usually
contributes to success in achieving the design
objectives (e.g. strength to weight ratio for mass
limited design; strength to stiffness ratio for
deflection limited design)

Design Audit (sometimes Design Review):
identification of the design goal of a given
embodiment and the objectives, criteria, requirements
and constraints (the design boundaries) that lead to the
current embodiment of a design. While the Design
Audit does not seek to modify the design, it seeks
to evcaluate how well the design embodiment
meets its design goal within the identified design
boundaries

Effectiveness: capacity of component or system to
perform as required (e.g. an automobile is an
effective personal transport device, but it is an
inefficient high-volume people mover)

Efficiency: ratio of output to input (e.g. transmission
efficiency of a gear box is the ratio output power/
input power)

Endurance limit: limiting stress level for ferrous
materials: the material will withstand infinite
numbers of cyclic load applications if stresses are
kept below the endurance limit (S )

Failure predictor: combinations of multi-axial stresses
that predict component failure (e.g. maximum
shear stress failure predictor, MSFP,
i < T =5/2)

allowable

Goal: the ultimate purpose of the design (e.g. to
reduce accidents at level crossings; to provide safe
and effective storage for liquid fuel under pressure;
to provide a simple mechanical cleaning system
for clothes)

Governing requirement. the most demanding
constraint or requirement on a system facing
multiple requirements or modes of failure; the
design requirement that imposes the most severe
value on a particular design variable (e.g. for a shaft
required to resist both fracture and excessive
deflection, the governing requirement is that
which necessitates the larger shaft diameter)

Iteration: systematic, goal-directed, trial and error
solution to a problem

Mode of failure: technically precise description of
the failure (e.g. yielding, rupture, fatigue, buckling,
excessive deflection)

xviii

Objectives: the desired features, or characteristics
of the design, that determine its ultimate
effectiveness or suitability for a given task (e.g. the
driver’s seat must be comfortable; the can opener
must be safe, cheap and portable)

Objective function: single unit mathematical
combination of design objectives (e.g. total cost =
some function of component costs; or, total energy
use = some function of the energy used by the
several design components)

Performance variable: output variables (not directly
under the control of the designer, but indirectly
determined by the values of the design variables)
that describe the performance of a system in
fulfilling design objectives (e.g. strength, cost,
pump flowrate, engine power, mass). See also
Criteria

Optimisation: maximising or minimising an
objective function so as to achieve the best
combination of design objectives (e.g. minimising
a cost function, or maximising a benefit function)

Requirement: non-mandatory, flexible, design limit
(e.g. “the cost must be less than some specified value”)

Rule-of-thumb (heuristic): informal decision making
procedure based on experience and wisdom (e.g.
the fundamental frequency of vibration for most
mechanical systems is less than 1 kHz)

Stress: force per unit area

Trade-off: arbitration procedure that allows
devaluing one objective in favour of improving the
value of some other objective (e.g. acceptinga loss
in efficiency for an improvement in reliability)

Worst credible accident: limiting design condition that
assigns the maximum loads to be sustained by a
component (e.g. for selecting the loads on standard
office chair, we consider the heaviest person —
97.5th percentile male — balancing the chair on two
of its legs; considering wind loading on electric
power distribution cables, we work with winds of
the highest velocity observed in any 50 year period.
Such winds are identified by the bureau of
meteorology as 50 year return winds)

Yielding: condition of failure observed in metals,
generally taken to be the limit of linear elastic
behaviour (e.g. in CS 1040 steel yielding occurs at
approximately 210 MPa)
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1

INTRODUCING MODELLING AND

SYNTHESIS FOR STRUCTURAL INTEGRITY

With them the seeds of Wisdom did | sow,

And with mine own hands wrought to make it grow; Edward Fitzgerald, The Rubaiyat of Omar Khayydm, 1889

This 1s a book about the basic elements of
engineering design. We begin with an emphasis
on structural integrity, and later broaden our
concern to various philosophical and practical
issues. The book is addressed to engineering
undergraduates who are being exposed to
engineering design thinking and reasoning for the
first time in their courses. Many texts on
engineering design of machine elements treat
structural integrity from a purely analytical point
of view. Readers of such texts are rarely offered
opportunities to apply the process of design
synthesis to real-life engineering problems.
Engineering texts present encapsulated experiences
with design problems pared down to a manageable
scale. Real-life engineering is full of uncertainties
and risks, impossible to replicate effectively in the
formalised medium of a textbook. Nevertheless,
first-time students of engineering need to be
introduced to the myriad choices and decisions that
designers must face.

Our focus in this first part of the text is on design
for structural integrity. For the purposes of our
study, we define structural integrity as the capacity
of engineering components to withstand service
loads, effectively and efficiently, during their
service life. This definition involves several
concepts that need further elucidation.

Engineering component in this context means any
engineering structure, which may be
constructed from several interconnected
elements into a single entity. Examples are
pressure vessels, bicycle frames, flywheels,
springs, shafts of electric motors, airframes
and the frames of motor vehicles or buildings;

Effectively withstanding loads is defined as the
capacity to accept service loads without

exceeding either the specified maximum
stress, specified maximum deflection, or both
of these specifications. Examples are:
140 MP a maximum shear stress allowed in
certain qualified welding materials, or
maximum deflection of 1/300 the span in
architectural beams;

Service loads are those loads, specified or
unspecified, that the designer considers as
credible to be imposed on the component
during its service life. In the context of
structural integrity, a service load will usually
be specified as a force (IN), a moment (Nm), or
a pressure (Pa). More generally, design loads can
be thought of as thermal (kW/m?), electrical
(A/m?% kW),  information-processing
(decisions/hr; bits), or even in terms of such
concepts as traffic intensity (e.g. passengers/hr).

The mature description of service loads is
probably the aspect of component design requiring
the greatest creative input by the designer, in terms
of engineering wisdom and judgement. Often the
service loads are unknown and need to be
estimated before design can begin. In the case of
critical design, such as airframes, considerable in-
service test data is used to enable suitable service
load estimates. For critical components, and those
subject to fatigue failure, (e.g. airframes and motor
vehicle components) these estimates are almost
invariably followed up by field testing of
prototypes. We explore service loads a little further
in section 1.3, Structural distillation.

Efficiently, in this context, means either at least cost
or at least mass. Cost-limited designs, the most
common case, must consider all aspects of
cost, including material, manufacture,
maintenance, and most importantly, design
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costs. In general, for relatively simple
components, the cost of manufacture is of
the same order of magnitude as the material
cost. In contrast to this, design time is
expensive and needs to be spent wisely.
Hence, the wise, or experienced designer will
not spend expensive design time to eliminate
a few extra grams of material from a relatively
simple and cheap component. Quite often,
for simple components, one that does the job is
likely to be most efficient. Mass-limited
designs require considerable analysis. With
complex shapes, finite element analysis (a
computer-based stress analysis procedure)
offers opportunities for mass optimisation'.

For the purposes of design, once the service loads
have been established, the mechanical analysis of
a component requires mathematical modelling of
the component structure. The model allows us to
translate loads into stresses or deflections.
Naturally, the more closely the mathematical
model represents reality, the more accurately we
can identify stresses or deflections. As a precursor
to analysis, we must make absolutely clear that the
results of our analyses reflect only the behaviour
of our model, and not the behaviour of the real
component. Even experienced designers
sometimes overlook this consideration. The
spectacular failure of the Tacoma Narrows
suspension bridge is an example of the
complacency of structural engineers with models.
As Professor Henry Petroski notes (Petroski, 1994):

“In the half-century following the accomplishment of
the Brooklyn Bridge, suspension bridge design evolved in
a climate of success and selective historical amnesia... to
the Tacoma Narrows Bridge. Now, a half-century after
that bridge’s colossal collapse, there is reason to be concerned
that the design of newer bridge types will be carried out
without regard to apparent cycles of success and failure.”

The Tacoma Narrows Bridge was of lighter
design than previously built bridges, since it was
designed to carry vehicular, rather than rail traffic.
Wind loads on previously designed suspension
bridges were modelled as causing static lateral
deflections only. The lighter deck structure of the
Tacoma bridge was susceptible to severe torsional
vibrations, a loading clearly overlooked in the
design, and this eventually caused its failure
(Farquharson, 1949)'2.

Another famous case of improper modelling is
the recorded tragic disasters suffered by the Comet
aircraft of the DeHavilland company in the early

b1 Minimum mass with imposed stress or deflection constraints.

1.2 Quoted in Petroski (1994)

1950s. Although controversial at the time, itis now
generally agreed that the aircraft failures were due
to stress concentrations near the sharp corners of
some rectangular windows in the fuselage. It seems
clear that the Comet designers were unaware of
the significant variability of fatigue data, and failed
to take this into account in their design (Hewat
and Waterton, 1956).

On a grand scale, we accepted Sir Isaac Newton’s
models of the physics of motion universally for
nearly 400 years. In fact, they were, and still are,
referred to as Newton’s Laws. Einstein’s hypotheses
on relativity forced a paradigm shift in physics
thinking. We no longer regard the laws of physics
as absolute truths, but merely as conjectures, or
working hypotheses, to be used until refuted by
physical experiment (Popper, 1972).

In Section 1.1 we identify some characteristic
features of engineering failures. We start by offering
four propositions about failures, and we describe
some simple engineering tools to be used in design
for structural integrity (failure avoidance). We also
offer some spectacular examples of failures,
characterised by their social, economic or
environmental impact.

The key elements of design for structural
integrity are:

* service load estimation; and

* structural modelling.

Both of these elements require sound
engineering judgement. We need to establish a base
reference frame for our capability in making such
judgements. In Section 1.2 we explore the notion
of engineering estimation. We also set the reference
frame for what we expect first-time users of this
text to know, in order to make effective use of the
remaining chapters.

Material properties and material selection are
closely interwoven with design for structural
integrity. Chapter 2 introduces material properties,
formal definitions of failure and failure predictors
to be used in design for structural integrity.

In Chapters 3 and 4 we offer simple
mathematical models for several generic
engineering components: columns, shafts, pressure
vessels, springs , as well as bolted joints, pinned
connections and welded joints. These components, and
their respective mathematical models, represent
the basic building blocks of our approach to
modelling the failure-behaviour of more complex
engineering structures.
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We propose that most engineering structures
may be treated as a combination of several
cooperating, much simpler, engineering structural
elements. Moreover, if we understand how these
simpler elements behave under loads, and we can
recognise the underlying, simpler engineering
elements which constitute a given practical
structure, we are exercising structural distillation and
design thinking.

This simplistic approach to structural integrity
is clearly applicable to practical design situations
where a relatively conservative or safe design is
required. For designs of complex structures,
exposed to limit loads (or beyond in some cases,
such as racing cars, or racing yachts), we advocate
the application of more sophisticated techniques
of structural analysis. Nevertheless, even the more
subtle problems become easier to understand and
to explore, once we have a good basis for
understanding how simpler structures behave. In
Section 1.3 we introduce structural distillation, and
we investigate its application to a wide range of
common engineering COMmMponents.

1.1 Structural integrity and the
nature of failure

Proposition 1: Engineers are inherently concerned
with failure and our vision of success is to develop
modelling tools to avoid it. Moreover, by studying
failures we develop clear ideas about causal
relationships in complex real-life engineering
situations, often too difficult to model completely
realistically for structural analysis.

Proposition 2: Engineering failures may be
categorised as technical, operational or
unpredictable:

* technical failures are most commonly due to
insufficient information about the nature of
the structure, its material, its loading, or its
operating conditions;

* operational failures are most commonly due
to improper operating practices or conditions;

* unpredictable failures are most commonly
the result of special circumstance or acts of

God.

Proposition 3: Incentives to avoid engineering
failures are related to failure intensity — the degree
of seriousness of the failure. Failure intensity is

I

measured by the economic, environmental or
social impact caused by the failure.

Proposition 4: Failure is essentially related to risk:
given extreme conditions, all structures or systems
can fail. The engineer’s task is to:

* generate design specifications that best meet
the required operating conditions of the
structure or system within acceptable levels
of risk;

* identify the limits of know-how associated
with the structure or system and assign factors
of ignorance (commonly referred to as factors of
safety) to cope with these limits, also within
acceptable levels of risk — this brings with it
the notion of worst credible accident.

1.1.1 Some spectacular structural failures

In what follows we present some spectacular
structural failures, and examine the causes and
outcomes associated with them.

{(a) Oil tank collapse in the field

Figure 1.1 shows two of six collapsed oil tanks ata
West African installation. The tanks were 15.5m
diameter and 16.5m in height. At the time of
erection, the tops were being assembled when a
severe storm struck. The wind blowing over the
tops exerted both direct pressure on the outside of
the tanks as well as causing negative pressure inside
the tank on the walls facing into the wind. The
loss incurred was more than $US 1 million.
According to the investigators, there were several
contributing factors to this loss. All six tanks had
been erected to their full height before
construction of the top covers commenced, and
the tanks had not been reinforced internally to
support them in a storm. Furthermore, the
construction took place at a time known to be the
worst storm season in that part of the world.
While no lives were lost nor any human injuries
incurred, the financial loss was substantial.

(b) Collapsed hoarding in Dubai

Figure 1.2 shows a collapsed hoarding around a
clock-tower being built in Dubai. The hoarding
was erected to shield the site from view during
construction. In a storm, resulting in maximum
wind speeds of 62 km/h, the hoarding collapsed

5
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Figure 1.2 Collapsed hoarding in Dubai; After Schaden Spiege! 2/94

1.3 Schaden Spiegel (eflections of failure”) is a publication of Munich Reinsurance Company, Munich, Germany
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and caused damage to the building and a site crane.
The total damage was $US 400,000.
Investigators found that the hoarding was
allegedly designed to withstand wind speeds of up
to 115 km/h. However a design error resulted in
the failure. The contractor had to bear the cost of
the damage, since design errors were excluded
from the insurance policy covering the works.

(c) Terrorist bomb attack on city

On April 24 1993, a terrorist bomb was used to
devastate a whole section of Bishopsgate, a London
suburb. One person was killed, and 40 were
injured. The major loss in this event was due to
the resulting fires. The damage bill came to about
$US 1 billion (Figure 1.3).

While we needn’t speculate on the cause, it is
surprising how little damage the larger structures
suffered. The anti-terror experts claim that, due

to its unpredictability, this type of accident can not
be designed against. However, substantial loss
minimisation is possible.

Some suggested measures are:

* reduction in size of fire areas;

* installing supply facilities and safety apparatus
in different fire areas; e.g. emergency power
generation on roofs;

* installing safety shutoffs in electrical
equipment.

(d) Kobe-Osaka highway collapse, 1995

On January 17 1995, the Kobe—Osaka highway
suffered extensive damage during an earthquake.
The quake lasted 40 seconds and was measured at
Richter 7.2. Experts claim that the highway failure
was initiated by shear failures of the piers. The total
loss is estimated in billions of dollars (Figure 1.4).
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Figure 1.3 Bomb devastated city, Bishopsgate, London: After Schaden Spiegel 2/94

] 7



Introducing modelling and synthesis |

Clearly, this disaster was an unexpected freak
event, and the highway designers could not regard
such an event as a credible accident for design
purposes. However, special design measures can
be, and are, taken in earthquake-prone locations.

1.1.2 Some spectacular mechanical
failures

This is a convenient point in our discussions of
failures to make a general observation, based on
the data from Munich Reinsurance, one of the
largest and most experienced industrial insurers
in the world today.

In the parlance of insurance assessment, disasters
caused by unpredictable natural events are referred
to as acts of God. Until 1993, the greatest loss in
any one disaster was that due to hurricane Andrew,
affecting the east coast of USA and the Bahamas.
Wind speeds reached 280 km/hr and 44 deaths
were recorded with an estimated property loss of

$US 30 billion. The following ts a more recent
report: (from The Age, Melbourne, 10 February
1999):

“Hurricanes, floods and other natural disasters cost more
than £53 billion ($A135 billion) in damage worldwide
last year, an increase of almost 50% on 1997, according to

Sigures from the world’s largest insurance company. The
rise in the scale and scope of natural disasters, linked to
global warming and reflected in a report produced by
Munich Re, has alarmed underwriters so much that some
are considering making parts of the world uninsurable.”

Of all structural or engineering disasters around
the world, those due to earthquake and windstorm
represent 96% of total losses. In general, a very large
proportion of industrial loss is incurred due to fire
damage. Consequently, while mechanical failures
may be embarrassing, occasionally very costly, and
In some cases result in tragedy (see for example
Eddy Potter and Page, 1976), on the scales of
insured industrial loss, they are a rare event. This
doesn’t mean to imply that they happen rarely. On
the contrary, engineering components fail with
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Figure 1.4 Collapsed Kobe-Osaka highway
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monotonous regularity. However, in most cases,
designers are aware of the limitations of
engineering components and systems. Failures
elicit planned responses, and damage and injury
are minimised. In some critical designs, and in
design against fatigue, mechanical failures are often
used as a design tool to establish component life.

Some very special engineering components are
designed to fail in service. On critical pressure vessels
a bursting-disc is used to limit the effects of
overpressure to a specially designed part of the
system. In some machinery, expensive parts are
protected by specially designed, cheap, easily
replaced, sacrificial components. These types of
mechanical fuses minimise damage and injury. What
engineering designers fear most is unexpected and
un-planned-for failures. Some are described in the
next section. In general, if properly investigated
and documented, they represent valuable case
studies for future designs.

I

(a) Failure of 600 MW turboset in a steam
power generating plant

Turbogenerators are common types of
engineering systems used to convert thermal
energy, usually from steam or gas, into mechanical
and thence electrical energy. The subject of this
failure example was steam driven by a two stage
turbine set.

Following a major overhaul, carried out after
25,000 successful service hours, the 600 MW
turbogenerator set was being checked for
overspeed protection. After successfully checking
the electrical overspeed protection, at 108% of rated
speed, the machine speed was reduced and then
increased to check the mechanical overspeed
protection, set at 110% of the rated speed. Just prior
to reaching this overspeed, the whole set exploded
causing 85% destruction of the turbine and
generator. The loss was estimated at $US 40
million.

The generator shaft was ruptured over half its
length (seen in Figure 1.5), and the entire train of

Figure 1.5 Failure of the main shaft of a 600 MW turbogenerator set: After Schaden Spiegel 1/82
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Figure 1.6 Burst high pressure preheater and devastated plant room: After Schaden Spiegel 1/82

shafts was broken in 11 places. One rotating part
of the generating equipment, weighing about three
tonne, was hurled into the machine hall and hit
the girder of an overhead travelling crane.

The insurer’s experts speculated on the cause,
but they could not find any substantive reason for
the failure. No material defects were found and
all shaft failures were attributed to exceeding the
permissible bending stresses. Subsequent
speculation by rotodynamics experts conjectured
that a bearing or rotor instability might have caused
this type of failure.

(b) Explosion of high pressure preheater

High pressure feedwater preheaters are commonly
used in steam turbine plants as a means of usefully
employing exhaust steamn, from the high pressure
stage of the turbine. The subject of this failure was
a2m diameter, 10m high welded steel tank, with a
22mm outer jacket, operating at 300°C and 33 bars
pressure {3.34MPa). Due to an emergency
shutdown, the pressure in the preheater rose to
37.5 bars (3.80MPa) and the outer jacket burst,
resulting in the explosion of the tank and severe
damage to the plant room. The loss incurred was
approximately $US 3 million.

The burst vessel and the devastated plant room
are shown in Figure 1.6. Initial investigation of this
failure focused on the vessel material. There was
some concern that other similar vessels in this plant
could suffer similar failures from what appeared

Figure |7 Collapsed piledriver: After Schaden Spiegel
2/96
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to be a relatively minor pressure rise, well below
the safe design limit. Ultimately, however, the
failure was attributed to faulty welding of this
particular vessel. The faulty weld was a longitudinal
weld, with a manufacturing fault, that remained
undetected during X-ray inspection. During 11,500
hours of operation the faults in the weld developed
further, requiring only the small pressure rise to
initiate the failure.

(c) Piledriver collapse

Piledrivers are essentially large mechanical
hammers, used to drive large pylons (piles) into
the ground during the preparatory stages of major
construction works. In some pile drivers the
hammer has a centrifugal out-of-balance mass
driven to provide a vibrating load for hammering.
The angle of the hammer guides needs to be
adjustable to allow shifting of the centre of gravity
of the unit. This adjustment is particularly
important when operating on uneven ground,
where a very small lean (out of vertical) of the
hammer guides can result in substantial
overturning moments acting on the unit. A 30m
high, 140 tonne, piledriver with a vibrating
hammer was being used for earthworks near the
edge of a river, when the unit, driven on a crawler
tractor, slowly toppled over into the river (Figure
1.7). The recovery and repair of the pile driver was
estimated at approximately $US 1 million.

Investigation of this failure found that a jammed
hydraulic valve prevented successful hydraulic
control of the 30m high hammer guides. Once the
unit commenced to lean over in the uneven soil
of the river bank, the hydraulics could not correct
the lean by appropriate shift of the centre of gravity
and the unit toppled over into the river.

{d) Broken Liberty ships

In September 1941, the Patrick Henry, a rugged
10,490 tonne merchant ship, was launched in the
US. This was the first of 2,210 Ec-2 class ships
that became known as the Liberty ships. War time
pressures of production schedules demanded that
these ships should be produced in record time.
One such Liberty ship was delivered fourteen days
after laying the keel in the shipyard.

These ships were of low alloy steel, fully welded,
construction. In earlier, riveted hull ships,
structural cracks would be halted by the presence
of rivet holes in the material.

"1

Figure 1.8 Broken Liberty ship

In a welded construction, any crack, once
initiated will continue to propagate through the
structure.

Some of the Liberty ships were scheduled to
operate in very cold climates. The combination of
low temperature embrittlement (lowered fracture
toughness in low temperatures) and the
unimpeded propagations of cracks through the
structure resulted in some spectacular failures in
these ships (Figure 1.8).

(e) Turbine blade failure

Figure 1.9 shows a type of turbine blade connection
between the disc and blading, commonly referred
to by the geometry-inspired title of fir-tree
connection. A photo elastic model of a similar fir-
tree connector under load is also shown in the
figure. Photo-elastic models are made of a photo-
polymer, which can cause light to split into two
components when under stress (double
refracting). When polarised light is passed through
a photopolymer under stress, the stresses show up
as interference patterns. These patterns can display
the stress in the material, with closely spaced fringe
lines indicating large stress gradients.

From Figure 1.9 we can infer that the stresses in
the model are high in the root region of the fir-tree
connector and also around the reeth of the fir-tree.
Figure 1.10 shows a failed turbine disc, with the
blades torn out of the disc. Failures of this type
can result in spectacular and costly damage. In one
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case, reported in Schaden Spiegel 1/82, a blade disc
failure in a 120MW turbine caused a loss of
$US 5 million. Several fragments cut through the
turbine casing, damaging it beyond repair. One
fragment impacted a 100,000kVA transformer
causing oil to leak out and ignite. The major
damage was caused by the ensuing fire.

\

Figure 1.9 Fir-tree connection between turbine disc and
blading and corresponding photoelastic model

Figure 1.10 Failed turbine disc

(F) Airline propeller failure

Figure 1.11 shows a failed airscrew. These
engineering components are exposed to very high
time-dependent loads. Consequently, the most
common mode of failure of propellers is fatigue.

Figure |.11 Failed aircraft propelier

In Figure 1.11, the varied discolouration on the
failed section clearly indicates this type of failure.
Also, the failure commenced at one of the bolt
holes on the propeller, indicating that this was a
region of high stress caused by the bolt holes acting
as stress Concentrators.

As can be expected, propeller failure will result
in spectacular and occasionally tragic
consequences. As a conservative safety measure,
regulations require commercial aircraft to be able
to fly and land with half of their normal
complement of engines still operating. However,
depending on the specific nature of the failure,
corrective action by aircrew is not always possible.

Two cases were reported by Schaden Spiegel 1/
98, in which twin engine turboprop aircraft, from
the same manufacturer, both lost propellers in
flight. One aircraft lost a propeller as it was about
to land and eventually landed safely, incurring only
mechanical damage. The other aircraft lost its
propeller in mid flight, and had to make an
emergency landing. Several people including the
pilot were killed and the aircraft was lost. The
resulting damage loss from this one incident was
estimated at in excess of $US 100 million.

In both cases the failures were traced to a small
surface indentation incurred during manufacture,
resulting in a local stress concentration in an
already highly stressed region near the root of the
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blade. Given the resulting high local stress, the
resulting fatigue failures were predictable.

1.1.3 Summarising our review of failures

Almost all important failure cases are followed by
an inquiry about the causes leading to the failure.
These investigations often focus on ‘who is to blame’
and ‘who will bear the cost’ of the failure. Our focus
is considerably more constructive. We focus on
technical issues associated with failures, in order
to learn from them. We hope to discover the
underlying technical issues that might influence a
whole class of such failures, and how to prevent
this type of failure from happening again. There is
an instructive story about a professional golfer, who
was playing with a well known celebrity partner
in a pro-celebrity golf tournament. The celebrity
hit off at the first tee and landed his ball in the
local car park, out of bounds. “How the hell did I do
that?” cursed the celebrity. “Why do you ask ?”,
questioned his professional partner, “do you want
to do it again?”.

We have examined a series of ten failures. At the
beginning of this chapter we categorised failures
as technical, operational or unpredictable. In addition,
we have identified a notion of failure intensity as a
measure of economic, environmental and social
impact caused by the failure. We should finally
comment briefly on the problem of assessing
likelihood of predictable failures.

In general, designers are aware of normal, or
expected, or most likely, operating conditions of their
engineering component or system, so that they are
at least able to design for its normal operation. The
difficulty arises when they have to plan for the
abnormal. Ultimately, one could conceive of a
situations so abnormal that it would be a reasonable
bet that they would never arise. The implication is
that design judgement is a little like gambling. Most
engineers, however, are conservative, and wish to
avoid the risk of gambling with financial or human
loss. The most important judgement to be made
early in any design, is the worst credible accident that
is likely to befall our component or system. In
many industries, codes of practice will prescribe
allowable working stresses. In structural design,
many codes also assign working loads. In
mechanical design of engineering components, the
assessment of working loads during the worst
credible accident requires considerable experience and
engineering wisdom.

Ex 1.1

(a) Categorise each of the ten failures described,
as either technical, operational, or unpredictable.

(b) Rank order the ten failures described
according to failure intensity.

Ex 1.2

We have identified economic, environmental, and
social impact, as the three general results of failures.
Are these effects independent? For example, can
you identify a failure, not necessarily one of the
ten listed, which might result in substantial
environmental impact, without incurring
proportionate economic impact?

Clearly, in most failures, the reverse is true: large
economic impact with relatively minimal
environmental impact.

Ex 1.3

Most of us face failure of engineering components
in our daily lives. A washing machine or
dishwasher fails in service, a component of our
bicycle, motor car, or lawn mower, breaks, or the
food processor, juicer, refrigerator, no longer
perform as etq:ected Please ide ntify the failure of
some engineering component with which you
have had direct contact. Describe the failure in
terms of structural integrity as far as possible.
Classify the most probable causes of failure. Use
the failure categories offered above. For your
component, identify the worst credible accident the
designer should consider when designing it.

Ex 1.4

What is the worst credible accident for a door handle,

a door hinge, the legs of an office chair, the top of
an office desk, a power pole, a bar stool, a pair of
SCISSOTS.

1.2 Units, estimation and things
we expect you to know

In every domain of knowledge one needs to
establish a frame of reference for effective
communication. An amusing, albeit instructive,
story is about a visit by the physicist Leo Szilard to
the bacteriology laboratory of Salvador Luria, who
was awarded the Nobel prize for his work on
bacteriophages (viruses that attack bacteria). Szilard

T T | 13
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himself was by then an established figure in
physics, partly responsible for the Manhattan
project that developed the first atom bomb. Luria
was initially embarrassed at showing the famous
physicist through his laboratory. “Dr. Szilard” he
asked, “what should I assume, how much should I
explain?” “You may assume” responded Szilard,
“infinite ignorance and unlimited intelligence” (Weber
and Mendosa, 1973). In what follows we apply
Szilard’s mildly arrogant measure to readers of this
text.

1.2.1 Units'4

Whenever we are concerned with the discussion
of physical quantities, for consistency and
transportability of information the basic units of
measure associated with each physical quantity
need to be established. In this text we make
exclusive use of the International System of Units
(Systéme International d’Unités) commonly
known as SI units.

The origin of SI units, based on the decimal
system, dates to the aftermath of the French
revolution, when in 1791 the French Academy of
Sciences adopted the metre as the unit of length.
This measure was based on 107 times the quadrant
of a great circle of the Earth (meridian) passing
through the poles and through Paris. It took six
years to survey the arc from Barcelona to Dunkirk,
resulting in a value of 39.37008 inches to the metre.

The units of gram, 10 times the mass of a m® of
water at its maximum density (4°C), and litre, the
volume of 10~ m?® of water, are both derived from
the metre.

In 1875 a National Bureau of Weights and
Measures was established at Sévres, near Paris,
where representatives of 40 countries meet every
six years to update the international units of
measuremernt.

For some time, the units of metre and kilogram
were based on two convenient archival standards,
known as étalons. For the metre, this was the
distance between two marks on a specified bar of
platinum, and for the kilogram, a carefully
constructed and certified mass of platinum. At the
1983 meeting of the National Bureau of Standards,
seven basic physical quantities were defined in the
following way:

metre (m) = distance travelled by light in vacuum
in 1/299,792,458 seconds;

kilogram (kg) = the mass of the internationally

recognised archival prototype (étalon) at
Sevres;

second (s) = duration of 9,192,631,770 periods
of the radiation corresponding to the
transition between two hyperfine levels of
caesium 133;

ampere (A) = the constant current which, when
maintained in two straight parallel
conductors 1 metre apart, generates a force
of 10”7 newton per metre of length;

Kelvin (K) = 1/273.16 the absolute temperature
of the triple-point of water (where the three
phases are in equilibriumy);

candela (luminous intensity) = 1/600,000 of the
intensity of one m? of a radiating cavity at the
temperature of freezing platinum
(approximately the luminous intensity of one
paraffin candle);

The more commonly found measure of
luminous intensity s the unit of lumen. This is the
quantity of visible light emitted per unit time per
unit solid angle or steradian (recall that there are
4m steradians in a sphere). The lumen is related to
the visual sensation caused by light and is
dependent on the wavelength used. For example,
light at a wavelength of 555 nanometres (10~
metre), to which the eye is most sensitive, has a
luminous intensity of 685 lumens per watt of
radiant power. 1 lumen/steradian = 1 candela.

mole = the quantity of elementary substance
equal to the number of atoms contained in
0.012 kilograms of carbon-12.

While we make exclusive use of SI units
throughout this text, some engineering
organizations still make use of the older Imperial
System of units. It is expected that within the
foreseeable future engineers will need to be
familiar with both sets of units. A table of
conversion factors is provided in the Appendix.

Ex 1.5
Convert between the following units :

(a) Fresh water has a density of 1000 kg.m™ (at
20°C). Express this in Ibm ft* (note: 1 kg =
2.2051bm; 1 m = 3.28 ft).

(b) Convert the thermal conductivity of copper
from Imperial units to ST units (i.e. 225 Btu/
hr-ft-°F to kW/m °K) (1 Btu = 1.055 kJ; 1W
= 1]/s).

1.4 Source for this brief discourse on the origin of units of measurement :s The Encyclopaedia Britannica, | 5th edition.
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1.2.2 Estimation

Estimation is a euphemism for informed guess.
Engineering science eschews guessing or estimating
by the very nature of its analytical content.
Engineering design, however, relies on estimation
for synthesis. We cannot sensibly evaluate the
outcomes of all possible choices in synthesising a
solution to an engineering design problem. Hence,

we often rely on estimation as a heuristic (rule of
thumb), for reducing the task of evaluating
outcomes to only a few, informed, solution choices.
Naturally, there is a risk involved in making
guesses, or estimates. But then engineering design
synthesis is a risky business, not for the
fainthearted.

There are many industries relying on estimation
for their business, and accepting risk as an integral
part of that business. Perhaps the most well
recognised of these risky businesses is insurance.
If we wish to be insured against some loss, we
estimate the value of the loss, and contract with an
insurance underwriter to carry the loss should it
actually occur. The insurer estimates the nature
and extent of the risk involved in the loss event,
and based on this estimation, calculates an
appropriate premium, or annual payment, to cover
the payout when, and if| the loss event is incurred.
In essence, the whole process is a gamble, where
the insured bets with the insurer that the loss will
occur, and continues to lay an annual wager to this
effect. Since, generally, the wager is only a small
proportion of the eventual loss value, both parties,
the insurer and insured, benefit from the process.

T | 15

In the business of insuring against industrial loss,
a key parameter of insurance risk is experience with
the technology involved. Insurers go to inordinate
length in estimating risk with new technologies.
The industrial insurance of space technology
involved an almost unacceptable risk at the
beginning of the 1970s. Not only was the
technology new, with no data to rely on for loss
estimation, but also the losses that might be
incurred could be very large. A single space launch,
not including the huge expense involved in
development, can cost between $US 500 and 700
million (based on 1992 $US).

One would be tempted to question the value of
offering industrial insurance in such a risky
technological environment. However, the benefits
to be gained are also substantial. At the end of 1992
there were some 300, mostly geo-stationary,
satellites in orbit around the Earth. As experience
with the technology grows, the insurance
estimation becomes less risky. Figure 1.121s a view

- of the space shuttle, the current pinnacle of

technological achievement and complexity in the
space industry. Also shown in Figure 1. 12 1s the
insurance loss and gain data for the years 1976 to
1992. Clearly, while the insurers made substantial
early losses, the industry appears to be breaking
even cumulatively. In future years the space
insurance industry can look forward to strong gains
from the experience built up in these early startup
years.

As already noted, engineering judgement is a key
determinant of design success. The underlying skill
in engineering judgement is the capacity to marshal

Figure 1.12 European space lab in cargo bay of the space shuttle and space insurance loss data: After Schaden

Spiegel, Space Flight and Insurance’ 1993,



16 [ o

Introducing modelling and synthesis |

all the available data and to make informed,
intelligent estimates about loads and failure
scenarios. Typically, we can find almost limitless
examples where quite realistic population estimates
may be drawn from personal experience and
observation.

An example will demonstrate the process of
estimation. Suppose we were interested in
designing hospital equipment to support birthing
in hospital maternity wards. As a matter of course,
we would need to estimate the birthrate to asses
the size of our market. Figure 1.13 provides the
necessary data for our estimate.

Australian population = 18 million

Victorian population = 0.25 x 18 million = 4.5
million
= approximately 4.5/2 = 2.25 million women.

Figure 1.13 indicates the average life expectancy
of Australian females is 75 years and the birthrate
has stabilised at around 2 children per female. This
means that every female will , on average, give birth
to 2 children in a lifetime of 75 years.

We can now estimate the total number of
children born as follows :

N =225 x 10° x (2/75)= 60,00 births.

births

Bureau of Statistics data shows that in 1986 there
were 60,650 live births to a Victorian population
of 4.25 million.

Clearly, we were able to make a close estimate
of birthrate from the demographic data of Figure
1.13, as well as our own wisdom about the total
population of Australia, and the proportion of
population living in the State of Victoria.
Engineering estimation proceeds in a way not very
different from the above example. Of course, for
success in estimation and engineering judgement,
we need to start with a list of what we expect you
to know.

1.2.3 What we expect you to know

We begin with a brief; albeit random, list of general
knowledge information. These are listed in Table
1.1 as a series of questions and we encourage first
time readers to test themselves, by covering the
answer column, and attempting to answer the
questions posed. Where calculations are needed,
these should be done mentally. Total time estimate
for answering all these questions successfully is 10
minutes.

While we focus here on factual knowledge, it is
useful to recall the admonishment of Henri
Poincarré (1854-1912) :

“Science is built up of facts, as a house is built of stones;
but an accumulation of facts is no more science than a
heap of stones is a house.”

Figure |.13 Austrdlian fertility and mortality data

(Source: Australian Bureau of Statistics Cat. No. 3101.0. Australian Demographic Statistics)
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Table |.1 General knowledge quiz

What is the speed of light in vacuum (in m.s!) - 2 significant figures ? 3.0x 108
What is the 2nd moment of area of a rectangular section of width b and bd’/12
height d about a horizontal centroidal axis ?
What is the 2nd moment of area of a circular section of diameter D 4
: ) n D%/64
about a transverse centroidal axis ?
What is the density of steel (in kg.m) ? 7,800
What is the density of aluminium (in kg.m?) ? 2,700
What is the speed of sound in air (in m.s™!) ? 300
What is the value of Young’s Modulus for steel ? 210 GPa
What is the value of Young’s Modulus for aluminium ? 70 GPa
What does the unit prefix giga indicate ? 10°
What does the unit prefix pico indicate ? 1012
What is the diameter of the earth ? 12,756 km
(equatorial)
What is the area of a sphere, as a function of its radius ? 4 R?
What is the volume of a sphere, as a function of its radius ? 4n R/3
What is the maximum bending moment in a simply supported beam of PL/4
length L when loaded by a central concentrated force P ?
What is the maximum bending moment in a simply supported beam of
length L when loaded by a total force P distributed uniformly along its PL/§
length ?
What is the shape of the BMD for a cantilever subject to a uniformly .
o parabolic
distributed load ?
What is the expression for the bending stress in a beam having a 2nd _ q‘=My /L
. ; (y=distance from
moment of area I, subject to a bending moment of M ? )
= neutral axis)
What is the rotational analogue of the relationship: F = m(d?x/dt*)? T=](d*8 /d*)
What is the yield stress of mild steel ? 240 MPa
What is the current human population of the earth (to one sig. fig.) ? 6x 10°
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However, attempting to work on problems of
significance in engineering design, without the
background knowledge of basic facts, is like trying
to build a house without foundations.

One of the oldest cliché (hackneyed, overused
phrase) in engineering 1s the back of the envelope
calculation. No doubt, this phrase predates
computers and electronic calculators. It was often
used by practising engineers as a pseudonym for
estimation involying a few facts and numbers. In essence,
the above estimation of birthrates is an example of
a back of the envelope calculation.

(a) An estimation quiz

The following quiz is to do with estimation. We
don’t need to calculate any of the results in this
quiz, or, at least, if there is to be calculation, it
should be of the back of the envelope type. In this
second quiz, you should try to answer all the
questions in 60 seconds.

(a) What mass can the average person lift and
carry comfortably over 100 metres ?

(b) What 1s the height of a bull elephant ?

(c) What is the mass of a bull ant ?

(d)What is the weight of a moderate-sized
apple ?
(e) What is the maximum squeezing force which

could be delivered to a pair of pliers from
the average hand ?

() How many locusts in a locust swarm ?

Approximate answers: (a) 30kg; (b) 3m; (c) 0.1gm;
(d) 1N (e) 200N; (f) 10°.

(b) Calculator quiz

The next quiz allows the use of calculators, and
in this case the aim is for accuracy rather than quick
results. Correspondingly more care is needed in
estimating answers than in the previous two
quizzes.

(a) What is the contact pressure under a stiletto

heel ?

(b)What is it under the foot of an elephant ?
(average weight 5 tonnes)

(c) How many cars cross Golden Gate Bridge in
San Francisco each day ?

[Hint: The population of San Francisco is
approximately 800,000. We can guess that the
Golden Gate Bridge, 1280m midspan, is the major
thoroughfare for crossing the harbour and about
1/16™ of the population cross it daily: is this
estimate reasonable ?]

(d)What is the average number of cars on the
Golden Gate Bridge at one time ?

[Hint: Consider the length of time taken to cross
the midspan as 4 minutes: is this reasonable ?]

(e) What is the average daily electrical energy
consumption in California (in GJ/day) ?
[Hint: The power consumption of the USA is
approximately 3 x 10’kW-hour per annum, and
the population of USA is 260 million and that of
California 30 million]

(f) How much water is flushed down London
toilets in one day ?

[Hint: The population of Greater London is
approximately 7 million]}

Approximate answers : (a) 10MPa; (b) 0.17MPa;
(c) 50,000; (d) 280; (e) 3.4x10° GJ;
(f) 20 x10° litres.

(c) Mental calculations

The final quiz involves mental calculation only.
(a) How many seconds in a year ?

(b) Evaluate V800.

(¢) The Empire State Building has 102 floors and
a TV mast above ground. How highisit?

(d) What volume of water is contained in an
Olympic swimming pool ?

(¢) How many Monday afternoons have there
been since 1 A.D. ?

Answers : (a) 32 million; (b) 449 metres; (c) 20V2;
(d) 2,000 m?; (e) 104,000.

We place considerable importance on the
capacity to make rational estimations in
engineering. This has become particularly
important since the widespread use of electronic
calculators. It is so easy to slip a digit or two when
entering data in a complicated set of calculations.
In general, one needs to invoke self-checking
mechanisms to ensure realistic results are obtained
for problems where there is little or no previous
experience on the expected order of magnitude of



[ Chapter |

the results. Order of magnitude, and dimensional
consistency, checks must be routinely used for all
calculations. Moreover, the number of significant
figures available from electronic calculators bears
no relation to the real precision of our results.
Consequently, we never present more significant
figures in our results than we can credibly justify,
within the levels of approximations made along
the way. Ultimately, these procedures build
confidence and credibility in evaluations for both
engineer and client. Our guiding principle must
be that we engineers are in the credibility business.

(d) Rational estimations:
* focus on the essential issues behind an
unfamiliar problem;

* help to gain insight into the way key
controlling parameters influence a process or
outcome;

* help to concentrate on primary rather than
second-order effects (see the wood for the trees),

* help to identify major sources of uncertainty.

Ex 1.6

Calculate the number of barbers that could be
fully employed within the state of California
[population 30 million] (see solution at 1.5.1).

Ex 1.7

Check the following dimensionless numbers for
dimensional consistency

VD
(2) Reynolds Number Re= ristestl

B
(b)  Nusselt Number Nu= =<

<

gB(T - T )°

V2

(¢)  Grashof Number Gr=

[ p=density; IV = velocity; D = characteristic
length; ¢ = dynamic viscosity; s, = convective
heat transfer coefficient at a distance x from initial
contact with the surface; k = thermal conductivity;
¢ = gravitational acceleration; B = volumetric

coefticient of thermal expansion; y = kinematic
viscosity = 1/ p, with units of m*.s™|

Ex 1.8

The following formula gives the wind drag per
unit length on a cylindrical body of diameter D
exposed to a wind of velocity V' [C is a
dimensionless drag coefficient]. '

1?2
g CD[ £ ]D‘ f
2

Check this formula for dimensional consistency.

(e) Note on the methodical conversion of
units:

* arrange everything to be clearly in the
numerator or the denominator;

* use the brackets operator, [ ...}, to indicate “the
units of...”;

* place units (in parentheses) alongside each
simple quantity;
* convert each simple quantity one-at-a-time;

* cancel and calculate.

Example 1: Convert a flow rate of 1000 UK gal/
hr to ¥/s

_ 1000] ZE=l L LR
Q—looo[ T [} 4546 U-K\gglx%oo -

54
_ 1ooox4sd6f ¢ | s
3600 s

Example 2: Check the units of the universal
gravitational constant in

_ GMm

2

r

F

M) ] e e

=m? s2kg!

] HE g
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(f) Key elements of clear engineering
calculations:

* the work is well spaced;

* assumptions and simplifications are stated
unambiguously;

* the argument unfolds in a logical sequence;

* there is a good balance between algebra and
calculation;

* useful intermediate values are calculated;
* important intermediate results are highlighted,;

* related results are summarised (maybe
tabulated);

* you know when you’ve got a ridiculous answer;

* awareness of meaningful accuracy (significant
figures).

Ex 1.9 'Chessboard, wheat, and a constipated
sparrow’

According to legend, the inventor of the game of
chess asked from his grateful mogul lord only one
thing in payment — all the wheat which would be
needed on a 8x8 chess board if one were to place 1
grain on the first square, 2 grains on the second, 4
on the third, and so on, doubling up on each
subsequent square.

Imagine that all this wheat is eaten by a sparrow.
Calculate the diameter of such a sparrow, assuming
the bird does not excrete any wastes until it finishes
its meal. (see solution at 1.5.2)

(Itis a popular belief that the inventor was executed
for trying to be a bit too clever)

Ex 1.10 ‘Energy from a cuppa’

An urban legend has it that James Prescott Joule
(1818-1889), the English physicist after whom the
unit of energy is named, took several thermometers
with him on his honeymoon to Niagara falls.

(a) Estimate the temperature rise due to a
conversion of potential energy into heat over the
49 metre falls;

(b) Calculate the height to which a cup of tea could
be lifted above sea level, if all the thermal energy
in the hot fluid were converted into mechanical
energy. It is an interesting party trick to try to
estimate the height initially without calculating.
(see solution at 1.5.3)

CASE EXAMPLE 1.1: DOLPHIN
ENCLOSURE

A cautionary tale about engineering calculations
Source: Checking designs is equally important as
designing itself, James Ferry, Engineers Australia, Feb.,
1995: 52-53

“

. The case concerned the design and
construction of a relatively simple and
inexpensive dolphin enclosure.”

. A crucial calculation, using an equation
known as Merion’s equation, was made at
conceptual design stage.”

.. The calculation contained a simple and easily
identifiable arithmetical error. However, it
was never checked.”

.. almost immediately after the vinyl enclosure
was constructed, [it] failed as a result of the
presence of long waves in the marina.”

.. [the dient] ultimately claimed ... the losses it had
suffered as a result of the defective design. These
losses, inclusive of interest, by the end of the hearing
totalled $602,845.68, together with legal and expert
witness costs of some $150,000.00.”
[The original firm of designers and the
company responsible for checking were both
sued. The judge held them both to be equally
liable for the failure.]

... The case illustrates the importance of risk
management systems where all designs are
reviewed and checked.”

CASE EXAMPLE 1.2: A CHRISTMAS TALE

“Is there a Santa Claus?”

This question is considered in terms of realistic
estimates of what Santa needs to do in order to
deliver the goods on Christmas eve.

1. There are two billion children (persons under
18) in the world. Since roughly 15% of the
world’s population is Christian, it is at least
possible that there are 300 million children
who believe in Santa Claus, and who
therefore qualify for a visit (let us assume that
they are all good). At an average of 3.5 children
per household there are 86 million
households.

2. Allowing for time zones and the rotation of
the Earth, assuming he travels east to west,
Santa has 31 hours of Christmas to work
with. This represents 770.6 visits per second.
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In other words, for every Christian
household with good children, Santa has
about a millisecond to park, hop out of the
sleigh and drop down the chimney etc.

3. Assuming the 86 million households are
evenly distributed on the Earth’s surface (a
gross approximation for the sake of this
estimate), the average distance between
households is 1.7 km (The Earth’s land
surface area is 148 million km?).
Consequently, the distance to be covered in
31 hours, neglecting the time spent in visiting
each household, is approximately 148 million
km, at 1,330 km/second, or about 4,400 times
the speed of sound. By contrast, the fastest
man-made vehicle, the Ulysses space probe,
moves at a slow 40 km/sec, the space shuttle
at 7.5 km/sec while a conventional reindeer
moves at, maximum, 2.5 km/hour.

4. Assuming each child gets no more than (say)
a simple construction kit (= 1 kg), neglecting
reindeer and Santa (usually seen as
gravitationally challenged), the total payload of
the sleigh is 86 thousand tonnes, roughly the
weight of the ship Queen Elizabeth, one of
the largest passenger liners ever built.

One could continue to speculate on the energy
required to stop and start this mass 86 million
times, even as it is reducing at a rate of 1 kg per
stop, and the energy generated by air resistance at
the phenomenal speed it is travelling. However,
even if the sleigh and its payload were to travel in
the stratosphere, it would most likely burn up on
re-entry. We can safely conclude that either Santa’s
existence 1s, at best, questionable, or that ke does it
by magic.

Ex 1.11

The following estimation exercises require only
simple back-of-the-envelope calculations.

(a) Limb-load monitors are load cells installed
in the soles of special shoes for measuring
the load on each leg as a person walks.
Estimate the useful range of loads for which
such a monitor should be designed. Assume
that loading is monitored only during
walking.

(b) The oldest stone pyramid is the Djoser or
Stepped pyramid at Saqqarah in Egypt. It has a
rectangular base 108 m x 120 m, and rises to

a height of 60 m. Assuming it has 10% of its
volume in burial chambers and corridors,
estimate the number of stones used to
construct it. [Hint: It has been estimated by
experts that the average size of stone used in
this construction weighs approximately 2
tonne].

(c) It has been estimated that it took 20 years to
construct the Djoser pyramid. Estimate the
rate at which stones would need to be placed
in order to complete the construction in this
time span. How many labourers (stone
movers) would be required to carry out the
construction ?

(d) The use of rain water storage containers have
been suggested as a means of providing water
for household use in arid regions. The
average house size in Melbourne (population
3 million) has an area of approximately
300 m 2. Estimate the rainfall needed to
ensure sufficient water for the needs of the
average household. [Melbourne’s annual
rainfall is approximately 600 mm]

1.3 Structural distillation

Little drops of water,

Littfe grains of sand,

Make the mighty ocean

And the beauteous land.

Julia Carney, English poet, ‘Little Things', 1845

This section introduces the process of
decomposing relatively complex engineering
structures into elementary engineering
components possessing readily available
mathematical models. In engineering design, we
regard this process as the very essence of engineering
thinking. Hence our term of structural distillation,
the process which distils the essence of a complex
engineering structure into its recognisably tractable
elements.

While most of our engineering education tends
to focus on analysis, structural distillation requires
substantially different skills. We focus on the way
a structure is to be used, and the type of loading it
will be subjected to, during its operational life.
These operational loads determine the underlying
nature of the structure. After all, it was these loads
that the structure or component was designed to

R
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support without failing. A typical example is shown
in Figure 1.14. The supporting legs of the director’s
chair are decomposed into a pair of beams. We note
that legs are really beam—columns, due to the large
axial load component, particularly in the upper half
of the scissor. Beam—columns are quite tricky to model
(see also section 3.2 on column design), and for
the purposes of this simplified example we will
consider the legs as simple beams.

Figure 1.14 Partial structural distillation of director’s chair

While there are other structural elements in the
chair (the arm supports are simple cantilevers) this =
decomposition example only considers the front ™ ) -
pair of legs. In this chair there are two pairs of legs,
front and rear, interconnected by a central hinge
element and two side ‘beams’ to which the cloth BMD
seat is attached.

A more complex structure is offered by the
example shown in Figure 1.15-the loaded
supermarket trolley. Here we have decomposed the ‘ Idedlised
trolley into two structural elements, a solid blob for ‘ frame
the loaded basket, and a simple portal frame, for T
the base and support arms. e

Needless to say, there are parts of the whole ﬁ

ly loaded location

structure we have not considered in this simple
decomposition. The objective is to illustrate the
process. Moreover, we recognise that this simple
distillation process is only the first step in the
design synthesis. One could go on to model the | 4

complete structure in a finite element analysis ) L((

modeller to achieve mass optimisation for example.

That can certainly happen, once the final

embodiment of the structure is determined, but it S

may not be warranted for the sake of potential cost Figure 1.15 Structural distillation of supermarket trolley
savings.
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Notes:

The distance a to the centre of mass of
the basket is a matter of judgement.

The load F (= a W/b) is found by taking
moments about A.

M, is slightly greater than M, (= F b), due to
the lean of the rear arm of the frame, resulting
in a small extra moment, F, acting on this

part of the frame: M, = F (b+c).

Structural distillation precedes the analytical
evaluation process by providing early evaluation
of the structure before final embodiment is decided
upon. Hence, the process we are proposing here
is essentially one of synthesis. While the examples
we offer are those of existing embodiments, the
intent is to provide design tools for the simple and
credible evaluation of engineering structures as
they are being created. The designer needs to be
sufficiently confident to perform structural
distillations of new embodiments as they occur.
That, after all, is the real essence of engineering
design.

1.3.1 Simple engineering components

The elementary building blocks used in structural
distillation are a range of simple, generic,
engineering components whose behaviours under
load are relatively well understood. They are the
designer’s friends.

It is important to realise that these generic
components are defined (and indeed recognised
during the process of structural distillation) by both
their shape and the directions and types of load they
sustain. The designer must be able to see these
components — often disguised — within larger and
more complex structures.

Here we describe some of these simple
components. In each case we identify the
component by the type of loading it is expected to
withstand, its generic name, as well as other names
that are in common usage.

Figure 1.16 shows some simple axially loaded
components. Clearly, these types of components
are exposed to uniaxial loading only. Later on, in
Chapter 2, we deal with the relationships between
loading and stress conditions, and how these
influence component failure. However, in
structural distillation we are only concerned with
the nature of loading the component is expected
to carry.

The components shown in Figure 1.17 carry
transverse (beam) or torsional (shaft) loads. The
distinguishing feature of these components is their
capacity to carry loads which result in more
complicated stress fields than those in the simple
axially loaded components of Figure 1.16.

T T

Figure 1.17 Simple components subject to transverse or
torsional loading

Pressure vessels are constructed from a whole
range of more complicated components. Their
design is, in general, the subject of statutory codes
of practice, since the stress fields generated by their
loads are complex, and their failures can be
devastating (refer Figure 1.6). However, for the
purposes of this elementary consideration we
regard the vessel as a smooth, closed, thin walled,
cylindrical container, capable of carrying internal
pressure.

23
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internal pressure: VESSEL
(tank, pipe, drum, manifold, ...)

Figure 1.18 Pressure vesse!

The following generic components represent
loading conditions associated with special types of
forces experienced in engineering structures. In
our discussion of loading we need to establish
when a component is subjected to:

* time varying loading (fatigue - Figure 1.19);

* sealing forces: bolted joints (nonlinear load
behaviour- Figure 1.20);

* contact stresses: bearings (Figure 1.21);

* highly compliant behaviour: springs (Figure
1.22).

stresses fluctuate with time

— t)
various shapes o G("
fluctuating loads: FATIGUE ELEMENT

(“-O”L/U.)J

Figure 1.19 Element subject to time-varying loading: fatigue

Figure 1.20 Element subject to sedling forces: bolted joint

localised surface compression: BEARING
(roller, ball, cup & cone)

Figure 1.2 Element subject to contact loads: bearing

=

NV

torsion & bending (special case): SPRINGS
(various)

Figure 1.22 Highly compliant behaviour: springs

combined bending and compression:

BEAM-—COLUMN

|| bl

L

2D bending & shear: PLATES

(web, shell, hull, ...)

/

by

<l b
-l:‘. I

PN
JSTETTry e Y
I EEEEXN]

external pressure: VACUUM VESSEL

(JT ank }
Figure 1.23 Some not-so-simple engineering elements

There are some not-so-simple generic engineering
components we will meet in our programme of
structural distillation. In general, these types of
elements are beyond the cope of an introductory
text. Some examples are shown in Figure 1.23.
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1.3.2 Simple beam behaviour*

The following is a brief review of elementary beam
formulae. We consider a beam of uniform
rectangular cross section under the influence of a
bending moment M. We accept the notion that the
deflection of this beam is sufficiently small to allow
the following simplifying assumptions to hold:

* the radius of curvature R is large compared to
the span of the beam;

* plane sections remain plane during the
deflection process.

Figure 1.24 shows a schematic view of a deflected
section of the beam.

A
- 00 _ N' v
M o, || X
T i SO . LN :
B —a—
O o,

Figure .24 Deflected beam

Given the above assumptions, the applied
moment M generates a stress field in the beam
section as indicated. The radius of curvature R is
taken to be that of the only undeflected neutral layer
in the beam. The line in which any cross section
of the beam intersects this neutral layer is called the
neutral axis. Although some earlier conventions
have measured positive distances in the beam in
the direction of increasing radius of curvature, here
our convention follows that adopted by more
recent texts on applied mechanics (see for example
Young, 1989). Also conventionally, tensile stresses
are regarded positive and, correspondingly,
compressive stresses are regarded as negative.
Using these conventions, we can write down the
extension of the small element AB at distance y
from the neutral axis.

(R~y)58— RS0
Strain = £ jp = —————— = -+
AB RSB
E
Stress=0, =E€4p = -

The force acting on the edges of the small
element AB is

OF=0,8,

where 84 is &y times the z-dimension. The
associated moment of resistance offered by the beam
stress field to the applied moment is

E
M =-y6F = =y’ 84
R
Integrating over the section we obtain

El,,

R

where I_. is known as the second mowment of area of
the beam section taken about the neutral axis zz.

The resulting relationship between beam section
geometry, and radius of curvature is

M:%Jyzd/l:

_1 dzy/dx2
_R_ 3/2

- 1- (dy/dx)2

AM
EI

Where the beam curvature is small, and
consequently dy/dx<<1, we can neglect the
denominator in this equation, obtaining

M d%y

EI., dx*’
or, as more commonly written, for the general
differential equation of beam deflection,
2
M=EI, =L
dx?

Other conventions used in this text may be
deduced from this general equation, but we note
the results as applied to the generation of bending
moment and shear force diagrams. Figure 1.25
shows schematically the conventions used for
graphical representation of shear—force and
bending-moment. (Refer to Chapter 5 for a brief
discussion on sign conventions.)

1.5 A more substantial coverage of beam theory is available from several texts including Timoshenko (1955)

| 25
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In general, clockwise shear force is taken as
positive (although this choice inadvertently
conflicts with the sign convention used for shear
stress). Beams with a positive bending moment (as
indicated in Figure 1.25) are referred to as sagging
beams and beams with negative bending moment
are called hogging beams.

Figure 1.26 shows shear-force and bending-
moment diagrams plotted for a simply supported
beam and a cantilever. Both point loading and
distributed loading are shown.

Notably, there is a duality between simply
supported beams and cantilevers, and this duality
is drawn out in the point loaded case. Clearly, with
the loading shown, the cantilever beam behaves
precisely like one half of the simply supported
beam. With distributed loading, the duality still
exists, but it is a little more subtle than for the point
load case. While the maximum moments are equal,

the shapes of the bending-moment and shear-force
diagrams are different.

ﬂ Shear force N
I 7& j?
u JJ“
Positive Negative
Bending moment
s,
(o) & Y
Jositive Negative

Figure 1.25 Conventions for plotting shear-force and
bending-moment diagrams

Point loading Distributed loading
y @ WiN) BEAM ' 9N /m)
| 3 it PRI iiiiiil x
”'/314. _ L o 4,? H-’/Z Loads L f ‘3’"/3
/2 A qLf2 @“m‘_\ -
&) -w 2 SFD g —qL2
BT WL 5
gl M =— BMD s _qL?
-——/’/ @ \T\ - 7] @ f '\I-u:;.\ ]
y CANTILEVER F=q¢ 7
—qLf?2
=9 / _ 1r g(N / m)
BVING@ EEEEXERRRENE
Loads "\a  4=1/2 ‘
A( = gL 2
SFD (S - -/
M.
BMD
v L I V
Fmax = '_2_'* T Y

Figure 1.26 Simple bearm behaviour
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1.3.3 Case studies in structural distillation

We examine some simple engineering components
and apply our rules of structural distillation to
them. The steps involved are:

* identify applied forces, moments (i.e. loads);

¢ simplify the geometry (maybe subdivide the
system);
* sketch the free-body diagram;

* show internal shear forces, bending
moments, torques.

CASE EXAMPLE 1.3: PLIERS

Figure 1.27(a) shows the structural distillation of
a pair of pliers. Shear-force and bending-moment
diagrams are plotted, to indicate the nature of loads
experienced by the component. The force F is that

applied to some item held in the jaws and q is the
distributed load applied by the human hand to the
handle of the device. Clearly, the operation of each
device is limited by the maximum load, ¢, a human
is capable of applying. The loading is essentially
the same as for a simple lever, and the arms of the
pliers behave like simple beams.

CASE EXAMPLE 1.4: MULTIGRIPS

Figure 1.27(b) is the structural distillation for a
pair of multigrips. The arms of the multigrips
behave like a frame commonly referred to as a bell-
crank. The structural behaviour of the bell crank is
considered as two simple cantilevers at right angles
to each other, joined at their buflt—in ends. Free-
body diagrams are drawn for each of the two parts
of the arm, using local coordinates, as shown in

Figure 1.27(b).

(a) Pliers

q -
IBERLERE] T

a I b F___| * |_Fi B
| |
il 1N
q P AM i
¥ |- Fc|

g

Y

\ pt 2‘1’1 b = _F(
(b) Multigrips LA

Figure |.27 Structurdl distillation of a pair of pliers and a pair of multigrips

Note: all coordinate systems shown are ‘local’ coordinates referred to the section of the beam being modelled.
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CASE EXAMPLE 1.5 PAPER CLIP

Figure 1.28 is the structural distillation of the
ubiquitous paper clip, used to assemble (clip)
several pages of paper together in a way that allows
easy disassembly and reassembly. It is a ubiquitous
device, since apart from its use in paper clipping it
is often employed in other roles. For example, a
string of paper clips, joined end-to-end, can be
formed into a ring to create the office stationery
equivalent of a daisy-chain. Some desktop computer
manufacturers recommend the use of a
straightened paper clip for dislodging jammed
floppy disks. However, for our example we
consider only the most commonly intended use
of the clip, namely that of acting as a compliant
connector for sheets of paper.

( ‘ Actual shape { )
/ >4
| T

/f;: region in bending and torsion
& ‘

"~ Paper loads applied here i

| [y

Fp ol
x g

) |
load and BM diagrams

|

-
1

|

Figure 1.28 Structural distillation of a paper clip

The clip is manufactured as two planar loops of
wire. In operation the two loops of wire are
deformed out of their plane and the forces
generated by this elastic deformation hold the
sheets of paper together. Perhaps the main
objective of the structural distillation process we
are advocating is that it focuses on a key aspect of
design, even when applied to such humble artefacts
as the paper clip. Someone had to think about the
parameters of successful performance for this device.

CASE EXAMPLE 1.6: SCISSORS

Figure 1.29 shows a pair of scissors commonly used
for cutting paper or cloth. The two cutting blades
need to be analysed separately, since they have
slightly different shapes. However, for the
purposes of this simple example we have only
plotted bending-moment and shear-force diagrams
for blade ‘A. The diagrams for blade ‘B’ will be
similar, but of different signs.

@ Y| blade'A’ %
Finger load ﬁ £ j\
vt A Cutting
Hinge W load
: / N
| °
44 : A
1
e i S il
e s
blade 'B’ i
‘ : e SFD’A
1 . , BMD A’
‘ WL e o

Figure .29 Structural distiflation of a pair of scissors

1.4 Assignment on structural distillation

{a) Preamble

One of the major skills which engineers need to
develop is that of distilling the essence of a real-life
loading situation. This involves the use of insight
and simple physics, to comprehend the loads
which are being imposed on a device. It usually
involves the ability to make simple assumptions
and approximations which are conservative (that
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is, they tend towards the worst case), but which
are not so conservative that they lead to
uneconomical design. Often, the engineer will
proceed by sketching a simplified diagram of the
device, which reduces it to a set of simpler
componernts, such as beams, cantilevers, shafts and
columns. The aim is then, to specify the major
external loads (forces and moments) acting on
these components, and the internal forces and
moments to which they give rise.

A relatively simple and useful way to view the
devices in this assignment is to imagine they are
made of some compliant material, like rubber, and
imagine how they would deform under the
normally applied loads. In essence, we are
encouraging the use of a thought—experiment to aid
thinking in these simple examples.

(b) Aims

This assignment is intended to give practice in the
art of structural distillation, specifying loads , and in
sketching simplified torque, shear-force and
bending-moment diagrams for (mostly) common
household items.

(c) The task

We present a set of sketches portraying 30 simple
engineering devices subject to load. You may
choose any set of fifteen of these for structural
distillation. For your chosen set of devices, distil
the essence of the loading situation as described in
the preamble above. Specifically, you should:

* identify the major loads which will concern
the designer in determining the structural
integrity of the device;

* decompose the device into those basic
structural components which could be used
in a first-order analysis for design (don’t do
the analysis).

Prepare structural distillations for any set of
fifteen out of 30 devices shown in Figure 1.30. In
each case sketch the shear-force and bending-
moment diagrams for the parts of the structure
critical to the successful function of the device. Also
identify the loading situation that could be
considered the worst credible accident for the device.

The case examples, shown in Section 1.3.3,
indicate the substance of what is expected in a
structural distillation. One half A4 page per device
should be ample, and each device should take no

longer than 10 minutes to complete to the standard
indicated in case examples 1.5 and 1.6.

1.5 Solutions to exercises

1.5.1 Barbers in California (Ex 1.6)

Bertrand Russell (1872-1970) formulated his
famous Russell’s paradox on set theory thus (Monk,
1996):

“In a town with only one barber, all these who do not
shave themselves, are shaved by the barber. Who shaves
the barber 7"

There are 30 million Californians. We assume
that human hair grows, on average, at the rate of
about 30 mm in 40 days ( a guess that may need
experimental evidence for its support).
Additionally, we assume that most people feel a
need to be trimmed up once they have sustained
this growth. Hence, we obtain the annual number
of Californian haircuts:

days haircuts
D Jear 40Calif xdays
=274 mi]lion(haircuts ycar) )

=36 30%10° ((;zhf)

If we are considering a simple hair trim, we can
guess that each one takes approximately 20
minutes, and over 240 working days per year we

get
274x10° hajrcuts/yedr

[ 240 duy ]X (81 day)x {60imn b

barber =

barberyez 20 tin/hgifcut
= 47,500 .

1.5.2 Constipated sparrow (Ex 1.9)

The number of wheat grains on the chess board
are found according to the series 2+ 2"+ 2° +
...+ 2% which sums to (2~ 1).

The volume of a grain of wheat is estimated as a
cylinder of 1mm diameter and 2mm long. We also
assume that during the consumption of the grains,
they suffer a 10% compaction (these estimates also
need corroboration by experiment).

Hence, we can calculate the total volume of the
Sparrow as

T ’ 129
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2. Saw horse 3. Scissor jack

1. G- clamp

= (@

5. Socket wrench
4. Diving board

6. Anchor

7. Chair

10. Arrow

24
[ ®

11. Spade ]

12. Rail car axle

14. Pencil

13. Lemonade bottle 15 D= shackle

Figure 1.30(a) Sample components for structural distillation assignment (Items |-15)
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é 18. Well hoist

16. Fold-back clip 17. Coat hanger

20. Hinge

19. Towbar @@:@

22, Chain q
Q (LRI
| |

23. Fretsaw 24. Bookshelf

::::::‘."‘ ) l

26. Bicycle pump

21. Metal bookend

25. Bicycle crank
27. Drill bit

28. Knife

29. Light bulb 30. O
30. Oar

Figure 1.30(b) Sample components for structural distillation assignment (ltems 16-30)
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2
Vsparrow =09 (264 - 1)(-“—7;)<L] (m mxm mz)

=8301nx10¥mm’

4»‘ItR3 _ 14 DSSparrow
3 6

D :13,6V /n
A[)(IIYOH’ sparrow

18
_5[6x8.301%x10 106 km
R mm

=2.67km.
1.5.3 Energy from a ‘cuppa’ (Ex 1.7)

32 |

= sphere =

{a) Niagara falls, 49 m height; Specific heat of
water, C = 4.18x10° J/kg °K.

Assuming that all the potential energy of the falls
is converted to heat (an optimistic assumption: it
is interesting to speculate about other forms of
energy conversion that might also take place), we

can write
gxh=C,x AT
N m
9.81| — || — ><4.9<m)
kgllm
AT = ~ =0.12°K
418 x 10°] —=
kg °K
Mr. Joule could not have detected this with ordinary
thermometets.

(b) Energy from a cup of tea (Approximately
0.2kg water at 90°C). In this case we have a
temperature drop (to ambient at 20°C) converted
to potential energy.

Of course, it is impossible to convert heat to
mechanical energy completely. But even if we
applied an ideal Carnot efficiency of

(T,-T)/T, = (363 -293)/363"° = 19%

to the conversion, the result is a modest surprise.

I.6 These temperatures are in absolute °K.

1.6 Assignment in modelling:
Rural power supply

This assignment is concerned with the design of a
structural system for minimum cost. A farm is to be
connected to the electricity grid, requiring the
installation of a set of low tension transmission
poles and a single cable over a distance of 2.0 km
from the farmhouse to the nearest grid tie-in point.
Your responsibility is to design the poles and cable
so that they possess adequate structural strength
at the lowest possible installed cost.

The total cost to be considered is

CTOT C pole + Crab/e + Cerem where C leand C{able
are the cost of the pole and cable materlals
respectively, and C,,, 1s the cost to erect the poles
and run the cable. For simplicity, we will take C,,,,,
to be equal to C,p, .

The poles will be made from steel and have a
hollow cylindrical shape. They must be designed
to withstand horizontal forces due to winds up to
100 km/hr, using an allowable stress of 85 M Pa.

The electrical cable will be copper with an
allowable stress of 45 MPa, and designed to
withstand yielding due to axial tension under self-
weight. Electrical transmission requirements
dictate that the cable must be no less than 10mm
in diameter (it can be regarded as being effectively
a single solid wire). For safety reasons, the cable
must always be kept at least 6.0 m above the
ground.

1.6.1 Instructions

(a) Design the system of cable and poles. Initially
you should concentrate on producing a
design which fulfils just the structural
integrity requirements;

(b) In as systematic a fashion as possible, improve
your design by reducing its cost;

(c) Prepare a report setting out clearly the
reasoning leading to your results. In your
report, use a flow chart to show your sequence
of calculations and the major steps in your
design. Discuss which of the variables you
have treated as design variables. List all the
assumptions used in your design calculations
and critically review them. If you think that
any of the assumptions lead to oversimplified
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calculations which could be seriously in error,
make this point clear in your report.

Notes

1. The system will require one pole to be
installed at the household end, one at the grid
tie-in point, and several in between. At the
termination points, and at any intermediate
poles where the horizontal direction of the
cable may change, it may be assumed that
sufficient guy wires are provided to ensure
that no net sideways force is imposed on the
poles due to the tension in the electrical cable.

2. Although the poles experience downwards
axial force due to self weight and the weight
of the electrical cable, it is assumed that this
effect will be of minor significance compared
to the effect of lateral bending due to wind
forces. It should be ignored.

3. The densities and specific costs of steel tube and
copper wire are as follows:

p, =7800kg/m’; p., =8860kg/m’;
¢, =0.608Aus/kg; ¢, =6.50%Aus/kg.

4. The design of this simple system is an
introductory exercise to illustrate features
common to all design problems. The
important ideas of allowable stress, design variable
and optimization are introduced.

5. Beware of getting bogged down in algebraic
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manipulations. Some important background
formulae and definitions are given below.

1.6.2 Some relevant results from
Engineering Science

(a) Wind load on cylinders

The transverse load acting on a cylinder in
an air flow of VV my/s is uniformly distributed
along the cylinder’s axis, and can be specified
as a force per unit distance ¢ N/m along that

axis.
2
q= CD(EI{_]DO
2 k4

where D, is the outer diameter of the

cylinder (note: the term in parentheses is
called the dynamic pressure);

Cp=04 — Cp is called the drag coefficient,

and is assumed constant over the range of
wind velocities relevant to this problem;

p=12kg/m’ — for air at atmospheric
temperature and pressure.

N =number of spans

Np =number of poles
=N-1

Figure 1.31 Rural power distribution system
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(b) Bending of beams

A beam subject to a local bending moment
M at some point along its length, and having
a second moment of area J about a neutral
bending axis, will experience axially oriented
bending stresses Oy on the cross section at
that point which vary linearly from zero at
the neutral axis to 0p,,, at the extreme

fibres.

c — y max
Bmax ~ I

2z
— where V.. is the furthest distance in the
cross section from the neutral axis;

L=~ (D*-Dy),
64
— for hollow circular cross sections, where p

and D, are the outer and inner diameters,
respectively. This expression is exact.

It is often useful to define a dimensionless shape
parameter, such as the hollowness ratio, B=(D;/D),
to help simplify expressions relating to hollow
sections such as these.

(c) Statics and geometry of catenary cables

A uniform, inextensible, flexible cable subjected
only to its own uniform linear weight, w N/m, and
suspended from two horizontally separated points,
will adopt a curved shape described by

y=a Cosh(x/a),

where a=Fy /w

( Fy is the horizontal force in the cable);
Yo =4d Cosh(xo/a),

— x,and y, are coordinates of the support, where
¥, =5/2;

L =2a Sinh(s/2a) ,
— L is the cable’s length over horizontal span s;
Yo =atz,

— defines the relationship between z and g,
where z is the mid-span sag of the cable below
1ts supports;

T=wy

— T is the cable tension at a general height y
above the x-axis;

Ty =wyg =w(a+z),

— T, is the cable tension at the support.

The cable’s curved shape is called a catenary, after
the Latin word catena, meaning chain. Some useful
nomenclature is summarised in Figure 1.31

(d) Some additional notes

The solution offered to this problem is by
no means unique, and while it is sufficient it is
by no means the necessary solution. This non-
uniqueness is a natural feature of all design
problems. We fully expect that the creative
problem solver will find some more elegant
solution. However, the one presented here
is one that certainly seems to work.

Two interesting features of the problem,
which are not obvious at first glance, are:

* it is not possible to obtain an explicit
relationship between the sag and the span of
the cable (1.e. between z and 5) in

z=a Cosh(s/2a) —-a,

so the designer must use some intermediate
parameter (probably a) as a design variable,
and very likely iterate for a solution;

* one apparently important design variable (the
cable diameter, d ) can be eliminated from
consideration. This is because the shape of
the cable catenary turns out to be
independent of d.

One good way to start the solution is to work
out an expression for the total cost of the system.
This will quickly identify the major design
variables.

Two important symbols which have not yet been
provided are:

— the maximum allowable stress in the copper

cable, SA‘Cu;

— the maximum allowable stress in the steel
pole, S,
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DESIGN AGAINST FAILURE

Engineers use materials, whose properties they do not properly understand, to form them into shapes, whose geometries
they cannot properly analyse, to resist forces they cannot properly assess, in such a way that the public at large has no
reason to suspect the extent of their ignorance. John Ure, Engineer, 1998

Design against failure might seem a thoroughly
pessimistic objective when compared to the more
optimistic objective of studying successful designs.
The title of this chapter intends to signify that, in
general, designers are a pessimistic breed of
engineers.

In an unpredictable world a pessimist, designing
against failure, is less often disappointed than an
optimist designing for success. In the perfect world
of the scientist’s model of reality, stresses and loads,
material properties and environmental variables all
behave in some ideal, perfectly predictable way. In
that model world manufacturing errors don’t exist.
After all, this is the way a model world is expected to
be. In engineering design we also deal with
idealised models, but we know that they are merely
simplified to make them tractable for analysis. The
results of our analyses need to be adjusted for the
uncertain nature of the real world, where we can
never be certain of loads or environmental
variables, and where manufacturing errors abound.

Of course, we are not alone in considering failure
as a critical starting point in a discourse on
engineering design. Professor Henry Petroski
(Petroski, 1994) in his introduction to the nature
of design notes:

“The concept of failure is central to the design process,
and it is by thinking in terms of obviating failure that
successful designs are achieved. It has long been practically
a truism among practicing engineers and designers that
we learn much more from failures than from successes.
Indeed, the history of engineering is full of examples of
dramatic failures that were once considered confident
extrapolations of successful designs; it was the failures that
ultimately revealed the latent flaws in design logic that
were initially masked by large factors of safety and a design
conservatism that became relaxed with time.”

Qur discourse on failure is entirely based on two
associated studies: the study of the properties and
mechanics of materials and the predictive power
of experimental science.

The history*! of mechanics of materials dates to
the construction of the earliest structures that
required practical prediction of material behaviour
under load. It is now generally agreed that the
Djoser pyramid in Upper Egypt, known as the
Great Stepped Pyramid, is the earliest important
stone structure requiring engineering estimation
of material performance. This extraordinary
structure, built during the third Dynasty in Egypt
(2650-275 BCE) has a base measuring 120 m by
108 m and rises to a height of 60 m. The temple of
Karnak, also in Upper Egypt, on the east bank of
the Nile, dates to the Middle Kingdom (1938-1600
BCE). The ruins of the great temple of Amon,
which form part of the Karnak complex, dates to
the New Kingdom (1539-1075 BCE). The
fourteen most impressive columns in this temple
rise 24 meters in height to massive capitals and
lintels still standing today.

Clearly, the Egyptian constructors of these large
and complex structures needed a considerable store
of practical predictive wisdom for assessing the
behaviour of their materials under load, however
no written records of these predictive skills have
been handed down to us.

The first comprehensive treatise on architectural
design was compiled by Vitruvius (1* century
BCE) in the ten books of De Architectura (On
Architecture), a handbook for Roman architects
(Morgan, 1960).

The beginnings of the science of structural
mechanics dates to George Bauer (1494 - 1555) a
German scholar and scientist, who adopted the
Latin name Georgius Agricola. A physician by

2.1. The sources for these brief historical notes are the Encyclopaedia Britanmica, 15th Ed.. 1991, and Timoshenko, History of Strength of Materials,

1953, New York:McGraw Hill
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training, he is regarded as the founder of modern
mineralogy, and among the first to base scientific
deduction on experimental observation rather than
on fruitless speculation. His major work, De re
Metallica, dealing with mining and smelting, was
published in 1530. This work was translated into
English in 1912 by the mining engineer Herbert
Hoover (later US president).

Together with his contributions to almost all
other aspects of technology, Leonardo da Vinci
(1452-1519) also recorded some early experiments
on the mechanics of materials. Among several
other experiments on structures, Leonardo
investigated the strengths of columns and the
tensile strength of wire. However, the first
recorded study of the safe dimensions of structural
elements appear in Galileo’s (1564-1642) book
intorno d due nuiove scienze (Introduction to Two New
Sciences), published in 1638. In this work Galileo
describes studies on columns and beams
(Timoshenko, 1953).

In 1795 the Ecole Polytechnique was established in
Paris, mostly due to the inspired leadership of the
French mathematician, Gaspard Monge, who is
widely regarded as the father of analytical geometry.
The establishment of this school by famous
engineers and scientists such as Fourier, Lagrange,
Monge, Prony and Poisson, and eventually Navier
and Poncelet, lent great impetus to the
development of the science of mechanics of
materials and structures. Some of the important
contributors to the early development of structural
mechanics and the elastic theory of structures are:

* Robert Hooke (1635-1703), responsible for
the discovery of the elastic properties of
materials;

* ThomasYoung, English physicist, 1807, who
defined the elastic modulus of materials
under direct stress (Young’s modulus);

* Claude-Louis-Marie Navier whose lecture
notes on strength of materials, Résumé des
Legons de Méchanique, were published in 1830.
This work was substantially edited and
republished in 1864 by Saint-Venant;

* A.J. C. Barré de Saint-Venant, 1853, French
engineer, who derived the torsional or shear
modulus of elasticity;

* Alberto Castigliano, Italian mathematician
and engineer, 1875, developer of the notion
of strain energy, based on the principle of
virtual work;

* Eugenio Beltrami, 1885, the Italian
mathematician, who proposed a total strain
energy based theory of failure.

In what follows, we first briefly examine those
properties of elastic materials that substantially
influence our material choices for the design of
engineering components. We then proceed to
study the way in which the mechanical properties
of our materials of choice allow us to predict
component behaviour under complex, practical,
loading conditions.

2.1 Introducing engineering
materials and modes of failure

Success or failure of engineering components,
devices and systems is a function of technical,
environmental, economic and social issues. Our
focus in this chapter is on technical issues that
relate to structural integrity, and the design of
engineering components to resist some form of
structural failure. We begin by considering
elementary failure mechanisms of some materials
of construction used in engineering,

US production

108 tonne
O O a
- -
[s]
d
: e
23 < R 5
& P

Figure 2.1 Most important materials of construction, 945
0 1991. Source: Bureau of statistics

Although there has been a consistent, almost
monotonic, increase in the use of polymers in
engineering components since the turn of this
century, we will concentrate on elastic materials,
and principally metals, only.
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Figure 2.1 indicates the major materials of
construction used in the second half of this century.
As these graphs indicate, there has been a steady
slight (between 4% to 4.5%) annual increase in steel
production. Aluminium production, by far the
largest component of all nonferrous metal
production, has remained moderately constant
over the last 30 years. Based on 1976 data, the world
steel production was 214 million tonnes and
aluminium production was 12 million tonnes. In
1992 the corresponding production was 800
million tonnes for steel and 16 million tonnes for
aluminium. The most dramatic change in materials
of prodiuction has been the increase in polymers
and resins. Figures for USA and European
production of plastics in 1996 are 28 million and
25 million tonnes respectively, thereby significantly
exceeding world productions of nonferrous metals.

Clearly, even if proportionately the use of ferrous
metals is declining, in absolute terms they still
represent the bulk of all engineering and structural
materials used in the world today. Hence our
concentration on their behaviour is based on the
evidence that most engineering components are
made of steel, or some other ferrous material.

Design against failure is a complex, multifaceted
process, in which we need to examine each facet
separately for its influence on the eventual
successful avoidance of failure in our design. Figure

T

2.2 is a schematic view of the design process for a
generic engineering component. The failure focus
identifies the type (or mode) of failure the designer
will focus on, or specifically design against, given
the material characteristics and the operating
conditions of the component.

Engineering
component

Failure focus

Figure 2.2 The designer’s focus in component design

Figure 2.3 is an interaction matrix between
various design variables and the primary failure
focus of the designer. The marked cells in the
matrix indicate where there is a strong interaction
between specific design variables and the mode of
failure the designer is primarily attempting to avoid.

Failure focus
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Figure 2.3 Interaction matrix between design variables and the primary failure focus of the designer 5 = rupture
strength; 5, = yield strength; S'_ = endurance limit; £ = elastic modulus, K= fracture toughness factor; H = hardness
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In what follows we will investigate the several
modes of failure and the tools the designer has for
selecting component characteristics such that the
likelthood of some given mode of failure is
minimised.

In general, engineering components can fail by
suffering one or more of the following effects:

® the component breaks. This type of failure 1s
generally signified by some active part of our
component breaking under load. The
technical terms for this type of failure are
rupture, or fracture;

* the component sustains plastic, non-
recoverable, deformation. This type of failure
is most commonly localised and often leads
to eventual rupture of the component. The
common technical term for this type of
plastic deformation is yielding;

* the component experiences a time dependent
failure mechanism known as fatigue. This type
of mechanism is still the subject of intense
research, since it is not yet fully understood.
Many engineering components are exposed
to time dependent, dynamic, loading. Under
these conditions the material of construction
becomes tired and will fail at a significantly
lower stress intensity than it could sustain in
a static manner;

¢ the component experiences a form of elastic
instability with large lateral deflections under
compressive loading. This type of failure is
mostly experienced by slender columns
under axial loads, and thin walled pressure
vessels subject to external pressure (e.g.
vacuum vessels). The technical term for this
type of failure is buckling. A component will
buckle under a load significantly lower than
the yield compressive load for the same
component. Once buckled, the component
can no longer sustain any significant load;

® at elevated temperatures there is long-term,
relatively slow, plastic deformation of the
component under steady load. The effect 1s
attributed to the fact that key material
properties such as yield strength and ultimate
tensile strength are generally obtained from
tests of the material at ambient temperatures.
Loaded components exposed to higher
temperatures, such as gas turbine blades, or
heat exchanger piping, sufter this type of slow

deformation. In technical jargon this effect
is known as creep;

the component experiences elastic or plastic
deformation beyond some permitted bound.
The technical term for this type of failure is
excessive-deflection;

one or more surfaces of the component suffer
local failure due to high local rubbing or
concentrated loads. This type of failure
usually wears away some part of the surface
locally and is technically termed wear. Also
under the same heading is erosion, a type of
surface damage caused by heavy particles
impacting on a surface locally. A typical
examples are found in jet exhausts of steam
turbines, where the condensing water
particles erode the local surface, and in
conveyor systems used for transporting
abrasive materials. Another effect of wear is
a type of localised spalling of the surface
resulting from surface fatigue. Most
commonly, this type of wear failure occurs in
rolling element bearings;

the material suffers some form of degradation
or chemical conversion, most commonly
through oxidation. The technical term for
this type of failure is corrosion . It is often the
result of unacceptable or unpredictable
environmental exposure of materials to
corroding agents. It can also be a result of a
Galvanic current set up by a combination of
electrode potential differences in adjacent
materials in the presence of a suitable
electrolyte, such as sea water or bodily fluids.
The process is often exacerbated by the
presence of stresses at the grain boundaries
of the metal. This type of corrosion is a
significant problem for specific combinations
of materials and environments. A typical
example is experienced with certain grades
of stainless steel in chloride surroundings
such as the seaside. This effect is known as
stress corrosion.

2.1.1 Engineering materials

Most engineering materials are classified by either
one of three designations, namely their:

* colloquial or trade name. Examples are: Téflon

— for the product poly-tetra-fluoro-ethylene
(PTFE); and mild steel — for a range of low
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carbon steels used in general engineering and
designated by a typical 0.1% carbon content
(for example: AS 1442-1020, or AISI-SAE
1020);

* standard specification according to national
or internationally recognized standards such
as Standards Australia (AS), Society of
Automotive Engineers (SAE), British
Standards Institute (BSI) or American Iron
and Steel Institute (AISI);

* trade specification by companies producing
special materials, usually prefaced by the
company name. Comsteel-444 (19/2),
equivalent to AISI-444 ferritic stainless steel,
is a good example of this type of designation.

Materials are chosen for a variety of reasons but
generally three dominant criteria are used in the
selection process:

* first of all, the material must meet the specified
duty for the product (strength, elasticity or
wear resistance for example);

® secondly, the material must be readily available.
Material suppliers are notorious for listing
exotic products which can only be produced
if the buyer is prepared to wait many months
or is prepared to order a large tonnage;

¢ thirdly the material must meet production
requirements. The product must be capable of
being produced. It may be exciting to design
a product in a special ceramic, but the
excitement soon evaporates when it is
discovered that the only furnace capable of
producing the desired manufacturing
conditions is in some remote location, or has
inadequate capacity.

Ultimately, material selection is determined in
consultation with the producer or distributor of
the materials concerned. This will ensure that our
material specification for the design is up-to-date.

(a) Iron, steel and cast iron

Probably the most versatile of all engineering
materials, iron and steel have many desirable
qualities. Iron is abundant in the form of iron ore
(haematite or iron-oxide), it is readily reduced
from ore to metal, and when alloyed with carbon
it provides a vast variety of properties.

When alloyed with carbon, iron is referred to as
either cast iron (C>3%) or as a steel (C < 1.5%).

The range 1.5% < C < 3% is not used commonly.
Cast iron, as the name implies, is always cast into
shape (poured in the molten state). Although steel
may also be cast into shape, it is generally hot or
cold formed (by pressing while still solid), or
machined (by cutting, grinding, drilling, or shaped
in a host of related machine tooling operations).

Casting irons have a wide variety of excellent
properties, some of which may be changed by
appropriate heat treatment. Liquid iron is of
relatively high fluidity and may be cast into quite
intricate shapes. Due to the high carbon content
in grey cast irons they have excellent wear
resistance as well as high vibration damping. These
two properties alone make this material most
useful for machine tool frames and engine
components. Due to uncertainty associated with
the quality of the surface finish in cast components,
unusually large machining allowances are called
for when a component is machined from a normal
gravity type of casting.

(b) Plain carbon steel

Most engineering designers will recognize such
terms as mild steel, tool-steel or spring-steel. However
the variety of steels commercially available for the
production of commodities is vast and the range
can be encompassed only through consultation
with metals handbooks or manufacturers. The
range is further complicated by the changes in
properties available through heat treatment. This
text is intended to provide only an overview of the
range of steels. Consequently, the brief survey that
follows is broken up into the segments indicated
on the tree of steels shown on Figure 2.4.

Plain carbon steels range in carbon content from
0.1% to 1.5% with minor additions of manganese
phosphorus, silicon and sulphur. To a very large
extent the properties of the final product are
affected by the way the steel, poured from the
furnace, behaves during the cooling process. In
the final stage of processing, the molten steel is
surrounded by a great deal of free oxygen. This
oxygen reacts with the carbon in the steel and
forms carbon monoxide (CO). As the steel cools,
the CO bubbles rise to the surface, and the
resulting metal structure is significantly less
homogeneous than it would be without the
bubbles. The resulting material is known as
rimming steel, named after the CO bubbling process
(which is referred to as rimming). Rimming steels
are suitable for low-strength cheap steel
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applications. Thin plate used in metal beverage can
production is a typical application of rimming steel,
where the thinning out process during rolling
tends to reduce the effect of the rimming bubbles
of CO and generally improve structural integrity.

Where the steel maker wishes to produce steel
without the CO bubbles, additives are used at the
last stages of production. Quantities of aluminium
or silicon combine with free oxygen in preference
to the formation of CO. The result is a very still or
killed cooling process. In contrast to the rimming
steel, fully killed steels tend to suffer cooling
shrinkage. In general the uneven end of the cast
steel ingot is cut off and returned to the furnace.
The lower volumetric efficiency of this production
process results in a more expensive steel, but a steel
vastly superior to rimming steel in structural
properties.

Current steel-making processes rely on
continuous casting and, in general, additives are
used to produce a fully killed steel. The terms
rimming, or semi-killed, are nowadays only of
relevance to the lesser-used, ingot-making
processes where the steel is cast in batches (ingots).

Practical uses of steels tend to fall into three
major categories, namely, as structural members,
as components to be heat-treated and as fabricated

components. For the structural components the
property of weldability is often a major consideration
in making the proper material choice. Heat treated
components on the other hand may require high
strength and it is this property which will most
influence material choice. Finally, for fabricated
components, the property of machinability may be
of major importance. Each of these properties can
be enhanced by proper alloying of the steel in the
production process. Many other performance
characteristics of steel may also be enhanced by
the addition of suitable base elements. One
common additive is sulphur, in the range 0.15%
to 0.35% to enhance machinability.

The range of steels alloyed with this high sulphur
content are referred to as free-cutting steels. The
heat-treatment of steels is a special subject, but, in
general terms, the process is aimed at rearranging
the grain structure of the steel to enhance certain
properties. Two major properties enhanced are
hardness and toughness, the latter being the ability to
absorb energy during shock loading (and hence
resist sudden fracture on impact loading).

The presence of carbon in steel 1s essential for
the hardening process. In medium and high carbon
steels, sufficient carbon is present for hardening
to be achieved through a temperature cycling

[ Fully killed steefs
& Al or Si used to reduce CO bubbling: Sound homogeneous steels
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process. This usually results in a very hard
crystalline form of the iron-carbon solution (Banite
or Martensite). For steels with a 0.2% or less carbon
content the hardening thermal cycle is often
preceded by a process of surface carbon absorption
or carburizing. Surface hardening metals are usually
referred to as having been case~hardened.
Nevertheless, even steels with such low carbon
content can be through hardened (hardened right
through).

Casting steels are similar in properties and
composition to wrought steels, but the casting
process reduces the impact strength of the steel.
Furthermore, the casting steels are less fluid than
their cast iron counterparts. The resulting casting
is rough with very large shrinkages. For these
reasons substantial casting tolerances and
machining allowances must be used for cast steels.

(c) High-strength low-alloy (HSLA) steels
“Low-alloy steels have undergone some recent

developments that have led to significantly higher strength
products. ... structural steels that have yield strengths of

greater than 500 MPa ...in contrast to earlier structural
steels of only half that figure.” (van Vlack,1985)

These HSLA steels are alloyed with very small
quantities (0.05%) of vanadium, niobium or
titanium to produce fine grain size and finely
distributed precipitates within the ferrite. These
precipitates reduce the formation of dislocations,
and thereby provide the real strength of the alloy.
The resulting steel may be used in the un-heat-
treated state, making it attractive for use in the
design of automobiles, high pressure pipe lines and
major structures.

Alloying of metals in general enhances some
property of the main constituent. The effects of
principal alloying elements are listed in Table 2.1

(d) Stainless Steel

“The term stainless steel denotes a large family of steels
containing at least 11.5 percent chromium. They are not
resistant to all corroding media... Stainless steel competes
with nonferrous alloys of copper and nickel on a corrosion-
resistance and cost basis and with light metals such as
aluminium and magnesium on the basis of cost and
strength-weight ratio. Stainless steel has a number of alloy

Table 2.1 Alloying constituents in steels

Constituent

Influence on parent metal

nickel (Ni)

Toughness and deep hardening;

chromium (Cr)

Corrosion resistance, toughness, hardenability;

manganese (Mn)

Deoxidation (killing) as well as hardenability ;

silicon (Si)

Deoxidation (killing), resistance to high temperature oxidation, raises critical temperature for
heat treatment, increases susceptibility to decarburization (loss of surface carbon) and
graphitization (formation of free graphite):

molybdenum (Mo)

Promotes hardenability, improves hot tensile and creep strengths;

vanadium (V)

Promotes toughness, shock resistance and hot strength. One of three micro alloying elements;

aluminium (Al)

Deoxidation (killing), promotes fine grain structure;

boron (B}

Increases hardenability;

tungsten (W)

Hardness / hot wear strength in tool steel. Usudlly as tungsten carbide;

vanadium (V), niobium
(Nb) and titanium (Ti)

Used in trace amounts as microalloying elements
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compositions and many suppliers. Information on its
properties and fabrication can be obtained readily. Sound
techniques have been evolved for casting, heat treating,
forming, machining, welding, assembling, and finishing
stainless steel. It will be found that this material usually
work-hardens (which makes machining, forming and
piercing more difficult), must be welded under controlled
conditions, and under inert gas. It has desirable high
strength, corrosion resistance and decorative properties.”
(Niebel and Draper,1974)

Stainless steels are hardenable by cold working
and the properties of the steel may be enhanced
through appropriate heat-treatment, cold-working,
or a combination of these techniques. The single
most important characteristic of stainless steels is
their resistance to corrosion. This resistance is due
to a thin transparent chromium oxide film which
forms on the surface of the metal on exposure to
oxygen or air. Although protection is provided
against most oxidizing substances, some further
surface protection is necessary when stainless steel
is used with reducing agents, such as hydrochloric
acid. In situations where both hot strength and low
surface oxidation rates are needed, a stainless steel
with a ceramic coating may be used.

In some applications stainless steels are used for
their appearance and aesthetic qualities rather than
their corrosion resistance. The surface will accept
a high polish and some stainless steels may be
readily moulded by mechanical deforming
processes.

(e) Special steels

Tool and die steels are a group of materials
developed for the forming and machining of
metals. Hardness, toughness and high hot strength

are the major characteristics of these steels. Carbon
content varies from 0.25% to 2.35% and
chromium, vanadium and tungsten are the main
additives to enhance material properties as
described earlier. Typical trade designations for
such steels are often descriptive of their intended
application:

* high speed steels: for general purpose use in
drills, cutting tools and highly abrasive
cutting conditions;

*  hot work steels: used for Al and Mg extrusion,
press forging dies, shear blades for heavy
work, plastic moulding dies, forging dies,
high temperature and abrasive conditions,
extrusion tooling and copper and brass die
casting;

* cold work tool steels: general purpose tools, air-
hardening and oil-hardening tools, punches,
dies, wear resistant tools, such as brick
moulds, crusher rolls and blanking tools;

* shock resistant steels: shock resistance is a prime
property of these tough steels. They are used
in pneumatic chisels, shear blades, hand and
machine punches, chisels and dies;

* carbon tool steels: less expensive, low alloy, high
carbon steels, used where service conditions
are not severe, for example in scale pivots,
gauges, precision engineers tools;

* mould steels: medium carbon, chromium alloy
steel, for high pressure zinc die casting, plastic
moulds and valve spindles. These steels have
good corrosion and abrasion resistance.

Table 2.2 — Common nickel alloys

Metal Ni(%) | C(%) | Cu(%) | Cr(%) | Fe(%) | Rem. 1S (MPg) | S, (MPa)

Monel 400 ASTM B

66.5 0.2 315 .2 Mn,Si 483 193
127 B163-5
Incoloy 825 ASTM Al Mn,

32.5 0.05 0.4 21.0 46.0 586 241
B163 B407-9 Si, T
Inconel 600 ASTM

76.0 0.08 0.2 5.5 8.0 Mn, Si 552 242
Bi63BIl66-168

S, = Ultimate tensile (rupture) strength; S = Yield strength



| Chapter 2

(f) Nonferrous metals.

The three most common base metals alloyed to
form metal products are aluminium, copper and
nickel. As well as these, there are many other non
ferrous metals used in manufacturing. Typically,
titanium alloys are used in aerospace and recreation
industries (aircraft components, bicycle frames,
golf clubs, sports wheelchairs). Titantum oxide is
still the most useful source of white paint.
Magnesium alloys are also used in the aerospace
industry and in high performance automobiles.
Tungsten is used in electric light filaments and in
conjunction with carbon, as tungsten carbide tools.
Beryllium, a highly toxic metal, finds use in some
high energy physics application. However, most
of these uses are highly application specific and
outside the scope of our discussion.

(g) Aluminium

The alloys of aluminium are particularly useful due
to their corrosion resistance, malleability and
fluidity in casting applications. High strength to
weight ratios available with aluminium make these
alloys particularly useful in the aerospace industry.
Hardening of the alloy may be achieved by either
heat treatment, followed by ageing, or by cold
working, resulting in strain hardening. Aluminium
may be cast, rolled, extruded, forged, spun or shot-
peen deformed. Shot peening is a process in which
small metal balls (shot), of a mixed size are blown
in a high-pressure air stream against the surface,
thereby impact-loading and flowing the material by
plastic-deformation at the surface of the
component.

Apart from steels, aluminium is the single most
useful structural metal. However, aluminium is
particularly susceptible to galvanic corrosion and
stress corrosion. Particular care is needed in
applications where aluminium in contact with
other metals may be exposed to an electrolyte (e.g.
salt water).

(h) Copper

Copper is available as a commercially pure base
metal for conductors, or alloyed with zinc (brasses),
tin, alJuminium and silicon (bronzes). Brasses are
used for moulding and deep drawing. Although
some work-hardening takes place during cold-
working, the metal is readily annealed at moderate
temperatures and successive stages of pressing can

l

result in very large aspect-ratio (depth-to-diameter
ratio) pressings. Typical examples are cartridge cases
and cosmetic containers.

Brass type 360A (American Society for Testing
of Materials designation) is the most common type
of brass available and it is referred to as free-
machining brass. This alloy is one of a series of leaded-
brasses containing about 2% by weight of lead. This
alloy is probably the most easily machined metal
known, and it is generally used as a benchmark
for machinability.

Bronzes are most useful materials where
corrosion resistance is important. Main uses are
valves, naval pressure valves, ships’ propellers and
general purpose bearings. Phosphor-bronze is a
particularly hard alloy and, in general, it is used in
corrosion-resistant spring material. Due to its
resistance to sea water corrosion and its high
strength, it is also useful as a casting alloy for high
power marine propellers. Nickel bronzes are used
mainly in food machinery.

(i) Nickel

The most common types of nickel alloys are Monel
400 (31.5/66.5 copper-nickel alloy with nickel the
main constituent), Incoloy 825 (38% to 45% nickel
and the remainder iron) and Inconel 600 (72%
nickel, with 15% Cr and 8 Fe). Table 2.2 lists some
properties for these alloys. Nickel alloys are
particularly useful for their corrosion and heat
resistant properties. Monel, Incoloy and Inconel are
trade names registered by nickel suppliers, but
through their wide ranging application the names
have passed into common engineering usage.
Typical applications are:

® Monel: protective plates in chemical, marine
and steam plants. Good corrosion resistance
to sea water, sulphuric, phosphoric and
hydrochloric acids, as well as fatty acids;

* Incoloy 825: heating element sheaths, process
piping, heat treatment containers;

® Inconel 600: furnace parts, heat treatment
equipment, electric heater elements.

2.1.2 Corrosion and oxidation of metals

Corrosion (from corrodere, Latin for gnawing away)
is the surface deterioration resulting from a
chemical reaction of the component material with
its environment. The most common form of
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corrosion is oxidation, a chemical process that takes
place at the surface of materials exposed to oxygen
contained in substances such as air or water. Almost
all materials will react with oxygen. The process
of oxidation involves some exchange of energy,
either to or from the oxidation process, and it takes
the following form:

M+ O + Energy = MO (oxide of material).

If the energy of oxidation is positive, the material
remains stable. However, materials with negative
oxidation energies will continue to react with
oxygen to form oxides in a time and temperature
dependent way.

Interestingly, all materials, other than gold, PTFE
and some ceramics, have a negative oxidation
energy. Consequently, all metals (other than gold)
will oxadise at surfaces exposed to the environment.
The downside of oxidation is that the oxide film
formed at the exposed surface is, in most cases,
grossly inferior in structural properties to the
parent metal. Hence, we need to either protect the
surface or make some allowance for the time-
dependent loss of material properties due to
oxidation. Typically, pressure vessel design codes
of practice make provision for a corrosion allowance
in calculating the specified vessel wall thickness.

Since the surface of all components (other than
those protected by gold or ceramic plating) will
continue to oxidise throughout the life of the
component, oxidation protection is a critical design
concern. The answer to this concern lies in the
experience with materials that remain in stable
abundance on the earth’s surface, namely, the
oxides of metals themselves. This is the upside of
the oxidation process. We can protect the parent
metal by coating the metal surface with metal
oxides (1n paint) or by plating (electro-deposited
surface coating) with rapidly oxidising materials
such as chromium (Cr), zinc (Zn), tin (Sn), or
nickel (N1). In this way we can sacrifice the outer
layer to oxidation, while the inner, protected,
parent metal remains intact.

Using the above method of protection for the
parent metal may still require regular maintenance
or re-coating. An attractive alternative is to provide
some alloying of the parent metal with low
corrosion-rate substances that will ensure long-
term protection of the parent metal. Typically
alloying steel with chromium will significantly
reduce its rate of corrosion even at high
temperatures. This notion forms the basis for the
production of a range of stainless steels.

In this introductory text we have merely scratched
the surface, as it were, of a large body of knowledge
on oxidation and corrosion. The bibliography
identifies some excellent, readable texts on this
subject, which should be approached by all
engineering designers with cautious respect for its
complexity.

It has been estimated by corrosion engineers that
the annual losses due to corrosion in some
industrialised countries represents between 3% to
4% of gross national product. Chawla and Gupta
(1994) offer the following estimates converted to
1982 U.S. dollars:

U.S.A. $US 143 billion;
U.K. $US 30 billion;

Australia $US 4.3 billion .

Chawla and Gupta go on to suggest that between
15% to 20% of these losses could be avoided if
proper design precautions were taken. Hence, for
these three countries alone, the value of better
corrosion protection design represents between $US
26 to 33 billion (1982 values). Clearly, design for
corrosion protection is a worthwhile consideration
in the total design process. However, a more
extensive study of this topic is beyond the scope
of our interest here.

Some important general issues in corrosion are:

* surface reaction with oxygen is a non-linear
function of time and temperature. Hence,
oxidation rate decreases with time as the oxide
film builds up, but increases in rate with
increased temperature;

¢ while it is desirable to use materials that will
oxidise slowly, not all oxide films form a
structurally suitable film of protection. For
example, aluminium oxide (ALO,) forms
approximately 2.5 times faster than iron
oxide. Yet iron oxide is significantly inferior
structurally to aluminium oxide. Moreover,
iron oxide is much more permeable to
environmental oxygen than ALO,. Hence,
aluminium is a more desirable material to use
where oxidation survival is a critical design
consideration;

* although oxidation is often referred to as
corrosion, the term also includes undesired
chemical combination of the parent metal
with other chemicals, such as sulphur and
chlorine. In copper chlorides, the hydrated
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form CuCl,-2H,O, well known as the
familiar verdtgrts or green-of-Greece, which
forms a decorative patina on bronze statues;

electrochemical, or galvanic corrosion takes
place when metals of dissimilar electrode
potential are connected in the presence of an
electrolyte, that permits the passage of
current. The system essentially behaves like
a voltaic cell (battery). The rate of galvanic
corrosion is partly determined by the
difference in electrode potential of the metals
in contact (electro-motive-force, or EMF-
series of metals), conventionally measured
relative to the electrode potential of
hydrogen. Typically, copper and zinc have
EMF potentials of 0.522 and -0.76 volts
respectively. When connected in the presence
of an appropriate electrolyte (dilute sulphuric
acid for example), a current will pass between
the zinc anode and the copper cathode. As a
result, the zinc will sacrificially corrode and
zinc plating will be deposited on the copper
cathode, thereby protecting it from corrosion.
Clearly, where a metal component needs to
be protected in the presence of a hostile
electrolyte, a sacrificial cathode or anode
(depending of the relative EMF potentials)

I

provides a useful solution to the corrosion
problem. This type of galvanic protection is
commonly used in aggressively hostile
environments such as chemical plants
(Chawla and Gupta, 1994).

2.1.3 Plastics and other composites

As noted in the introduction to this section, plastics
represent a rapidly growing manufacturing
industry sector. Although their evaluation for
structural integrity is outside the scope of this book,
we note that designers have access to a great variety
of single polymer and composite plastic materials.
Various fibres, including glass and carbon
filaments, are used as reinforcing in a resin matrix,
to make up the broad selection of composites used
in many structural applications. These composites
are particularly useful where engineered products
need to have both complex shapes and high
strength to weight ratios. Typical applications are
automobile bumper-bars and aircraft wing
components. Plastics are durable, often corrosion
resistant and in general electrically insulating. In
special cases they can have superior structural
properties to metals (fatigue life of polypropylene
for example). However, generally compared to

Table 2.3

Comparisons of some mechanical properties of

various reinforcing fibres and composites

(Data from Crane and Charles, 1984)

Fibre Tensile strength (MPa) Tensile Modulus (GPa) Density (te/m’)
Glass 1500 -4300 70-86 2.5
Carbon 2000 -3500 200 -400 1.7 -2.02
Boron 35000 420 2.65
Keviar 2700 60 - 130 .45
Polyester matrix 20 - 40 i-3 1.4-22
Epoxy matrix 40 - 90 -4 1.6 - 1.9
High carbon steel 2800 210 7.8
GFRP(cloth,50%) 240 4 1.7
GFRP (uni-directional-50% Glass) 1200 50 2.0
Carbon-fiber R.P.— (unidirectional-HT fibre) 1600 129 1.5
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metals, plastics are weak and compliant. The most
difficult feature of designing with polymers is the
time-dependent nature of their structural
properties, such as yield strength.

The early use of plastics was due specifically to
their easy low temperature mouldability and their
relatively low cost for mass-produced components.
It is, however, in the composite fibre reinforced
form that plastics have come of age as a significant
structural material. The earliest reinforcing used
was glass, in polyester or epoxy resin for fibreglass.
As the technology of fibres advanced, metals and
carbon reinforced composites became the most
advanced structural materials. This development
reflects the constant striving by designers for lighter
and stronger structures in the automobile, aircraft,
space craft and recreational sporting industries.
The most desirable property of these composites
is the ability to engineer with them almost endless
combinations of directional strength and stiffness
behaviour. Table 2.3 gives some comparative
structural properties of reinforcing fibres used in
composites. (Woebcken, 1995 is very useful general
reference for a wide range of plastics data.)

2.1.4 Wood and concrete

Wood was probably the first complex structural
material used by human beings. Due to its growth
pattern, timber is anisotropic and quite variable in
structural properties even within one species. The
most common mode of failure in timber under
compression is the buckling of wood fibre (held
in a resin matrix). For this reason, timber is much
stronger in tension than in compression.
Standardised structural grading allows for
predictable performance in timber structures.
Laminated, either as beams or plywood, timber
properties can be significantly enhanced over the
bulk properties. In general, structural timber today
is used mainly in the housing industry for roof
structures, most commonly as gang nailed trusses,
or as laminated beams.

Concrete is a mixture of four components,
namely, sand, cement, stone and water. The main
attraction for its use lies in its ability to flow or be
moulded into shape. Concrete develops its
strength over a period of time after pouring (up to
60 MPa in compression, after 28 days). Due to its
brittle nature, concrete is weak in tension and, as a
result, in structural use the tensile loads are taken
by combining the concrete with reinforcing
materials, usually structural grade steel.

2.2 Material selection

On current estimates the number of available
material choices for engineering components range
between 40,000 to 80,000. Selecting the right
material for a specific design is probably the single
most important decision facing designers. Unless
other constraining factors point the way to a
particular choice the following recipe will generally
result in a short list of hopefuls from the ocean of
materials:

Will it work?: The answer to this question rests
with the matching of dominant or primary
criteria, such as strength, hardness, elastic
behaviour (tensile or shear moduli),
hardenability, toughness, magnetic properties,
thermal and electrical conductivity;

Will it last?: This question is answered by the
important criteria of corrosion and heat
resistance, as well as resistance to wear, dynamic
loading, shock, creep and stress corrosion;,

Can it be made?: This question refers to castability,
machinability and surface finish performance or
surface enhancement, such as coating, plating
and anodizing;

Can it be done within specified limits?: The main
constraints of most engineering components
or structures are cost and weight. For these
constraints to be met the designer needs a feel
for relative costs and relative weights.

There are many formal sources available for
material selection in hard copy (texts and
standards), software (material selector expert
systems) and manufacturers’ catalogues. Ashby
(1992) lists 23 database and material selector
software sources. In selecting the correct material
for any given application, it is expected that
designers develop some wisdom about the
parametric nature of material choices in design.

Typical design parameters are strength to weight
ratio (S, /p), in mass limited designs, and
stiftness to weight ratio (E / p) in designs where
structural deflection and mass are both limiting
design constraints. It is this type of parametric
design that forms the basis of several of the expert
systems used in material selection software. Ashby
(1992) describes the Cambridge Material Selector
(CMS) software and its selection charts, all based
on design parameters chosen by the user. There
are several mechanical design examples provided,
all of which make use of the CMS charts of design
parameters.
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A typical, albeit simple, design example is given
in Ex 2.1, for a mass limited design.

Ex 2.1

Select the minimum mass cross-section area of a
uniform bar of length [ carrying a load ¥ as shown
in Figure 2.5.
(a) Stress limited design

mass of rod, m=pxIx A,

stressinrod, g =1/ A.
Failure Predictor: o, = S,, where 0 g, is the value
of o corresponding to yielding failure.

v

Figure 2.5 Uniform rod in tension; Material properties are:
density = p. yield strength = 5 ; elastic (Young's) modulus
=E

Design rule : limit stress to well below the failure
value (yielding), by at least an acceptable factor of
satety (for stress), F_:

Gﬁnl’

FO

=0 S

Therefore
w_S
= —< L.
AT
WF., N PIWE,
S, : S,

By appropriate manipulation of the mass and
stress inequalities above, we find that the lowest
mass design will require us to choose a material
with the largest S /p ratio.

1 B

(b) Deflection limited design
Extension of rod,

0, = (load / stiffness) = H/:ﬂ:
IR

l

Failure Predictor: 8 iy = Oy SOME limiting allowable
value of extension of the bar.

Design rule : limit the extension well below the
limiting value, by at least an acceptable factor of
safety (for extension), F;:
)
all
= 6" = u
Fs

Therefore

=54 2%, and m 2 m
Eaaﬂ Esm’[

Now;, again we can manipulate the deflection and
mass equations to determine the governing
parameter for the best design. Here, our material
choice is revealed to be the one with lowest p/E
ratio.

This simple example highlights several issues
involved when we need to exercise design
judgement in the choice of materials of
construction.

Both yielding (plastic deformation of the
component) and deflection (elastic deformation of
the component) are clearly identified as failure
modes to be avoided. Hence, the designer may
need to exercise balanced judgement about the best
material that will satisfy both requirements.

The design requirement in each case was
revealed by the governing design rule. Moreover,
the design rule, in combination with the constraint
on mass limitation, resulted in a materials-based
design parameter that needed to be maximised or
minimised.

In general, our synthesis of other engineering
components throughout this text will involve these
steps.

In all design cases the best choice of material will
be identified by one or more design parameters
which represent the essence of the constraints on
the design. While each design case needs its own
specific treatment, as a general rule, where the
design parameters lead to some unacceptable
design, we must look for some neglected or
overlooked parameter of constraint.

A simple example is the design of a SCUBA (self-
contained underwater breathing apparatus) tank, subject
to internal pressure p, to be carried by a human.
This design is mass and strength limited. We can
carry out a simple thought experiment by considering
the tank to be a cylinder of inner diameter D and
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wall thickness ¢, we can express the ratio of outer
to inner diameter as @ = (D+2t)/D.

For thin-walled pressure vessels the allowable
stress is given by (refer to Section 3.4.3)

rzpD/4t.

The mass is proportional to material volume and
may be approximated by

m= p—l‘ﬂz(tbz —1): pLnDt.

Clearly the stress equation suggests that the
diameter should be minimised, and the mass
equation suggests that @should be as close to unity
as feasible. However, given the volumetric
limitations, we must allow the length of this vessel
to increase indefinitely to allow minimising the
diameter. The resulting minimum mass thin
walled cylindrical tank of a fixed volume is found
to be one of infinite length with zero wall thickness
and zero diameter. This makes absolutely no sense
atall until one realises that the parameter of human
proportions (a human must carry the device) have
been neglected in the evaluation. It is instructive
to manipulate the design relationships of the
SCUBA tank to determine the appropriate design
parameter to be minimised for best material choice
(p/S,),and this is left as an exercise for the reader.

2.3 Design for static loading, in-
troducing failure predictors and
factors of safety

A study of designing for static or slowly-applied or
time-independent loading of engineering
components must begin with some basic notions
about material behaviour. Design for structural
integrity of a component involves the matching of
applied loads and the component’s capacity to resist
these loads. Most design texts commence with
some basic concepts in stress analysis, often leaving
the crucial balance between stresses, loads and
material selection criteria to the designer. In what
follows, we explore these crucial relationships in a
generic way that applies to the synthesis of a whole
range of engineering components.

The essence of good design is judgement. While
Judgement is developed through experience, it is
usually the result of some deep understanding of

the underlying principles that govern the
behaviour of the system about which we need to
exercise judgement. The issues involved in the
design synthesis of engineering components for
static loading are the choice of:

* material properties;

* load distribution;

* component geometry; and,

* in the elementary cases considered in this
text, a simple, tractable analytical model of
the component we are to synthesise.

Material properties having structural relevance
include yield strength (S ), rupture strength (S, ),
elastic moduli (E- tensyile, and G- torsionalT),
Poisson’s ratio (i), and fracture toughness factor
(K.). Each of these is determined from controlled
laboratory tests on test specimens carefully
prepared from the material in question. Work on
the behaviour of materials under load has been
progressing since the early part of the 20th century.
It seemed perfectly natural for material scientists
to begin the investigation of the macroscopic
behaviour of metals by observing and describing
the behaviour of single crystals.

The most fascinating aspect of material
behaviour was seen to be the commencement of
plastic deformation. In a macroscopic sense the
material under tensile load was found to develop
sliding of crystallographic planes. Figure 2.6 shows
the type of behaviour proposed schematically.

[J

v
=
i
J
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Q\_

[J
(a) (b) (c)

Figure 2.6 Sliding along crystallographic planes in tensile
specimen; (a) tensile test specimen under load; (b) planes
of material have slid along crystallographic planes; (c) the
specimen rotates by angle B, back to original alignment
axis. (After Timoshenko, 1956)

This type of failure model was investigated by,
among others, such luminaries as L. Prandtl, G.I.
Taylor and W. Boas??. In components made of

2.2 References to these works may be found in Timoshenko, Strength of Materials(1 956), Princeton:Van Nostrand
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polycrystalline materials such as steel, these models
describe the very localised plastic deformation that
immediately precedes failure. Figure 2.7 shows a
typical stress-strain curve for ductile materials. In
the failure region ductile materials exhibit sliding
of material along crystalline planes at
approximately 45° to the tension direction. The
slip lines resulting from this process are called
Lueders lines, after W. Lueders, who first studied
this effect in 1854. In ductile test specimens
Lueders lines first occur during the strain
hardening phase of the stress-strain behaviour of
the material. This region is signified by the small
dip in the stress strain curve shortly after the yield
point (where = S ; refer to Figure 2.7). Following
strain hardening, caused by local deformation in
the failure region, the test specimen will progress
to fracture at the ultimate tensile stress S, .

S

U | Stress ///
o = P/A 0 ﬁ i
7 ()
¥z —
/ N
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Figure 2.7 Uniaxial tensile test specimen and stress-strain
result (schematic)

In essence, it is now recognised that ductile
materials, exhibiting such behaviour, actually fail
in shear along the shear planes formed by the
sliding of material along the crystalline boundaries.
Timoshenko (1956, Part II: Chapter X) presents a
scholarly, and eminently readable, account of the
development of our understanding of failure
mechanisms in elastic materials. All serious
students of engineering design should take time
to read this work.

Whatever the mechanism of plastic deformation,
the issue of interest in all testing is the discovery
of essential mechanical properties for each material
— vyield strength, rupture strength and elastic
modulus. This elastic modulus is the slope of the
stress-strain curve preceding the stress at which
the material reaches the limit of its linear elastic
behaviour, otherwise known as the proportional limit.
Since this slope is extremely difficult to measure
accurately, the International Congress for Testing

1

of Materials (1906) set the proportional limit at a
stress where the material has plastically deformed
(sustained permanent set) by 0.001%. The currently
accepted proportional limit for ductile materials is
a permanent set of 0.01%.

Figure 2.7 shows schematically one of the tests
commonly used for establishing key metal
properties. The uniaxial tensile test is performed
on a carefully prepared test specimen that has a
highly polished surface and an absence of sudden
changes in cross-sectional geometry. A central
length I of the specimen is identified as the gauge-
length over which extensions will be measured as
the applied load P 1s increased.

The resulting uniaxial stress-strain graph is used
to establish tensile yield strength (S ) and ultimate
tensile strength (S_) for this particular material.
The graph shown in Figure 2.7 is an idealised
schematic representation of the behaviour of
ductile, work-hardening, materials such as
exhibited by many common structural steels. In
general, there is an initial, linear, or closely-linear,
part of the graph which is referred to as the elastic
region. The slope of the elastic region is a direct
measure of the tensile elastic modulus, or Young’s
modulus of the material. It is generally assumed,
not entirely correctly for most materials, that
unloading the test specimen during the elastic
region will allow it to return to its original
geometry. As already noted earlier, yielding, or
permanent deformation, commences at the yield
point.

Figure 2.8 Two tensile test specimens dfter fracture. The
one on the left is ductile and the one on the right is brittle.
The differences in material behaviour near the fracture region
are clearly visible.

63



64 |

Design against failure |

Figure 2.9 Multi-axial stress conditions. (a) a small element of matenal under the action of a general tri-axial stress system;
Shear stresses (shown only on the visible faces of the component) act in pairs to provide shearing moments on the efement; (b)

bi-axial stress system acting on a plane element.

Not all materials exhibit a clearly identifiable
yield point. However, low and medium carbon
steels commonly exhibit work hardening, with a
corresponding region of strain at constant or even
lowered stress, as indicated on Figure 2.7. This
characteristic behaviour serves to clearly identify
the yield-point for such materials.

In Figure 2.8 we see two fractured tensile test
specimens. The ductile specimen shows significant
deformation (necking down) prior to fracture, while
the brittle specimen has no visible deformation in
the fracture region. The ductile behaviour is clearly
in agreement with the schematic stress-strain
behaviour indicated in Figure 2.7. The brittle
behaviour serves to warn designers about the
sudden nature of fracture experienced with this
class of material.

Where the structural behaviour of real
engineering artefacts is concerned, life is not nearly
as friendly as a well controlled test in the laboratory.
Real artefacts are not only subject to multiaxial
stresses but, as already noted, they may be also
subject to various environmental conditions which
serve to degrade the material properties listed in
the reference data base. The engineering designer’s
task then becomes one of making do with the
available data and applying design tools to match
the data to real-life conditions.

In most real-life design problems, the stress
conditions are multiaxial, that is the most highly
stressed element of the component to be designed

has stresses acting on it in more than one vector
direction. Typical examples are shafts with imposed
torston and bending loads, resulting in biaxial stress
conditions, and pressure vessels, subject to triaxial
stress conditions. Figure 2.9 shows the schematic
representation of a small element of material
exposed to a general stress field. The terminology
used for identifying the various stresses acting is
indicated and we need to be absolutely clear about
the conventions used for identifying stresses.

For general direct stress we use the symbols 0,
O,, o, respectively and for shear stress T, 7).,
7., , as indicated in Figure 2.9.

In Figure 2.10 (a) we consider a small element
of material acted on by a general biaxial stress field.
We now consider a plane AB in this element at
some general angle ¢, shown separately in Figure
2.10 (b). Carrying out the force balance on this
partial element we can express the equilibrating
direct stress O, and shear stress 7, as given by the
two equations in Figure 2.10. We can now
differentiate the stress equation to find the
maximum and minimum direct stress acting. We
find that these values occur for

27
tan 2¢ = —+—
o, -0,

Substituting into the direct stress equation in
Figure 2.10 we find the maximum and minimum
direct stresses acting on the small element are
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Figure 2.10 The concept of principal stress — (a) small element of material under a general biaxial stress field; (b) free
body diagram of a portion of the small element of materidl, indicating equilibrating direct and shear stresses; (¢} Mohr’s

stress circle,
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From the shear stress equation of Figure 2.10
we find that on the planes corresponding to these
maximum and minimum direct stresses the shear
stress T=0. We refer to g, and o, as the
maximum and minimum principal stresses. It is easy

to demonstrate that the equations for ¢ and 7
given in Figure 2.10 represent a circle as indicated
in Figure 2.10 (¢), with the origin at

_ 0, +0,
o, =——*,
2
and radius
R o, +0,
HELX = T\Y +

2

The original derivation of this graphical
representation of stresses is due to Otto Mohr*?,
after whom the procedure is named.

2.3 Otto Mok, Civilingenieur, p. 113, 1882, quoted by Timoshenko (1955) Strength of Materials, Part I, New York:Van Nostrand
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Once we move from the simple matter of
uniaxially loaded bars (used for determining
structural properties) to real-world components
subjected to more complex load conditions, failure
prediction becomnes problematic. It is not possible
to draw a direct comparison between the behaviour
of the real-world component and experimentally
measured structural performace of uniaxially
loaded bars. Since experimental failure
mechanisms are almost universally uniaxial, failure
prediction in more complex, multiaxial, stress
situations becomes a design dilemma. Having been
provided with structural data resulting from
uniaxial tests, we need to find a way to account for
all the stresses acting on our component.

Clearly, one needs a means of combining the
multiaxial stresses in some appropriate way to
predict how their combined magnitude will
influence the failure conditions prescribed for the
component to be designed. There are three
relatively simple rules for combining multiaxial
stresses to predict the yield conditions (or rupture
conditions) in an engineering component. These
rules are alternately referred to as failure predictors,
failure criteria or theories of failure. In this text we will
use the term failure predictors consistently, to indicate
the real nature of these rules.

2.3.1. Maximum principal stress failure
predictor (MPFP - sometimes maximum
normal stress):

In brittle materials subject to tensile loading, failure
will occur when the maximum principal stress
(positive tensile) reaches the failure criterion
(usually rupture, since there is almost no yielding
with these types of materials). Typical examples
are grey cast iron products and some components
of high carbon steels at very low temperatures
(subject to low temperature embrittlement).

A key feature of brittle materials is that they tend
to fail in tension rather than in shear. This
preference is also characterised by the very little
deformation in the failure region before rupture.
There is almost no sliding of the shear planes in
the failure region (no Lueders’ lines).

MPFP Design rule :

When a component of brittle material is exposed to a
multiaxial stress system, failure due to fracture will occur
when the maximum principal stress anywhere in the

component exceeds S, the ultimate tensile stress observed
in the uniaxial laboratory test of the material from which
the component is made. Consequently, in a component
constructed from brittle material, we must always limit
the maximum principal stress anywhere in the component
to below S .

=0,<

ool |én

Ex 2.2

When a cylinder of ductile material is loaded in
pure torsion T, its failure surface is, in general, a
plane section, normal to the axis of the applied
torque T. However, a cylinder of brittle material
subjected to pure torsion fails along a 45° helix.
What is the explanation for this spectacularly
different behaviour.

Ans:

Referring to Figure 2.11, we observe a glass rod
being loaded by a torque T in pure torsion. The
material of the rod will oppose the torque by a
resisting moment composed of the distribution of
stresses across its cross-section. The distribution
of stresses is a linear function of the rod’s radius,
ranging from zero at the neutral axis (the rod’s
central axis) to maximum at the surface of the rod.
Failure will commence at the outer surface of the
rod, where the stresses due to the applied torque
are the greatest.

We now examine a small element of the rod’s
outer surface and plot the stresses acting on this
element on a Mohr's stress circle, shown on Figure
2.11(b). On the face of the element normal to the
x-axis there is a shear stress 7_ acting only. There
is zero normal stress acting on this face. This stress
condition is seen as point +7on the 7-axis of the
Mohr’s stress circle.

Similarly for the face normal to the y-axis we
find its stress representation as —7 on the 7-axis
of the stress circle. We can now draw the stress
circle through these points and we find that this
circle crosses the ¢ —axis at +o and —¢ as seen in
Figure 2.11(b). The implication is that, should we
rotate the coordinate axes chosen to examine our
original surface element through 45° (i.e. one half
of the 2¢=90° rotation on the Mohr’s circle), we
would observe only direct stresses acting on these
faces of the element. This state of affairs is indicated
in Figure 2.11(c). Clearly, the tensile load, +o,
resulting from the applied pure torsion is the



| Chapter 2

(a)

/

. W
+T “wf =5 % .m/(.a
r‘ \‘ /\ X
S\

Figure 2.1 1 Cylinder of brittle material subjected to pure torsion. (Ex. 2.2)

greatest principal stress acting on the small element

of the rod’s surface and according to the maximum
principal stress failure predictor (MPFP), failure
will commence due to this stress. Consequently,
the failure surface on this brittle rod will be the
45° helical surface indicated on Figure 2.11(a).

As a simple follow-up exercise it is instructive
to show how a ductile rod exposed to pure torsion
might fail.

2.3.2 Maximum shear stress failure pre-
dictor (MSFP):

In ductile materials failure occurs by shearing along
the shear planes, at approximately 45°to the tension
direction. When the component is exposed to
multiaxial stress conditions, the maximum shear
stress in the material is calculated from the
combination of the largest and smallest principal
stresses acting. Referring to Figures 2.12(a) and
2.12(b), for the triaxial stress case we find:

T = g,~0,
max
2

For the biaxial stress case, we may use precisely
the same expression 7, =(0, - 0,)/ 2, where o,
is taken to be the lesser of 0, and zero. We must
not neglect the third stress direction even in the
biaxial stress case.

We note that conventionally principal stresses are

designated from largest to smallest as

0,>0,>0,-

In both cases we need to find the principal
stresses acting. This can be done by applying a
Mohr’s circle analysis to the known direct and

shear stresses acting on our small element of
material under consideration. This procedure is
indicated schematically in Figure 2.12.
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(b) Mohr's stress circles for triaxial stress field

Figure 2.12 Principal stresses for a triaxial stress field

To avoid any confusion about which principal
stresses to combine in determining the maximum
shear stress acting, we will invariably assume that
we are dealing with a general triaxial stress field.

In the tensile test specimen at yielding
(o= S,;0, =03 = 0) we find:
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Combining the above equations suggests that,
according to MSFR, failure in yielding will occur
when:

0,—-0,
2

z-yifld -

MSFP Design rule:

In a component, constructed from a ductile
material, exposed to a multiaxial stress system,
failure due to yielding will occur when the
maximum shear stress, 7, _, anywhere in the
component, exceeds 7,,, the shear stress at
yielding observed in the uniaxial laboratory test of
the material from which the component is made.
Consequently, in a component constructed of
ductile material, we must always limit the shear

stress anywhere in the component to below T id-

_0=0s | | S,
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Ex 2.3

Figure 2.13 Loads generated by grinding process;
D, = 10mm, D, = 20 mm

It is interesting to examine the nature of MSFP
applied to practical design situations. In general,
we are interested in components so loaded that
they experience multiaxial stress conditions. Some
typical examples are beams loaded in combined
bending and torsion and thick walled pressure
vessels subject to internal pressure.

Figure 2.13 shows a grinding process
schematically. A block of steel is being ground flat
by a 300 mm diameter grinding wheel rotating at
6,000 rpm. The vertical force of contact between
the steel plate and the grinding wheel is negligible.
However, the force generated in the cutting
process, tangential to the grinding wheel, is 100
N. Draw bending-moment and shear-force
diagrams for the drive shaft. Identify the expected
modes of failure and specify the minimum shear
stress property of the shaft material for this design.
The design factor of safety F, = 2.3.

The uniaxial stress system 1s likely to crop up in
many of our experiences in designing for structural
integrity. Transversely loaded beams and axially
loaded columns represent common examples of
uniaxial stress systems. However, we need to avoid
complacency when dealing with problems of
structural integrity. There are many cases of simple
engineering components subjected to general
stress fields. Figures 2.14 and 2.15 show typical
examples.

Ex 2.4

5{(6556
,

highly
oment o

Figure 2.14 A shaft (engineering component capable of
transmitting rotational power) experiencing biaxial stress

(a) For the shaft of diameter D mm and span L,
loaded as indicated in Figure 2.14, derive the
stress system acting on the surface element
shown, in terms of the applied load IV.

(b) For the thin-walled pressure vessel, internal
diameter D, and wall thickness ¢, exposed to
internal pressure p, derive the stress system
acting on the surface element shown, in terms
of p. Assume that the loads imposed by the
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supports are negligible compared to those due
to the internal pressure p. [Hint: Draw a
simple free-body diagram of a unit length of
one half of the cylindrical shell and consider
its equilibrium under the action of the applied
pressure and the equilibrating forces provided
by the stresses in the walls of the vessel.]

-_i

highly stressed
element of surface

Section

Figure 2.15 A cylindrical pressure vessel (engineering
component capable of storing fluid under pressure)
experiencing triaxial stress

2.3.3. Distortion energy failure predic-
tor (DEFP):

DEFP is sometimes referred to as the von Mises-
Hencky theory of failure. The need for developing a
theory different from the simple MSFP resulted
from observations that components subjected to
uniform hydrostatic pressure (equal tension or
compression), in all three axial directions, exhibited
significantly higher yield stresses than that
predicted by MSFP. Originally it was proposed that
yielding took place when the shear strain energy
stored in the component was the same as the shear
strain energy at yielding in the uniaxial tensile
specimen. It is an interesting historical fact that J.
C. Maxwell, in a letter dated 1856, to W.
Thompson (later Lord Kelvin of Largs), expressed
the view thatwhen distortion energy in a material reaches
some limit, the material will begin to give way**.

The strain energy content of a component
subjected to a triaxial stress system may be
considered as consisting of two independent parts,
energy due to volume change (dilation) and energy
due to distortion.

2.4 Timoshenko (1956, ibid)
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Figure 2.16 shows a small cube of material being
dilated by loads acting on its faces in the three
coordinate directions. We designate the loads as
P,P,P_,andthearea of each face over which the
loads act as A and the edge length as L. Consider
the small cube of material being extended by P
over the small distance [ from its undistorted
shape. '

Figure 2.16 Schematic view of the dilation process

The three stresses acting in the three coordinate
directions are:

o,=(P./4)>0,=(P, / A)>0,=(P./ A).

Designating Poisson’s ratio as {1, we can identify
the strains due to the three stresses as:

o, U
& =———(0,+0,)
" E E(‘ )
o,
e, Z‘E‘%“’} +0,);

o, M
€, =E”—E(c‘+02).

The strain energy stored in the small element
due to the extension in the x-directionis U = P,
| /2. Ttis instructive to show that this expression is
a result of the familiar elastic strain energy stored
in a spring of stiffness k, extended over a distance
x from rest; 1.e.

U =kx?/2.

Then the strain energy stored per unit volume is
found to be
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Px’\' P}”)’ lez
Yiotal = -t + ’
2AL 2AL 2AL

O €1+ 0,6, + 036,
2

Substituting for the respective strains from above
results in

2 2 2
_ 0,10, +0,
u(aml - ZE

However, we are only interested in the strain
energy of distortion, which results from the three
stresses acting on the faces of the cube being
unequal. Hence we need to subtract the strain
energy of dilation from the total.

We find the dilation component of the strain
energy by considering the average stress acting on
all three faces of the small cube

—ﬁ(oqo; +0,0,+0,0,).
I3 2 70,0, ;

_0,+0,+0,
Gnm’ - 3

The strain energy due to this average stress acting
on the faces of the cube is

362, W, , . 3c
u,, . = ave 30-1' - ave 1 -9 )
dilation 2E E ( ar ) 2E ( IJ)

The resulting strain energy of distortion is then

Ugistortion = Yrotal ~ Pdilation”

_ 1+u (GI _0-2)2 +(Gz "0'3)2 +(63 —0-1)7

3E 2

Next we need to consider the distortion strain
energy stored in the test specimen subjected to
simple tension (Figure 2.7). Using the above
expression we find at yielding

—”—”(52).

u(lislomon,)r - 3E ¥y

DEFP Design rule :

For components constructed of ductile material and subject
to multiaxial stress conditions, according to the distortion
energy failure predictor (DEFP), the component will fail
when the distortion energy in the component reaches the
distortion energy in the uniaxial (simple tensile) test

specimen of the same material at failure. Consequently,
in a component constructed of ductile material, we must
always limit the distortion energy anywhere in the
component to be less than this failure value, i.e.

ll distortion failure

For yielding we get for DEFP

u distortion

1+ (0'I —0'2)2 +(o‘2 —0'3)2 +(03 —0'1)2
3E 2
s%ﬁ@ﬁ
We define
(o, —02)2 +(0, -0, )2 +(o, —0")2
On = ’

2

where 0, 1s sometimes called the von Mises’ stress
and represents the most general combined stress
condition in a component subject to multiaxial
stresses. Conventionally our safety factor is applied
to this stress. From the DEFP design rule we see
that to prevent yielding in a component constructed of
ductile material, we must limit the von Mises stress such
that

Ex 2.5

For the shaft and the pressure vessel shown in
Figures 2.14 and 2.15 respectively, compare the
MSFP and DEFP design rules. In each case derive
the von Mises stress and maximum shear stress
in terms of the applied loads and compare the
design rules in terms of these applied loads.

2.3.4 Comparison of the three failure
predictors

As we have already noted, the mechanical
properties of materials are usually determined by
relatively simple uniaxial tensile or compressive
tests under ideal laboratory conditions. Material
failure under more complicated stress conditions
have been studied experimentally in very few
exceptional cases (see Timoshenko, 1956). The
failure predictors described in this chapter have
been specifically developed in order to predict
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material behaviour under complicated general
stress conditions. The history of failure predictors
dates to the late 19 and early 20 century.

The first practical failure predictor was an early
version of the MPFP associated with the name of
the Scottish engineer and physicist William J. M.
Rankine (1820-1874) and it is sometimes referred
to as Rankine’s theory. As a practical engineer and
investigator of steam engines, Rankine probably
needed such a failure predictor for his engine
designs. As originally proposed it was applicable
to both ductile and brittle materials. Eventually,
once more sophisticated failure predictors were
developed, it was recognised that Rankine’s theory
had some serious shortcomings for ductile
materials. The second oldest failure predictor, now
also regarded as unacceptable, was the maximum
strain theory, offered by Saint-Venant (c. 1860)
Both, MSFP and DEFP had been proposed as early
as 1904, together with comparative studies of all
the available failure theories.

In comparing the three failure predictors,
described in this chapter, we will need to consider
the behaviour of a small element of material under
general triaxial stress conditions as shown in Figure
2.9(a). We can plot the failure conditionson o7/ S,
and 0, /S, axes as shown in Figure 2.17.

According to MPFP the element will fail in
yielding whenever any of the three acting principal
stresses reaches S, This condition is represented
by the dashed square ABCD. In this comparison
we have assumed that yielding in tension and

compression both occur at the same absolute value
of S,

e D
MPEP
MSFP
DEFP

Figure 2.17 Comparison of the three failure predictors

According to MSFP, when 0, and 0, both have
the same sign, failure is reached along the
boundaries EAF and GCH. Along these
boundaries the two failure predictors, MPFP and
MSFP are in agreement. However, when any two
of the three stresses acting have different signs (i.e.
tension in one axis and compression in another
axis), MSEP predicts failure along the boundaries
FG and HE. In the second and fourth quadrants
of Figure 2.17, MPFP, relative to MSFP, seriously
overestimates the stresses at which failure will
occur.

DEFP is represented by the elliptical boundary
in Figure 2.17. In general, this is the boundary that
most closely agrees with experiment. However,
since the irregular hexagon representing MSFP lies
inside the ellipse representing DEFP, the results
from MSFP will be conservative.

This representation only deals with two
dimensional stress systems. The 3D stress case may
be approached similarly, where the MSFP and
DEFP yield surfaces correspond to a regular
hexagonal prism and a circular cylinder
respectively, as indicated in Figure 2.18.

The axes of both cylinders are aligned along the
line of hydrostatic stress (0, =0, =0;). The
cylindrical surfaces shown in Figure 2.18 enclose
the elastic regions of behaviour for the material.
Anywhere outside the cylinders the material will
experience plastic deformation. The shapes of
Figure 2.17 are identified as the intersection of
these yield surfaces with the ¢ /S 0'7/8 plane.

Figure 2.18 3D yield surfaces
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Ex 2.6
Show that at yielding in pure torsion:

MSFP predicts B = 995, while

max
DEFP predicts T, = 05778,
whereas in pure tension both predict Toe = 0.5
S . [Hint: refer again to Figure 2.11]

2.3.5 Factors of safety

The design factor of safety, F, , is used for handling
systematically the many and varied uncertainties
associated with specific design situations. It is most
commonly applied to designs in one of two ways.
F, may be used to reduce the known strength
property of a chosen material (for example
S, /E, ), to result in an allowable-stress or working-
stress. When applied in this way, F, is referred to
as a stress factor of safety. Alternatively F, may be used
to increase the predicted or estimated applied load
(for example F, xI¥), to result in a safe-load or
working-load. In this type of application F,is
referred to as the load factor of safety. In this book we
will consistently use stress factors of safety, since they
are less prone to dangerous misinterpretation.

Although we refer to F, as a factor of safety, this
by no means signifies that a particular design is
safe once we have applied F to it. In fact, many
practising engineers refer to F , disparagingly, as a
Jactor of ignorance about the precise nature of various
influences that will impact on the ultimate
structural integrity of a specific component. A
general classification of these various influences is
provided in Table 2.4.

Earlier in this chapter we made reference to the
need for engineering judgement, and how
Judgement is often the result of wisdom developed
about some specific field of design through years
of practice. The choice of a proper value for F, is
entirely the result of good engineering judgement.

We hasten to admit that there is a degree of
arbitrariness about the choice of the various
influence factors listed in Table 2.4. Inexperienced
novice designers find this aspect of design most
unsettling, having spent considerable intellectual
skill in developing a substantial constitutive
model*® of the component to be designed. Many
experienced designers develop rules of thumb (refer
to Chapter 1 on the subject of engineering
estimation) for estimating overall values of F,. As

a general rule we note that for stationary structures
and components (for example pressure vessels and
their support systems) an overall value of F.
between 2.0 and 4.0 is commonly acceptecf
practice. For components where mass and inertia
are criteria of operational performance (for
example, internal combustion engines and air-
frames) the constitutive models of structural
performance are generally more precisely
determined. Moreover, substantial care is taken to
select and test material properties in these
applications. Consequently, a value of F, between
1.5 and 2.0 is more likely to be appropriate. Steel
ropes, made up of many strands of high tensile
steel wire, are used in cranes or in structural
support applications, where failure could be life
threatening. Any minor damage to the steel wires
can result in substanual strength reduction in the
rope. Hence, for steel ropes F,can be as high as
12.

These rules of thumb are the result of considerable
experience in the design of engineering structures
and components. Where no such experience exists,
Table 2.4 suggests some data, the application of
which still offers considerable intellectual and
creative challenge. In fact, once the embodiment
of a component has been determined, apart from
the development of an appropriate constitutive
model of the design problem, the choice of F,
presents the only genuinely creative challenge to
the designer.

In many applications the value of F, is
determined by codes of practice. For example, the
Australian Steel Structures Code, AS 1250,
recommends implicitly that F, =3 for fillet welds.
The codes of practice for pressure vessel design
and for gear design recommend the use of a safe
working stress. In some manufacturing organisations
internal codes of practice will recommend, or in
some cases mandate, appropriate working stresses
or safe loads. The factors of safety implied by these
recommended or mandatory codes of practice are
referred to as implicit factors of safety.

Occasionally in this book we will make reference
to the actual factor of safety, F , as distinct from the
design factor of safety, F . This actual factor of safety,
F , represents the hard edge of reality, and is usually
unknown to the designer, unless a failure occurs
or a component is tested to destruction. F_ is the
ratio between applied loads and the value of these
loads that will cause failure of the component. On
the other hand, F, is the designer’s estimate of what
F should be.

2.5 A constitutive mode! is derived using the available consututive equations of a specific doctrine. In our context the most commonty applied
constitutive equations are those of mechanics. However. we must not neglect the ikelihood of applying constitutive equations of fluid flow or

electro-magnetism in our models.
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Finally we sound a note of warning. The risk-
averse designer may be tempted to calculate the
operating stresses in a component from the
carefully constructed constitutive model and then
apply an arbitrarily huge factor of safety. After all,
metal is cheap, when compared to financial or
injury loss, or the perceived loss of reputation,
incurred when components fail. However, as we
noted at the beginning of this chapter, studying
failure will concentrate our minds on improved,
and eventually successful designs. We regularly
advise engineering students that “if we never design
a component that fails in service, we have not succeeded in
design”. In mass limited leading edge design, such
as yacht or motor racing, it is a well accepted
practice to design components such that they just
avoid failing. This can only be achieved through
careful field-testing under actual racing conditions.
This is risky design at its best. Perhaps the realistic
designer’s task lies between these two extremes.

Ex 2.7

(a) A large chandelier is suspended from the
ceiling of a major opera house. The
suspension is in the form of a steel bar.
Assuming that the connections of the
suspension bar to the ceiling and the
chandelier, have been substantially over-
designed, estimate an appropriate factor of
safety for the suspension bar.

(b) In a chemical plant an incinerator is used to
burn industrial waste, occasionally including
some small amounts of highly toxic by-
products. The chimney of the incinerator is
a mild-steel tube 500 mm in diameter, 20 m
in height and it is expected to be subject to
substantial wind loading. Consequently, stay-
cables are used to share the wind loads on
the chimney. You may consider the chimney
mounted by a flange bolted to the top of the

Table 2.4 Estimates of explicit factors of safety

Factor Relevance to the design Range of values
Consequence of failure
F, Seriousness of failure I —1.4
Uncertainties associated with load estimates
? Magnitude of the load 1.0~ 1.6
‘, Rate of load application (shock loading?) [.2-3.0
y Load sharing between elements of the component .0~ 1.6
Material and modelling related uncertainties
s, Variations in material properties 1.0-1.6
s, Manufacturing uncertainties 1.0~ 1.6
S, Environmental and operational uncertainties
(temperature, corrosion) .O-1.6
S, Effects of stress concentrations (analytical values) can be high
S, Reliability of mathematical mode! 1.0-1.6

Design factor of safety F, = F, x Py X 0y X €4 XS XS,XS,XS,XSg
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incinerator structure. Identify some probable
modes of failure for the chimney and estimate
a suitable design factor of safety for the
chimney.

(c) At some monuments and scenic locations
safety-rails are used to protect visitors. The
safety-rail is usually constructed from heavy
steel pipe, with the horizontal sections
welded to vertical supports secured to the
ground. The ground connection is either in
the form of heavy flanges, welded to the bases
of the vertical supports and bolted to the
ground, or the base of the vertical supports
are securely embedded in the ground.
Estimate the worst credible accident that might
befall this type of safety-rail. Identify the
modes of failure for a typical rail section and
estimate an appropriate design factor of safety.

2.4 Assighment on failure pre-
diction and factors of safety

The aims of this brief assignment are:

(a) to clarify the ideas of mode of failure, failure
predictor, and factor of safety; and

(b)to give practice in the design of simple
engineering components to resist failure.

2.4.1 Background

A service table is commonly located in front of each
passenger seat in commercial aircraft to provide a
toldaway surface for supporting meal trays, writing
or reading materials, drinks and various other
articles. Figure 2.19 illustrates the approximate
form of one of the two support arms for such a
service table. The aluminium from which these
arms are made has the following materials
properties:

S,=145MPa; S =250 MPa; E = 70 GPa.

2.4.2 The design problem

(a) Use any necessary assumptions to estimate
the maximum bending moment experienced
by the arm when the table is subjected to your
chosen value of the design force, V.

(b)Is a faslure predictor (theory of failure) required
in order to predict the failure of these arms
by yielding? Why or why not?

(c) List the possible modes of failure for the
major elements of the service table.

(d)On the basis of reasoned argument, decide
upon a suitable factor of safety to be used in
the design of the arm to resist yielding in
bending. Tabulate your calculation. Does the
resulting factor of safety seem reasonable?

(e) Design the arm to resist yielding. Ignore
details of the end connections.

(f) To ensure the suitability of the table for
certain uses (e.g. meals and writing), it 1s
desirable not only that the table and its
support arms avoid any gross structural
damage, but also that the vertical
displacement of the table’s near edge under
the design loads be kept to within, say, 10 mm.
Indicate the method by which you would
incorporate this second mode of failure into
your design process. There is no need to
perform the calculations for this part of the
design.

(g) Suggest reasons why designers might take
more care with such devices than with (say)
the design of seats in railway carriages or
street-cars (trams) for structural integrity.

next seat -

/_zJj t
30 (
==

Section A-A

Figure 2.19 Aeroplane service table (schematic, not to
scale), dimensions in mm



| Chapter 2

Engineering Design Associates

Project Title : AIRLINE SERVICE TRAY

Date

W%ﬂbji\)ﬁww b\‘s 2 (ﬁanm} T[o,s 15%@&&%5&2&”

e e s

02:14:98
Page
l of 7
@-\) Eﬁ—\ma%cm Jﬁ d(%\fq\/\ p\rwv W, & max. Mv\q mowmaud- o
ke@ W %
SOURCE  OF LOAD FOQCE
— weal 44\3 {5 ke 50 N
— booles <A \<3 {6 N
— qu\'\ 6&@4\3} 206 N
— @{\w— (proportion L tono weigld) | ~ico N
-—W\}me/wa&ﬁ ~20 k] ~200 N
— sathing ~40 kg | ~4o0oN ———(orcemive )
& it ke tleresting 4o have a diseussion |
Eans Hho g‘w&u\* %&M amf;ém-
)
At “ﬁx b F R
On e busis of tho ahove ligh choose, » | W= (200N
Nefe. dhat u;e:i desiawi ) §o§ N>
deble st) 50 W _—

i 75



76 |

Design against failure g

Engineering Design Associates

Date
Project Title : AIRLINE SERVICE TRAY 02:14:98
W Page
20f7
50
""-‘* M,e_ o | Chkd.
\e BOOM ?w«%lm ‘q»@e 300 i‘\m
MP = {00 Nx3comm = 20x0° Nowm
Mg = 1o Nxbo mu = 60105 Nowm 9
Nete dhak dho womandr M vavies qgﬁzww
ad s 3 WMaximum -MQ R,

(5 @Wﬁsmwm{l‘»a}%aﬁ@iiw

%&j 19 ) Mﬂm Csm)m'u
riove W a M\l%*\ % s#\ot?l g‘
S “-%\)\Ax\:t% 4o BENDING <qresses . whi

\ Fae_reguldF oF (anim
; m%mwm

ewm

" Theevies \;Sz Ao’ —— quch sy the Maxwuum Thoaw Jivess

%m T(?Q} M\\/p{% ng;m&m%
n wot}f%um;&k l "um

we Yo o AﬂgueoL tp sidmations ‘MO{W:\ MULTY-8)

(m%%m YRR T g yiching M

?

0'85.




lﬂapter 2

12, Bxomsve frickion (b squesding 71) in h
Nete st dudomts m othink
[\W%W m
@) Btimtkion og SJM wa Fu

\V\q‘\l FOL)WW\MV\ T e

\s sk OHIQ i;“@ a# ;, 3)81 Sy
mnam“\u;@# A i e

The valugs S‘W V\%%\QW»\W&VQ"\S MVQJ
edtimades

S RO R

}gmél M%ﬁﬁﬁm *k“lko. ueness
m% YRSt fumete & oy

ice &uﬁa@@m@ dea:\

7

]

Engineering Design Associates Date
Project Title : AIRLINE SERVICE TRAY 02:14-98
©) Rrille modos :g_ g«\w&%v sevvice balde zage7

ey of e bop in bending of

2. Fradwe « v v Ckd.

3. Yiekling f suppoed o - i,

k., Frockwe » + 0 0o

5 S"\eun‘"& %&\w °¥ \rw\ae fin at Q’

6. i TN pinvs ok P (2pi)

EL TQ’””“G @\ecw }Qufuw; 0’8— Aot of P’

<. wa%w \&\w vexsd\cm Fm»dc Q'

9. Excomdve ole@%w%«m vg dable (v@A«cdlB

fo. SR (M@al z«oa\eD
[ 11 bty 4 b o) g o ] )

77



Design against failure

— o
Engineering Design Associates Date
Project Title : AIRLINE SERVICE TRAY 02:14:98

Riow  Decerighon, e UuslRomge :af;
W consen evices {%‘m (M Soriou) lo [to-14]
L werkivdy n lood magitde N Chd.
Lo o reletladapplich fgumiclads) | 13 (12-30) Arim
£ v iy d boan anders | 45 (1]
S wnorhiskycie bo watkrtd pops, (ialue of Sy) | 1 [#t~16]
g, G el i (ing acomen) | 44 "
s, ] v envirooanded o (ewam,‘i'l‘g 11 "
S, v abeut shress Concandukions (ven enla) 15 [@‘.\d)ﬁffé’ﬂ
S v ekl el fog it fres) 11 (H~1¢]
Oeall B =F 414 g5, 2S5 = | 642

= , F,,( > 6 !
@) Designtearms toresivh yelling
Derige nequolity -~ | O e & S |————01)

. where Of, i = Manimum Mn?@% in the arm .
(8 mee il v ok He cuderr Ghres o e arae)

\“W‘ GE=MI{‘ ; ()}')stﬂéi’:l_@)
MQ}Wm‘ij e fopate & dtha arm lug

k, | i yakios v.? MAX x ‘
Tl %%Mﬁ”m%wﬂm

M% e 'Q and ‘P ). ]

m%m%i m exentise, )mu;{umﬁr dho Mz:(
-secKion whtre

IMHAIOS. given. in :(m "mm W%&M ‘CoAﬂﬂa.




| Chapter 2

Engineering Design Associates

Date
Project Title ; AIRLINE SERVICE TRAY 02:14:98
HC%UL M: MQ = €0 x(03 N. e Page
Sof7
L3 %Imﬁm
t =(4N =
d=30 *’/L‘ & ] Yon =(Z) = 15 Ckd.

Nede . “desiau Hhe arm” i_‘m
 da Wi
Y }é&mm frders “":@;’&“« oy
‘ng"{ :u% dexign ‘awiskles

&%}" &cﬁ'MGle > -
| wlere A, =(0-t)
% A= @e-2t)
= Lo = %Lj - @lifé___—ﬁ}l‘ !m(?)) L

%T&E %Mc i tﬁ)m‘lhd ﬁ% "wfj

£ (8 () + € (z(rwt) vt led) (w d)+ ()65
Re oun~ Mw olm ol
M gf,ﬁx__g _g_%: -~ I,,, > E%g_uﬁ_]

3

Nour EL M x _ 60 X@KIOSXMM—: 1S mwm
; ——ésb 185 N m w oo iMA=1 “b

= 3F 242 wmwmt

)




80

Design against failure

Engineering Design Associates

Date
Project Title : AIRLINE SERVICE TRAY 02:14:98
Page
Lo %m ®), we Ly > 37,242 wm* 6of7
whare Tow is e)\)@(u«s‘kp( bﬂ MRAML o€ avaaﬁhow @) ): )]
The oml d\ Ckd.
S
. wpt 3 Y,
¥ %&m % «%* e
u
ey ke geeny e
Frowm &VA&%—\M @) 4wl cateshahions w\% i 20 m I’”‘
= €= & mm ; T.. =35 ex \MM“ (Lm%ue«dr)
E=10 mm | T = &4 167 wmt (O
E=6 M Tiv = 3% 196 wmmf (dw;( ox)
Hence. choose. \t S i t

It coukd e avzued +h
diManwmions Z'Suaoxsomﬁw

6 MM Seoms
be to redax cema

mn_imdwzjw Car

: e makces wnse to
Thonm wouldd Lok Hhak
o ool R £ EEIN R

b{.
Mqé;vema%

\ms%%dfkmru

somaur-hat
é«ﬂhﬁf&a{ :

£ s *fa‘fﬁf”";%-
TR,

&> Disusion ag damppn & aecoptable vevdical efHecstion

S5
o

TRQ J.J'CBWM

be
e
272

Ele @)

mw(,ow%sz

ol o1

‘t’;“fﬁ%mwm Mum'%,(g
qug ali Mﬂ%msake

%) Mmeawe 'S Joken oni an

o“b.— <irai laa~
s & More Rrious

aeroflone .

o S e




| Chapter 2

Engineering Design Associates

Date
Project Title : AIRLINE SERVICE TRAY 02:14:98
Addendum: Page
7of 7
)y L ()\\ SGL&JJMN\M & Pawis "WMJ :
wsa wm(% (e Vemm(,e& sty e Ckd.
M\b :&_‘ ™

m-&»{iwe
| U "/”'%III»
o

&M condvoid ‘&' to XX ems

iz [E- ﬁj@)i

ctvordd axis GG
%\‘W M“f’? C,—-sec‘,«m’mfo 3 'is&b m._.
&,
‘ __.tiﬁ } 4\“
o, 44, d
x ) -QM‘ N

)
- whick & & nasty e lekt in £ buk thads ok !
Eyw‘iowg (3) & (5) can be theum 15 & idowkical C\ \\orz>

Hence I——%' Zw’ert)t@;)zl
oL




82 |

j

2.5 Design for dynamic loading
(fatigue)

"All machine and structural designs are problems in fatigue because the
forces of Nature are always at work and every object must respond in

sorne fashion.” Carl C. Osgood (1979)

It has long been recognised by engineers that
component failure due to time dependent loading
occurs at significantly lower stresses than that
observed under static loading. In the preface to a
bibliography on material and component fatigue,
John Mann notes (Mann, 1970):
“Investigations relating to the failure of materials and
structures under repeated or cyclic loads have been in
progress for over one hundred and twenty-five years.”
While Mann goes on to record publications of
experimental work and other observations on
fatigue by W. A. J. Albert (1838, on ropes), and W.
J. M. Rankine (1843, on the failure of railway
axles), it is now generally agreed that the term
fatigue owes its introduction to failure mechanisms
to Jean-Victor Poncelet in 1829%°. The first
systematic studies of failure mechanisms under
cyclic loading were conducted by Anton Wohler
(1819-1914). Waohler’s work was initially aimed at
investigating fatigue failures in railway axles
(Timoshenko, 1953). Consequently, as a significant
first step in this failure investigation, Wohler
needed to establish the load patterns to which the
axles were exposed in operation. This approach,
described in Wohler’s historic 1858 article??, is
common practice in fatigue investigations today.
Wohler went on to investigate the fatigue failure
mechanism in a rotating beam machine as well as
in reversed bending (Wohler 1858). Figure 2.20
shows Wohler’s rotating beam test schematically.

ruU'

Figure 2.20 Wahler's rotating beam test for the fatigue limit
of railway axles (After Timoshenko, 1953)

In the rotating beam test the central hollow shaft
and flywheel were rotated at constant speed and a
load was applied to the two beam specimens at each
end, by an adjustable spring, connected to the
rotating specimen through a bearing. However,

2.5 Timoshenko (1953), loc. cit.
2.6 Mann (1970), loc. cit.

fatigue tests take a long time to run, since the
component needs to be subjected to many cycles
of stress before fracture. Wéhler recognised the
difficulty of running such tests with full size axles
and at normal operating speeds of around 15 RPM.
Hence, he used specimens of reduced scale and
ran the tests at double speed, thereby being able to
generate substantial fatigue data in a reasonable
time. Wohler also recognised that in order to
establish practical design working stresses for a
wide range of materials and geometries, the
limiting fatigue failure stress (endurance limit)
needed to be related to static load test data. In our
brief introduction to design to resist fatigue failure,
we will make use of such relationships. However,
as a general rule, designers must seek fatigue data
from tests that expose components to cyclic loads
comparable to those ‘seen’ by the component in
practice. Typically, vehicle components exposed to
cyclic loading, are tested by applying loads observed
on a vehicle test-track. Air-frames are tested for
endurance by exposure to wind-gust data observed
in test flights. Experience with fatigue failure has
shown that life estimates or safe load estimates are
much less precise than strength calculations
(Cotlins, 1993). Moreover, results from fatigue
testing of materials exhibit appreciable statistical
spread, even when closely similar test conditions
are used. Consequently, all design predictions for
fatigue resistance must be treated as cases in
statistical reliability.

Studies of fatigue failure have identified three
stages of the process, namely crack initiation,
followed by crack growth and finally fracture. It is now
generally agreed that all failure mechanisms
commence with some local material discontinuity
or crack. The generation of such a discontinuity is
termed the crack-initiation phase of fatigue failure.
In general, it is also an accepted notion in fatigue
design that all materials have some form of
discontinuity or micro-crack which acts to initiate
the fatigue failure process (see for example Collins,
1993, or Mitchell and Landgraf, 1991). Given the
appropriate condition necessary for crack initiation,
once initiated the crack will continue to grow with
each further cycle of loading applied to the
component. Once the crack has grown to a level
where the material section can no longer resist the
applied loads, the component will fracture.

Where the applied load is sufficient to cause
plastic or permanent local deformation of the
component, either due to load level or due to some
geometric stress concentration, cyclic application
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of such loads will propagate the crack to failure
after relatively few cycles of application (of the
order of one to 10° cycles of load application,
Collins, 1993). In this type of low-cycle fatigue, the
material suffers cumulative damage at the tip of
the crack as the component progresses to failure.
Cumulative damage and crack-growth rates are the
main objectives of the study of fatigue life
prediction based on fracture mechanics.

For component load levels that limit deformation
to the elastic region, fatigue failure may still occur
at relatively large numbers of cycles of load
application (in the order of greater than 10° cycles).
Crack-growth and cumulative damage in this type
of high-cycle fatigue is still the subject of intense
research, and it is also the domain of fatigue life
prediction based on fracture mechanics. In this
introductory text we focus our interest on simple
design procedures that take appropriate account
of time-dependent load applications, rather than
on fatigue failure mechanisms. Nevertheless, some
component design situations call for the
investigation of fatigue failure due to design error.
In such cases it is important to recognise some clear
telltale signs of fatigue failure. Figure 2.21 shows a
typical rotating beam type of fatigue failure. This
is exactly the style of failure investigated by Anton
Waohler. The rotating beam was exposed to a load
which was fixed in direction Hence the extreme
fibres of the beam suffered reversed tension and
compression as the beamn rotated through each full
revolution.
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Figure 2.2 Typicd fatigue failure surface of a rotating beam

l

The crack, having been initiated at some surface
irregularity or geometric stress concentration,
progressed in stages through the section. This
crack-growth progression is indicated by the lighter
striated area of the cross section seen in the lower
part of the figure. The striae are colloquially
referred to as beach marks, a commonly recognisable
telltale sign associated with fatigue failure. The
beach-mark section of the failure surface is generally
smoother than the final fracture section, also clearly
seen at the top of Figure 2.21. This relative
smoothness is partly due to the opening and closing
of the fracture surface during repeated load
reversals.

2.5.1 Factors influencing the onset of
fatigue failure

Failure in fatigue is the result of the interaction of
many complex influences, including the
magnitude and cyclic character of the applied load.
As already noted, crack initiation can occur as a
result of some material defect or due to a geometric
stress concentration. Hence surface finish and
component geometry are key influences in
determining structural integrity under cyclic
loading.

The cyclic nature of the applied load

Figure 2.22 shows the generic terminology used
in describing cyclic loading. Although the loading
indicated here is sinusoidal, more general load
application is still commonly described by the
parameters of the stress-time curve indicated in
Figure 2.22. In this context we recognise three
main types of stress-time curves, namely fluctuating,
fully-reversed and repeated stress-time cycles.

Stress 4 §

mean

o,

min

Mean stress | O .
amplitude

Time

Figure 2.22 Fluctuating load cycle indicating generic stress-
time terminology
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The nature of stress-time curve is described by
the relative magnitude of the mean stress.
Fluctuating load cycles have all three (mean,
minimum and maximum) stresses non-zero. Fully-
reversed stress, as implied by the name, results from
loading where the signs of minimum and
maximum stress change during the load cycle, and
the stress alternates symmetrically about a mean
value of zero. Repeated loading implies a zero
minimum stress. Figure 2.23 indicates some typical
load cycles encountered in practice. Figure 2.24
shows some typical engineering components with
their associated load-time curves.

Ex 2.8

Examine your surroundings, either at home, work,
or at some sporting venue, or even possibly at the
gymnasium where you work out to maintain your
physical fitness. Identify ten components in these
surroundings that could, in your opinion, sufter
fatigue failure if not properly designed. For each
of these components suggest the most likely load
cycles they are exposed to in service. Wherever
possible, estimate reasonable service load cycles
and plot these on load-time axes. Nofe: you are not
expected to do any detailed calculations for this
exercise.

R TAWANAN
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(a) Repeated loading Time
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(¢) Sinusoidal, variable amplitude

(d) Non-sinusoidal

Figure 2.23 Some typical load cycles

|\ Y Time

rotating axle

(a) Railway axle; sinusoidal load cycle
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(b) Fluttering flag; sinusoidal, variable amplitude load

W W\W

(c) Truck front axle; random load

 Pressure l/
% Time
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(d) Internal combustion engine; repeated load cycle

Figure 2.24 Examples of practical load cycles
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Material behaviour under cyclic loading

A question that has long puzzled fatigue
researchers is the effect of accumulated damage
on the component subject to cyclic loading. As
noted earlier, estimation of cyclic load behaviour
from static test data is, at best, a gross simplification
of the fatigue failure process. During the first phase
of fatigue failure, components accumulate damage
at the microscopic or grain boundary level. This
aspect of fatigue behaviour is dealt with by
dislocation theory (see for example Collins 1993,
for an introduction to dislocation theory and
fracture mechanics). Once a crack has formed,
damage is accumulated at the crack tip. The stress
field at and around the crack tip is invariably
triaxial, even in uniaxially loaded elements, so
deducing crack growth phenomena from uni-axial
static stress strain data is unacceptable. Figure 2.25
shows the behaviour of elastic materials when
subjected to cyclic loading and unloading,.

Figure 2.25 Cyclic stress strain curves {schematic)

The exaggerated hysteresis loops indicate that
during straining the material suffers accumulated
damage. During the load cycle, the material suffers
both elastic and plastic strain. The sum of these
two strains is referred to as total strain and
experiments with a wide range of elastic materials
has shown that the most reliable predictor of
fatigue life is the total strain (see for example
Manson, 1965 and Fuchs and Stephens, 1980).
Manson and Fuchs and Stephens have proposed
relatively simple formulas for relating total strain
to fatigue life (Shigley, 1986), however, as Shigley
notes:

[these equations are] “of little use to the designer.
The question of how to determine the total strain at the
bottom of a notch or discontinuity has not been answered.
There are no tables or charts of strain concentration factors
in the literature.”

In part to overcome these difficulties, Shigley
goes On to propose an approximate empirical
approach based on converting stress amplitude
(known from the applied cyclic loading) to plastic
strain (suffered in the plastic region). However,
these empirical rules are hardly different from
estimating cyclic load behaviour (S,) from bulk
strength data (static strength behaviour S ).

Experimental results from cyclic load tests are
usually presented in two common forms indicated
in Figures 2.26 and 2.27. Stress level plotted against
numbers of cycles to failure are called S-N diagrams
(S for stress, N for the number of full load-reversal
cycles to failure).

Figure 2.26 S-N Data for fully reversed axial fatigue tests;
Data is for normalised chromium-molybdenum steel, S,
range 800 to 860 MPa, S, =338 MPa (After NACA Tech.
Note 3866, Dec. 1966)

Figure 2.26, plotted for a normalised, chromium-
molybdenum steel, indicates the range of fatigue
failures suffered by the components tested. The
points on the graph also indicate the large numbers
of tests needed to obtain a single S-N curve.
Unfortunately, the logarithmic scale of the ordinate
doesn’t do justice to the real scatter of the points
relative to the S-N regression line.

Due to the consistently uncertain nature of the
fatigue failure of any test specimen, even when
exposed to ideally similar test conditions, any
inference from fatigue test data needs to be
modified by measures of reliability statistics. Figure
2.27 illustrates the inherent uncertain nature of
fatigue failures on a P (probability of failure)-S-N
diagram, plotted for extruded 2024 aluminium
alloy.
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Figure 2.27 P-S-N Data for fully reversed axial fatigue tests;
Data is for extruded 2024 aluminium alloy, S‘: =470 MPa;
un-notched specimens on rotating beam test.

In practice, it is rare to find components exposed
to constant amplitude load cycles. Hence, to
predict a safe fatigue life, S-N data similar to that
shown in Figure 2.26 are used in estimating
accumulated damage to a component subjected to
a spectrum of load cycles. The most common
method for estimating accumulated fractional
damage during real life load cycles is due to A.
Palmgren, later modified by M. Miner, the
Palmgren-Miner linear damage rule, or Miner’s rule (see
for example Shigley, 1983; Collins, 1993;
Palmgren, 1924; Miner, 1945). The procedure used
is llustrated schematically in Figure 2.28. Consider
a material exposed to some varying sequence of
stress levels, + S, for n, cycles, £ S, for n, cycles,
+ S, for n, cycles, and so on as indicated in Figure
2.28(a). Figure 2.28(b) shows the number of cycles

(a) Load application regimes

Figure 2.28 Cumulative damage due to cyclic loading

N, N,,and N, required to fail the material at cyclic
stress levels + S £S5, and* S, respectively. Miner’s
rule states that failure of the material will occur

whenever the cumulative damage

n n n
__1_+_2_+_L+...21.
NI N2 N3

Another significant feature of fatigue
performance, seen in Figure 2.26, 1s that at some
level of stress, the test specimens appear to survive
cycles of load applications N >10°.

Figure 2.29 Scatter band of observations of the relationship
between endurance limit and ultimate tensile strength for
a range of steels and cast iron. (After Lipson and Juvinall,
1961)

The stress level for which test specimens
experience a high probability of survival beyond
N =10"1s called the ideal endurance limit, denoted

(e2
S+ - - — -
Failure curve
I (100%damage)
R
5, T
P
It | o
1 T
N,N N, ycles to failure
(b) S-N curve
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S, . The ideal signifies that the result is for smooth,
un-notched test specimens tested in ideal laboratory
conditions. Figure 2.29 is a plot of endurance limit
data against S | for a range of steels and cast iron
For most steels up to approximately S

1400 MPa, a fairly linear relatlonshlp can be seen
to exist between S jand S, whereby S’ =0.5S, .
In the absence of experlmental values for S/, this
provides a reasonable approximation.

Effect of geometry (stress concentrations)

Figure 2.30 Some typical stress concentrators and their
associated stress distributions. The scales of stress
distributions are exaggerated to indicate approximate
shapes only.

In his studies of fatigue failures, Wohler already
recognised the significance of component
geometry, and its effect on initiating failure by
fatigue. As noted earlier, fatigue behaviour is more
closely related to total strain than to component
stress. Local straining is commonly experienced
at geometric stress concentrations (notches and
holes) in components essentially designed for static
loading. This type of local straining is said to
redistribute stresses in components.

High strain sites in a component are high
probability sites for crack initiation. Consequently,
in designing against fatigue failure, we need to

I

make appropriate allowance for stress
concentrators by modifying S’ with an appropriate
geometric stress concentration factor.

The scale of stress concentrations shown in
Figure 2.30 have been exaggerated to indicate the
considerable increase in stress intensity at changes
in geometry. In real components, the effect of stress
concentration is highly localised. Nevertheless, the
effect of the highly localised increase in stress
intensity is to generate sites for crack initiation in
fatigue failure.

We define two factors for modifying endurance
limit data from ideal, smooth un-notched,
specimens.

actual maximum stress
.= , and
nominal stress

endurance limit of notched specimen

K, =
f .. . .
endurance limit of un — notched specimen

K is generally obtained from elastic theory, or
photo elastic studies of suitable models of the
component under investigation (Timoshenko and
Goodier, 1982). Alternatively, localised stress
increase due to changes in geometry may be found
from finite element analysis (see for example
Samuel and Horrigan, 1995). Figure 2.31 shows
one of a number of graphs obtained for test
specimens with geometric stress concentrators.
The curves are a function of both the component
geometry and the nature of the cyclic loading
applied. In general, K must be established from
data obtained under representative loading
conditions.

K. (the subscript f in this case denoting the
relation of this factor to a fatigue, or endurance
limit) is estimated from the combinations of K and
another factor called notch sensitivity index, 9. Notch
sensitivity is a material property, and is a function
of material bulk strength S, . and another geometric
variable called notch radius. The notch radius is a
measure of the notch size on the test specimens
used for determination of ¢, defined as

K; -1
K1

This is generally rewritten as

q:

K, =1+q(K,-1).
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Figure 2.31 Round shaft with fillet in cyclic tension/
compression. Geometric stress concentration factor. (After
Peterson, 1974)

Notch sensitivity index g is shown on Figure 2.32
for a range of steels and one aluminium alloy.
Clearly, the effect of a notch increases with the bulk
strength of steel. It is interesting to compute the
effect of a 0.5 mm radius (commonly used for
fillets in manufacturing) on a simple component
exposed to reversed bending, as would be the case
with the axles of railway wagons (these were the
first components investigated by Wohler in his
1858 studies®”).

Design against failure |

Figure 2.33 A simple engineering component subjected to
reversed bending (dimensions shown in mm)

Consider the simple component shown in
Figure 2.33 undergoing cyclic reversed bending.
With the geometry shown, we find from reversed
bending data (similar to the data shown on Figure
2.31) that for r= 0.5 mm, K = 2.6.

From Figure 2.32 we find that the notch
sensitivity index g, for two steels, one at §,. =
1400 MPa (a very high strength steel, such as spring
steel or a nickel alloy), and another at §. =
700 MPa (a relatively cheap structural steel).

Tran — 0.9, and ooy = 0.7;
K, = 140.72.6-1)= 2.12;
K, = 140.92.6-1)= 2.4,

If we now approximate S to 0.5 S ., we find
that once this value is modified for stress

Figure 2.32 Notch sensitivity index for steels and AL 2024 alloy. (Afterjuvinall, 1967)

2.7 Wohler, A. 1858, loc.cit.
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concentration, the resulting S, (not allowing for
surface finish or factor of safety)

S, = 0.7/2.44 = 287 MPa;

S 200 = 0.35/2.12 = 165 MPa.

So, even though we may double the bulk
strength of this component, we only gain a 74%
increase in endurance limit. Moreover, once we
take surface finish factors into account, the
difference 1s further reduced.

Effect of surface finish

We also need to make appropriate allowance for
surface finish on the component. Whilst geometric
stress concentrators represent macro-scale changes
in geometry, surface defects, acquired in
manufacturing, may be similarly regarded as stress
concentrators, but at the microscopic level.

The effect of surface finish on endurance limit
is expressed in terms of a surface finish factor K,

as shown on Figure 2.34.
501 /
13
S
4.0+ & 28
ié) 05&0(%
g
30 1 g ho&(o\\ed
/ /
0 hined or cold d
machined or o rawn
4 / +
/—/’i””i —+—ground
4 1
1o T~—— polished

04 06 08 10 12 14 16 18
tensile strength S, (x10° MPa)

Figure 2.34 The effect of surface finish on endurance limit

This figure, the result of compiling data from
various sources, shows the importance of both
surface finish and its influence on endurance limit
with increased bulk strength S, . Both factors K
and K  serve to reduce S,, the endurance limit for

i
smooth un-notched specimen, resulting in a
practically useful design endurance limit

S =
K,K,F,

S, may be regarded as the realistic endurance
limit of an actual component, as distinct from the
ideal endurance limit, S;.

Other influences on endurance limit

So far we have dealt with only the most significant
factors influencing endurance limit. There are a
number of other influences which need to be taken
into account in critical designs. We have already
noted the influence of corrosive environments on
bulk strength properties of materials. In studies of
reversed bending of sharply notched mild-steel
specimens immersed in air and oil, a significant
improvement {approximately 50%) in endurance
limit was found for oil immersed specimens over
that found in air. Moreover, when specimens were
immersed in brine, the endurance limit
disappeared altogether, with specimens continuing
to fail as the applied stress amplitude was reduced
to zero (Frost et al. 1974).

The effect of increased operating temperature,
although not as significant as corrosion, serves
generally to reduce or completely eliminate the
endurance limit. At high temperatures, for example
in gas turbines, the effect of creep-failure becomes
more significant (Collins, 1993).

The size of a component has a slight but
predictable effect of reducing the endurance limit.
This effect is based on the theory that
imperfections (crack initiation sites) per unit
volume remains constant in material resulting
from a given manufacturing process. Hence the
probability of finding imperfections increases with
the gross dimensions of the component (Collins,
1993; Frost et al., 1974). Surface coating (plating)
and fretting (microscopic movement between
components in contact) are other significant factors
serving to reduce the endurance limit.

Our objective in presenting this section on
fatigue behaviour of materials 1s to illustrate the
highly complex nature of fatigue failure. In what
follows we make use of some of these ideas in a
simplified design procedure for uniaxial, high-
cycle fatigue.
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2.5.2 A simplified design procedure for
uniaxial fatigue

In practice, fully reversed load cycles with zero
mean stress are rare. Consequently, the designer
needs to take account of the effect of non-zero
mean stress on the fatigue life of a component.
Although Wohler was the first to study material
behaviour systematically under cyclic loading, the
first to offer design rules for components
experiencing time dependent loads with non-zero
mean stress were J. Goodman and W. Gerber in
the late 19th century®®. Figure 2.35 shows typical
cyclic loading experimental data plotted as mean
siress versus peak-stress-at-failure. Goodman assumed
the endurance limit to vary linearly from 0.5 S, at
ZEro mean-stress to zero at a mean stress of .
This assumption is indicated by the linear
relationship on Figure 2.35. Gerber fitted a
parabola to the available data, indicated as the
Gerber assumption, also passing through + 0.5 S s at
Z€ro mean-stress.

A

Figure 2.35 Goodman diagram, showing both Goodman's
and Gerber’s assumed curve fits

Once reliable zero-mean stress endurance limit
data, S/, became available, Goodman’s original
assumption of £ 0.5 S, at zero mean stress was
modified to make the original Goodman line pass
through * S’ at zero mean stress. This line,
commonly used for infinite-life design against
fatigue is referred to as the modified Goodman line.

As we have seen in Figure 2.29, Goodman’s
original assumption of + 0.5 S at zero mean stress
was a very good practical assumption. In design

2.8 Quoted in Frost, Marsh and Pook (1974)

practice, where fatigue data for a specific
application is unavailable, and where we are
prepared to use a substantial factor of safety, 0.5
S,.is commonly employed as an approximation to
the endurance limit S/,

Results of laboratory tests on smooth, un-
notched, test specimens are also plotted on an A-M
diagram (A for stress amplitude, and M for mean
stress). Figure 2.36 shows an A-M diagram for steel
specimens, where the axes are ratios of stress
0,,/Sy (mean stress divided by ultimate tensile
stress) and ©,/S; (stress amplitude divided by
ultimate tensile stress) respectively.

The curves drawn on the A-M diagram are for
constant life data at various numbers of load cycles
to failure, ranging from N = 1 (static load
behaviour) to N >>10° (infinite life). Clearly, a single
load excursion to S, will result in component
failure on either axis of the A-M diagram. Hence,
any test-specimen that has some combinations of
applied mean stress (0, )and alternating stress
amplitude (0, ) lying inside the A-M diagram, is
estimated to fail at some life given by the nearest
life curve above the point representing this combination
of stresses. However, for design purposes we are only
interested in values of combined stress that lie
below the infinite life curve on the A-M diagram.

The infinite life curve is a regression drawn
through the available data and its similarity to the
Gerber assumption line indicated on Figure 2.35 is
clearly recognisable. Another important feature of
cyclic load behaviour, also notable on Figure 2.36,
is that compressive mean stress has significantly
less effect than tensile mean stress on the
endurance limit. This effect is attributed to the
observation that fatigue failure in compressive
loading is the result of a different fracture
mechanism than that observed in tensile fatigue
failures. We postulate here that in most
conservative design situations we will be concerned
with crack propagation due to tensile loading
damage during cyclic loading. Hence, for design
purposes we can redraw the first quadrant of the
A-M diagram as indicated on Figure 2.37.

From the perspective of wishing to avoid failure
by fatigue, the shaded portion of Figure 2.37(b)
would seem the appropriate design space, not yet
modified for K, K and F,. Noting that one bound
of our design space is S, on the mean stress, o,
axis, will alert designers to the need to consider
failure by mean stress yielding, S . This was first
considered by C.R. Soderberg (Soderberg, 1935),
in a conservative way, replacing the modified
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Figure 2.36 A-M diagram for smooth un-notched steels, showing load lines with varying stress ratios
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Figure 2.37 Approximations to the A-M diagram, used in fatigue design for infinite life
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Goodman line in Figure 2.37(b) with one passing
through S, on the mean stress axis (the Soderberg
line).

Practical design requires a somewhat less
conservative approach to that suggested by
Soderberg. This is shown on the A-M diagram of
Figure 2.38, constructed for a steel component.
Figure 2.38(a) shows the modified Goodman line
constructed from infinite life data for a specific
steel material. This line is further modified by
stress concentration and surface finish factors K
and K, resulting in a fatigue failure line for the stee
component. The yield failure line is also shown on
this diagram. Figure 2.38(b) shows the A-M
diagram redrawn with both the fatigue and yield
failure lines modified by a design factor of safety
F, resulting in the shaded safe design space for this
component All designs with combined mean and
alternating stress amplitudes falling inside this safe
design space will survive infinite cycles of
applications of the specified design loads.

An example of applying the A-M diagram to
design will demonstrate its use for selecting
component size in simple, uniaxial, fatigue
applications.

Ex. 2.9

Figure 2.39 shows one end of a small rectangular
marine diesel connecting rod. The loading on this
steel component may be regarded as cyclic uniaxial
loading. The design task is to determine the actual
factor of safety, F, that has been applied to the 20
mm square section connecting rod. The material
chosen for this application is structural grade mild-
steel, with S, = 600 MPa and S, = 400 MPa.

The load P is estimated to fluctuate between 10
kN and 30 kN.

From a chart similar to Figure 2.31, but in this
application for flat bars in cyclic axial loading, we
estimate K as follows:

/D = 3/20 = 0.15; and D/d = 30/20 = 1.5.
Hence, for a 600 MPa steel in reversed axial
loading we find
K =1.87.
From Figure 2.32 for this grade of steel we find
the notch sensitivity index,

q=0.82.

yJe.'d design line

fatigue design line

0
\Wis
safe demgn space S, /F

“onstruction of A-M diasran

|0y Lon Qf /

Figure 2.38 Constructing the A-M diagram for the design specification of a steel component
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Figure 2.42 Riveting press and typical load cycle (schematic)

One of the most highly stressed locations on this
press is at the base of the press support indicated
at location A on Figure 2.42. The press load cycle
is also indicated, with F, (= 1 kN) the clamping
load and F, (=2 kN) the maximum riveting load
respectively. The press support is a solid rod whose
diameter needs to be determined.

Ex. 2.11

A stationery manufacturer needs a design for a
stapler return spring. The material chosen is a
spring steel with S, = 1,100 MPa in the heat
treated condition. Figure 2. 43 shows the proposed
design of the spring, with the dimensions B and ¢
to be chosen.

=
B @ X
[Tt [ 2

section XX

& = Smm —I b= 50 mm -*’

|"—

——l

Figure 2.43 Stapler spring (schematic)

The return spring force, I is required to be
approximately 20 N, at the maximum deflection,
of the spring &§ = 5mm. Select appropriate values
for the dimensions of the spring. You may assume
thatK = K=K =1and F, = 1.2,

2.6 Assignment on design to
resist fatigue failure

The aims of this brief assignment are:
(a) to give practice in designing engineering
components to resist failure when the applied
load varies with time;

(b)to clarify notions of stress amplitude and
illustrate various features of the A-M diagram;
and

(c) to provide some experience of exercising
judgement in the use of data.

2.6.1 Background

Modern bicycle wheels are complex structures
consisting of a hub, a light (and therefore flexible)
rim, and numerous wire spokes — the standard
number of spokes being 36. Each of these is pre-
tensioned by means of a small threaded nut inside
the rim so that the wheel remains rigid, and so
that net compression of any spoke is avoided under
normal operating conditions. Spokes occasionally
break after an extended period of service.

|
|—] - —]
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Figure 2.44 Bicycle frame and approximate load distribution

Your task will be to design the spokes to resist
fatigue failure. Figure 2.44 shows a bicycle frame
schematically, indicating the assumed location of
its centre of gravity, for the purposes of this
assignment. Figure 2.45 shows a bicycle wheel,
indicating the loads imposed on it.
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It is surprisingly difficult to analyse the forces
inside the wheel structure. Nonetheless if you were
to investigate the effect on the spokes of an applied
radial load P between the hub and the ground, you
would discover that changes in spoke forces are as
shown in Figure 2.45. This shows that spokes
directly above the hub experience an increase in
tensile force of AT = A, P, whereas spokes directly
below it experience a decrease in tensile force of
AT = A, P. Spokes in between these positions
experience intermediate changes in tensile force
(with AT = 0 for horizontal spokes). The values
of 3 depend on the number of spokes, the
geometry of the spoke pattern used, and the
dimensions of the hub, but for standard bicycle
wheels

A,=+0.04 and 2, =-0.08.

Not all bicycle riders are the same shape or size.
Figure 2.44 describes the range of positions over
which a rider’s centre of gravity can be located,
and Table 2.5 below lists some data describing the
range of body masses for a human population.

Figure 2.45 Wheel loads on bicycle

2.6.2 The design problem

(a) Determine the value of the initial
(pretension) force T which would be needed
to ensure that the tension T in the spokes is
always greater than 0.3x T .

(b) Sketch an accurately scaled graph of the stress
cycle against time as the wheel is ridden
through several revolutions. Label key
quantities.

N |

(¢) Explain why an A-M diagram is needed to
carry out a fatigue design for the spokes.
Using data provided below, sketch the
appropriate A-M diagram accurately to scale;

(d)Evaluate the slope of the load line
corresponding to stresses on these spokes.
What is the significance of the load line? How
is 1t used?;

(e) Design the spokes (i.e. ascertain the required
diameter). Use a factor of safety of F, = 2.0.

(f) Discuss the effect of using a higher
pretensioning force on the spokes.

2.6.3 Data

Table 2.5
Adult bicycle riding population

Percentile
2.5% 50% 97.5%
Male 58 74 95
Female 43 61 89

(Average weights of U.S. adult population kg)

The wire material used to manufacture the
spokes has the following properties:

S,.= 880 MPa Sy = 760 MPa

S/ = 450 MPa E =200 GPa

(c) Taking notch size to be equal to 0.5 mm, the
notch sensitivity factor, q for this material may
be taken from Figure 2.32.

(d) The theoretical stress concentration factor, K,
depends on the details of the rim and hub
connections, since these are the locations of
greatest geometrical discontinuity. Its value
may be taken to be 2.6 in this case.
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2.7 Design for contact loading

Perhaps the most commonly recognised triaxial
stress situation experienced in engineering is due
to contact loading. Contact stresses arise in all
engineering applications where two elastic bodies
make contact for the purpose of transmitting loads.
Typical examples are gear teeth and rolling element
bearings. Heinrich Hertz, a German physicist
(1857-1894), was the first to solve the problem of
the stress field developed between two spheres in
contact in 1881%°. Eventually Hertz was
responsible for early investigations of fatigue
failures due to contact loading between bridge
support plates and rollers and train wheels and rails.
Additionally, he is also credited with the notion of
hardness measurement determined by the
indentation of a sphere into a plate. This was to
become the hardness test eventually associated
with the name of Johan August Brinell (1849-
1925), a Swedish metallurgist, who first displayed
his hardness testing machine at the Paris exhibition
of 1900.

—

Figure 2.46 Photo-elastic model of gear teeth in contact.
The density of fringes indicate stress level

Figure 2.46 is an indication of the nature of
contact stresses experienced in gear teeth during
normal operation. The photo-elastic model shows
fringes increasing in density at the contact point,
corresponding to a sharp local increase in stress
there. Figure 2.47 shows two ball bearing races that
have suffered surface damage due to contact
loading. The upper race in this figure exhibits
heavy surface damage resulting from uneven
loading and due to shock loading from vibration
while stationary. The lower race exhibits typical
surface fatigue damage from rolling contact over

an acceptably long service life. Figure 2.48, showing
the wheels of a gantry crane rolling on a crane
bridge, is an example of wheel-to rail contact.

Figure 2.47 Ball bearing races showing surface damage
failure resulting from contact loading. (After Braun, 1987)

y_ 24
i‘

rr L i

Figure 2.48 Wheel and rail contact on crane bridge

These examples illustrate some of the practical
situations where contact stresses can play a
significant part in determining the structural
integrity and ultimate safe service life of
engineering components.

In order to understand contact phenomena, we
classify the various practical engineering situations
where these phenomena occur. As a precursor to
contact stress analysis we need to classify the
majority of contact load situations into generic

2.9 H. Hertz, . Math. (Crelle’s J.), vol. 92, 1881, quoted by Timoshenko, 1953 loc.cit
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Spheres in contact
R,>R,

v

Spheres in contact
R,>>R,

Skew cylinders in contact

skew angle = 90°

skew angle < 90°

oy
VYV
‘
A A

Skew cylinders in contact | Skew cylinders in contact
skew angle = 0°

Cylinders in contact
R,>>R,

Ball in cup

Ball in groove

Cylinder in groove

Figure 2.49 A generic classification scheme for contact phenomena

contact types. Figure 2.49 shows nine generic
contacts categorised by both the analytical
procedure used to derive contact stresses and by
the special geometry of contact. Cases 1 to 3
represent spheres in contact, since in each case the
contact area between the two bodies is a circle.
Cases 4 to 6 are classified as a more general type of
contact, with the two bodies represented by
ellipsoids. As the larger semi-axes of the contacting
ellipsoids tend to infinity, the contact surface
degenerates to a rectangle.

Finally, cases 7 to 9 represent a special class of
contact where the two contacting surfaces partially
or wholly conform to one another. The result of this
conformity of surfaces is manifested in significantly
larger contact areas than that observed in the first
six cases and commensurately reduced stresses over
the contact area.

Clearly, cases 5, 6, 8 and 9 represent contact load
cases commonly encountered in practice. Case 6
contact is equivalent to a wheel rolling on a rail (as
seen in Figure 2.48), while case 8 is representative
of contact loading experienced in ball bearings.

Ex 2.12

(a) Which case in Figure 2.49 represents gear
teeth in contact?

(b) List ten engineering applications familiar to
you, where contact loading may be
represented by the generic cases shown in
Figure 2.49. Match your contact load case to
the ones shown in Figure 2.49. Can you
identify a contact load case characterised by
case 7 (ball in cup)?
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2.7.1 The nature of contact between
elastic bodies

(a) Spheres in contact

We examine the nature of contact between elastic
bodies in terms of the stresses that develop and
eventually lead to failure. We also examine the
modes of failure and the design parameters that
influence how failures occur. Failure in contact can
result from quasi-static loading resulting in local
plastic deformation. Appropriately, this mode of
failure is called failure in bearing , and it includes a
class of failures colloquially referred to as brinelling,
in which one of the two bodies in contact partially
embeds itself into the other, plastically deforming
1t.

Another common mode of failure due to contact
loading occurs when one body impacts the other.
Both of these modes of failure have been
investigated by several workers (see for example
Timoshenko and Goodier, 1982). Investigations in
the theory of elasticity deal with pressures and
displacements over the contact surface, as well as
elastic impact between two spheres along their
centre lines. Here we present a brief summary of
the elastic solution to spherical bodies in contact,
using the steps described in Timoshenko and
Goodier.

Figure 2.50 Elastic behaviour of a semi-infinite solid under
the action of a uniform pressure 'q’ over a circular boundary
radius ‘a’. (After Timoshenko and Goodier, 1982)

The more general case of two elastic ellipsoidal
bodies in contact was also originally solved by
Hertz. However the overall approach to all of these
contact problems is the same. It entails an
understanding of the distribution of deflection and

2.10 Cited in Timoshenko and Goodier, loc.cit.

stress that results from a concentrated force acting
normal to the surface of a semi-infinite elastic body.
These results for a point load (or, at least, a load
acting on an infinitesimal area) are then extended
to cases of distributed loads by the principle of
superposition. In this process the effects of stress
and deflection are integrated over the bounded area
of the distributed load. The original problem of a
constant pressure distribution was solved by a
number of workers including Joseph Boussinesq
(1842-1929), a student of Saint-Venant, Horace
Lamb (1849-1934) and A. E. H. Love (1863-
1940)2.1().

Consider the elastic deformation of a semi-
infinite solid under uniform contact pressure over
a circular area of radius g, as shown in Figure 2.50.
The deflection at the general point M at distance r
from the centre of the bounding circle, over which
q acts, is expressed in terms of the complete elliptic
integrals (Jahnke and Emde, 1945). However, for
a point on the boundingcircle, or atits centre, these
simplify to the following expressions for deflection
w:

41— p)ga
7[E 3

_2(1-p)qa
R

where E and 1 have their usual meanings of elastic
modulus and Poisson’s ratio respectively.

r=a

g

Figure 2.51 Two spheres in contact under the action of
contact force F

Several related problems of engineering interest
are solved in elastic theory, among them the case
of a rigid circular die acting on a semi-infinite

| 103
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boundary (rather than the constant pressure
distribution q dealt with above). This was the
problem originally solved by Boussinesq. In this
case the deflection is constant over the area of the
rigid die and the resulting pressure distribution is
of interest. Similarly, when two spheres come into
contact under load, their contact surfaces will
deflect so that every point of the contact surface
on one sphere will come into contact with its
corresponding point on the surface of the other
sphere and the contacting surface will be common
to both spheres. This situation is depicted
schematically in Figure 2.51.

Geometry: Notation used i the analysis of contact
behaviour of two spherical elastic bodies under the
action of contacting force F is shown in Figure 2.52,
which corresponds to the situation before F is
applied.

Figure 2.52 Enlarged view near contact point O

Here the area near the common contact tangent
passing through O at the contact point has been
enlarged for clarity. In the contact region where r,
and consequently z, and z,, are small relative to
the sphere radii R, and R, we can approximate to
show that i

SR
bR MO 2Ry
The total distance between the latitudinal plancs
passing through M and N on the two undistorted
spheres is

r (R, + Rz) ,
PRI b i) 8
*7 7 2RR,
where T is a factor depending on the geometry of
the contact surfaces alone. Traditionally, T 1s

defined such that R, and R, are positive when the
surfaces are convex (as drawn in Figure 2.52):

roR+R (2.1)
2RR,
For flat surfaces, set R, = o0, 50 that
L
tlat ZRI °

If one surface — say R, — is concave (forminga
spherical seat), then although the definition of T"in
(2.1) is unchanged, it is now calculated as

- R - l R, I

coneae _2R] IRZ

Note that the resulting ratio will always be
positive, since both numerator and denominator

are negative, and |R, | must necessarily be greater
than R, for a physically realisable contact.

Deformations: When the force F pushing the two
spheres together is increased from zero, the contact
between the two bodies will change from being a
mere point, to being a surface of contact, having finite
area and a tiny circular boundary. We designate the
radius of this surface of contact as a, noting that a will
be very small in comparison with R, and R,.
Clearly, a will increase in some fashion as F
increases, and a pressure (having some yet-to-be-
determined distribution) will be exerted across the
surface of contact. We expect this distributed pressure
will give rise to some local deformations and
stresses in the spheres, and that these will attenuate
at distances remote from the contact region.

Since a is so small compared to R, and R, it is
reasonable to model the stress and deflection
behaviour of the spheres in the vicinity of the
contact region in terms of a distributed pressure
on the flat surface of a semi-infinite solid. The
deflection of the spheres’ surfaces near the contact
region will look just like that shown in Figure 2.50,
except that the pressure distribution, ¢, will be non-
uniform. Moreover, mathematical relationships
relating a point force on the surface to the
deflections everywhere in the semi-infinite solid can
be employed here to solve the pressure and
deflection distributions. These mathematical
relationships present results for both stress
(0,,0.,04,T,.) and deflections throughout a seni-
infinite body. For example, the depression of the
surface due to a concentrated load, dF, acting on



| Chapter 2

the surface at some radial distance r from a point
of interest is given by:
dF{1-p?
P s
nEr

Equation (2.2) is the basis of determining, by
integration, surface deformations in semi-infinite
solids (including our contacting spheres) due to
distributed loads.

The following thought-experiment may be helpful
in visualising the deflections of the spheres due to
the localised contact pressure, 4. Imagine that the
spheres are in initial light contact as shown in
Figure 2.52, and that they are being supported
firmly at points remote from the contact region,
so that the parts of these bodies that are far away
from contact region can be regarded as being fixed
in space. Then imagine that the distributed load,
¢, is imparted, equal and opposite, to the surface of
contact (radius a) of each sphere, not by contact with
its partner sphere, but by some equivalent agent
interposed between the spheres. In this thought-
experiment, the contact regions of the two spheres
will separate, and the surfaces of the spheres will
be locally deflected as shown in Figure 2.53.

(2.2)

Figure 2.53  Sphere deflections due to contact

As the two spheres deform under the action of
the contacting force, F, points like M will suffer
local deformation w, in the direction Z . Similarly,
points like N will suffer local deformation w, in
the direction Z,. Whereas the initial separation of
points N and M was ( z +z ), it has now increased
to (z,+2,) + (w,+w,); ti’liS applies to any pair
of points at radius r from the Z-axis. It is clear from

Figure 2.53 that when we consider points lying on
the surface of contact (i.e. for r<a), this distance
(2,+2,) + (w,+w,) is equal to the net
separation of the contact surfaces, o. But this net
separation is only a figment of our thought-experiment
— the contact surface does not separate at all. In
fact, § is the net approach of the two spheres, as
experienced by points far from the contact region.
We can therefore state:

5—(w,+w2) Z(ZI+ZZ) . (23

We now examine the deflection of points inside
the circular region of radius a. By integrating
equation (2.2) over this surface of contact, it is
readily shown that the net deflection between two

points M and N is given by
(wl +w2)—_-£1_i_&ﬁ qudl//’ (2.4)
T
where
2 2
K, = 1-u and x, = 1-n (2.5)
E, ; E,

are frequently-occurring constants that depend on
the material of each sphere, and s and y are
geometrical variables defined in Figure 2.54.

Figure 2.54

Integration of distributed forces

Hertz demonstrated that the pressure, ¢, must
have a semi-spheroidal distribution over this surface
of contact. The variation of ¢ across each chord
like m#n is semi-elliptical, with the maximum
pressure, ¢, , acting at the origin.

After introducing the semi-spheroidal pressure
distribution into (2.4), integrating, and combining
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with (2.3), we obtain the following results in terms
of ¢, :

-2 g5
w=—>"—"{2" —r
E 44 ( ) (2:6)

so, from (2.3)
(K‘1 +K2)q07t

4a

Since this equation is satisfied for any r, the
assumed ¢ distribution will be correct, as long as
the terms agree. Therefore:

(Za2 —rz):ﬁ—l"rz.

(_# )
a= (i:iﬂ (2.8}

For the two spherical bodies, pressed together
by a force F, we can calculate the value of q, - the
maximum pressure, by integrating equation (2.4)
over the contact surface and equating it to F. The
resulting relation is

_ 3F
0= (2.9)

The following simple example will iflustrate the
application of these contact equations.

Ex 2.13

A steel ball of diameter D metres is resting on a
flat steel surface, as shown on Figure 2.55. Both
the ball and the surface area of the same material,
mild steel, with E = 210 GPa and pu = 0.3. Find
the value of D such that the maximum pressure
under the ball just exceeds 300 MPa (the local yield
strength of the material).

Figure 2.55 Steel ball on flat steel plate

The density of steel is 7.8 tonne/m?, so we get
for the mass of the ball m and the resulting force F

3
m="7.8x10° %kg;}: =9.81m N,
and hence, from (2.9)

3
3F 1914 x10* D—1_ (2.10)
2

9o =
2ma’

In this case both the ball and the surface are of
the same material and we get for the elastic
constants in (2.5)

The geometric constant I"depends only on the
values and signs of the radii R, and R, of the two
spheres in contact, as expressed by (2.1). In this
case both radii are of the same sign and since for
the flat surface R, = =, we get

From (2.8)
Kg D - -12
a:oTz().SoleO q‘,D(Z.II)

Eliminating a from (2.10) and (2.11) above, we
get
g, = 7.45x10°DY>,
and for ¢ =300 MPa, D = 0.5 m.

(b) general contact between ellipsoidal bodies

Figure 2.56 General ellipsoidal bodies in contact
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This problem was solved by Hertz in 1881 and
the solution to this more general result has practical
application to skew cylinders in contact, as
exemplified by case 4 in figure 2.49. A typical
example of such a case is offered by crowned helical
gear teeth. However, most commonly the solution
of this problem is applied to cylinders rolling on
other cylinders, with axes aligned, or cylinders
rolling on a flat surface. Figure 2.56 shows the two
ellipsoids in contact.

As the two semi-axes, [, and |, = o, the two
ellipsoids degenerate to two contacting cylinders
of radii R, and R, respectively, as shown in Figure
2.56. In this process, the area of contact degenerates
from an ellipse to a rectangle of half-width b. Then
by arguments similar to those used for finding the
contact area and compression for two spheres, the
following equations are derived for the two

cylinders:

4F(ic, + 1, )RR,

i e (R+R,)

(2.12)

5 = F(K1 +K2)
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Here F/¢ is the force per unit length applied to
the two cylinders in contact, K,and K,are the
elastic constants defined earlier for two spheres in
contact, and &, is defined for cylinders, similarly
to spheres, as the approach distance of the two
cylinders during the elastic deformation. The
distribution of pressure over the contact rectangle
of width 2b is found to be elliptical, and integrating
this pressure distribution over the contact surface
results in

_2F

nlh’
where g is the maximum pressure developed on
the contact surface.

4, (2.14)

(c) Stress fields generated by contacts

Having so far discussed only the nature of the
contact between the two bodies, we now need to
examine the resulting stress fields and their effects
in design.

Figure 2.57 shows the stress fields developed in
the contact region for both spheres and cylinders
in contact. For spheres in contact, the shearing
stress Twav, on which design is normally based,
occurs slightly below the surface. Its value for u =
0.3, is 0.31q, at a depth of approximately a/2. For
cylinders (#=0.3) in contact, the maximum
shearing stress 7, = 0.304¢, occurs atz = 0.78b.

0.80
|

0.60

0.20

0.50

Figure 2.57 Stress fields developed in contact region for spheres and cylinders in contact (p=0.3) (Figures scaled from

Timoshenko and Goodier, [ 985)

2.11See, Warren Young (1989) Roark’s Formulas for Stress and Strain, New York:McGraw Hill
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Stress field calculations are based on the theory
of elasticity (see for example Timoshenko and
Goodier, 1985, articles 138 and 139), and the first
to calculate these stress fields for spherical bodies
in contact were M. T. Huber and A. N. Dinnik in
1904 and 1909 respectively*™2.

In both the spherical and cylindrical contacts,
significant tensile stresses develop at the periphery
of the contact surface. In design situations, where
brittle materials are used, these may be the
governing stresses, rather than the compressive or
shear stresses developed on the central axis of the
contact region.

2.7.2 Some applications

Contact phenomena are of greatest interest in
rolling element bearings, railed vehicle wheel
design and in gear tooth contact. As seen from
equation (2.1), contact geometry plays a significant
part in the pressures and stresses developed in the
contact region. The value of the geometry variable,
I, will be determined by the class of contact
defined in Figure 2.49. Referring to that figure,
we note that for contact cases 1 to 6 the contacts
are non-conforming. In these cases the contact radii
of curvature are in opposite directions, and hence,
according to the derivation used for I, of the same
sign. Cases 7 to 9 are conforming contacts, and in
these cases, due to the curious derivation used, the
radii of curvature have opposite signs. The overall
effect is that conforming contacts resultin larger areas
of contact and consequently, reduced local
pressures and stresses. Typically, for two cylinders
in non-conforming contact where R, = 2R, =R, we

find
r_(R1+R2)_i

2RR, 4R

’

and from (2.12)

2F(x, +K, J4R
3rt .

Similarly, for two cylinders in conforming contact
(R, =2R,=R),

(R-2R)

= =—— . an
2R(-2R) 4R

b=

2.12 Cited in Timoshenko and Goodier, loc. cit.

2F(x, +, J4R
b= ——"—.
nt
The two alternative arrangements are shown in
Figure 2.57.

Figure 2.58 Two cylinders in 'non-conforming’ and
‘conforming’ contact

Clearly, the area of contact is larger for the
conforming contact, and the resulting stresses are
lower for this case. This is the type of contact
improvement applied by Ernest Wildhaber in 1926,
when he conceived and patented the notion of
convex-concave gear profiles. Later, in 1956, M.
L. Novikov published work on similar conforming
profile gears, and although the two gear profiles
have some geometric differences, they have
become known as Wildhaber-Novikov gears
(Ishibashi and Yoshino, 1985).

Figure 2.59 Schematic representation of a ball under load
rolling on a flat surface (After Palmgren, 1959)

In rolling element bearing applications the
piloneering work on contact phenomena is due to
Arvid Palmgren (Palmgren, 1959). Figure 2.591s a
schematic interpretation of a ball, under load,
rolling on a flat surface. This condition is typical
of all rolling element bearing behaviour. Once
rolling commences, a small bow-wave of material
is generated ahead of the rolling element, as seen
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in Figure 2.59. During motion, the rolling element
is continually dlimbing the bow-wave (in other words,
the resultant contact force has a slight rearward
component resisting the motion), resulting in
rolling friction and heat generation. When the
rolling element is a ball, such as in ball bearings,
uneven friction on the surface of the ball makes it
rotate about an axis not perpendicular to the plane
of bearing rotation, causing further rolling friction
and efficiency loss.

Ex. 2.14

(a) The front wheel of a bicycle used for
mountain racing has a steel hub of 26 mm
internal diameter. The designer of the bearing
in this case decides to use 3 mm diameter
steel balls to carry the load (there are two
bearings in each hub). Figure 2.60 shows one
half of the hub schematically.

3mm badlls

Vlﬁ___________z___

1 B0 e

Figure 2.60 One half of a mountain bike hub (schematic
only)

26 mm dia.

You may assume that the bearing
arrangement is a 45° angular contact. Estimate
the failure load for this bearing and compare
your result with the data for human riders
given in the assignment of Section 2.6. What
would be an appropriate factor of safety for
this application.

(b) A light rail vehicle has 8 steel wheels, 0.5 m
diameter each. You are expected to select an
appropriate wheel and rail material for this

application. The load to be carried is
estimated at 5 tonne. Select an appropriate
material and estimate a suitable factor of

safety.

(c) In an instrument, three identical cylindrical
aluminium rods, with hemispherical ends,
are used to support the 200 kg instrument
on a flat steel surface. Calculate the

appropriate diameter for the hemispherical
ends of the aluminium rods. You may assume
that each of the three legs of this instrument
support carry equal weight.

Ex. 2.15

Figure 2.61 is a schematic view of a type of sliding
door track. The track material is aluminium and
the balls are similar to those used in steel ball-
bearings (usually manufactured from very high
tensile strength materials, hardened and ground.
Each track has four such balls supporting the door.
Your task is to determine the maximum weight of
door these tracks are capable of supporting without
failure.

4 off 25 mm diameter
balls in track

Sliding door

Figure 2.61 Schematic section through sliding door track.

Ex. 2.16

A steel ball rests on a flat surface. Determine the
diameter of the ball needed to just yield the surface
on which it rests. Carry out the same
determination for steel (S =600 MPa), titanium
(S:-:400 MPa), aluminium (Sy= 100 MPa).

Ex. 2.17

Some delivery vans use sliding doors to allow a
rapid entry into the vehicle for passengers and
goods. Figure 2.62 is a schematic view of a
proposed sliding door support system for such a
vehicle (a postal van). The door weighs 90 kg and
it will be supported on two sets of glide rollers
rolling on the top of the door track. Tiwo further
sets of glide rollers, on the bottom of the door track
are used to stabilise the motion of the door during
operation, but provide no vertical reaction.
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You have been commissioned by an auto parts
supplier to design the rail and rollers for this
application. You should use readily available cheap
materials, typically mild steel (CS 1040 or similar),
perhaps case hardened rollers if necessary.

- Door seal
ik

3 Clide rollers
~(included
it )_/ angle = 60°)
] _\ Door track
B e

Rl
Van door

Figure 2.62 Proposed delivery van sliding door system

2.8 Chapter Summary

In this chapter we have examined material
properties and failure mechanisms as well as the
complex interactions between materials, loads and
environmental variables that need to be considered
in design. We have briefly described common
engineering materials and their uses and we
presented three important failure predictors to be
used in design for static loading, namely

* the maximum principal stress failure
predictor (MPFP) for brittle materials;

* the maximum shear-stress failure predictor
(MSFP) for ductile materials; and

* the distortion energy failure predictor
(DEFP), where a more precise selection of
material size is required for a ductile
component.

In design applications where time-dependent
loads are imposed on components, we have
presented an introduction to design against fatigue.
Finally, we have briefly introduced Hertz theory and
described a range of important contact phenomena.

It is important to recognise that we have focused
our attention on introducing simple design
procedures for a range of commonly encountered
situations in the design specification of engineering
components.
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DESIGN SYNTHESIS OF GENERIC

ENGINEERING COMPONENTS

Actioni contrarium semper et aequalem esse reactionem: sive corporum duorum actiones in se mutuo semper esse
aequdles et in partes contrarias dirigi. Newton, Principia Mathematica (1687) [ To every action there is always opposed an
equal reaction: or, the mutual actions of two bodies upon each other are always equal, and directed to contrary parts]

Having prepared ourselves with a survey of the
relevant notions of failure predictors, modes of
failure, and the mechanics of rigid bodies, we are
now ready to embark upon the designer’s journey
of discovery. This journey will take us to the heart
of what engineering designers do: the design
synthesis of real objects.

The activity is called synthesis because it entails the
bringing together of ideas and specific choices
about the solution to a problem so that something
new (the plans describing the solution, or in
common parlance, the design) is created. Design
synthesis begins by being broadly conceptual,
concentrating on the overall type or form of the
solution. The designer continues the process of
synthesis by thinking and making decisions about
the solution in greater and greater detail,
considering its configuration and the arrangement
of its parts. Ultimately someone (the designer or
his/her delegate) will take the process of design
synthesis to its very conclusion by specifying all
aspects of the solution (including its shape, material
and method of manufacture) in a highly detailed,
integrated fashion. At that stage, someone else can
take on the task of physical synthesis (that is,
making/constructing/manufacturing the designed
object).

Being involved in the process of design synthesis
can be very satisfying — even exciting! There are
few professional experiences more rewarding for
the design engineer than seeing some real artefact,
which began as a twinkle in their mind’s eye or a
sketch on their note pad, entering the world.

But we must begin at a2 humbler, more prosaic
level. The emphasis in this chapter and the next
will be on the design synthesis of just the basic
kinds of structural component introduced in

Section 1.3 (Structural distillation): columns, vessels,
bolted-joints and the like.

The procedure for design synthesis of
engineering components involves the following
stages:

— establish the loads to be resisted;

— identify the geometric constraints imposed
on the component;

— select candidate materials and geometries that
seem appropriate to the component to be
synthesised;

— develop a mathematical model that will
realistically represent the interaction between
the imposed loads and the resisting forces and
moments offered by the component;

— identify credible modes of failure and apply
the relevant failure predictors and design
rules in choosing the final component
geometry;

— wherever possible, combine design variables
into design parameters to allow some
optimisation of the final component.

All of these steps require the exercise of design
judgement. This is a kind of design wisdom
developed through experience. Perhaps the most
significant influence on the development of design
judgement is practice in design. In the words of
golfing great Gary Player, remarking on a ‘lucky’
golf shot, “the more I practise, the luckier I get”.

We seek to develop some simple rules for the
design of a range of generic engineering
components. These rules will be derived from
simple physical and mathematical models of the
behaviour of various basic components in an
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approximately first-principles manner. In each case we
will adopt the general design method for structural
design, as outlined in earlier chapters. In some cases
(see for example the discussion of design against
axial tension in Section 3.4.2) we will make that
general design method explicit. At every step our
goal 1s to build the confidence of the novice
designer, and to de-mystify the process of design
for structural integrity.

3.1 Shafts: bending and torsion

The first of our generic engineering components
is the shaft. Shafts transmit torque between rotating
components of machinery. They are ubiquitous in
engineering practice. In general, the shaft is to
mechanical transmission of mechanical energy
what the electric wire is to the transmission of
electrical energy.

3.1.1Historical notes

The invention of the wheel did not automatically
imply the invention of the shaft. The first wheels
were used to grind grains, and had no shafts, but
instead were rotated directly by hand. Even the
application of the wheel to transport did not bring
the shaft into human history — the first wheeled
vehicles were pushed or pulled by beasts (probably
people!), and possessed axles rather than shafts.
Eventually, wooden shafting appeared as societies
developed technologies in which mechanical
power needed to be transmitted over distance from
energy sources such as animals, wind or flowing
water.

Shaft design became an important matter during
the Industrial Revolution®'. The advent of steam
power and reciprocating engines to drive massive
arrays of machinery, rail vehicles and ships, meant
that shafts were required to withstand larger power
densities, of a more dynamic nature, and over a
larger numbers of cycles, than ever before.

Significantly earlier than the Industrial
Revolution, George Bauer, the German
metallurgist who took the name of Agricola,
published sketches of water driven lifting
equipment used for de-watering mines.*? A typical
example 1s shown in Figure 3.1. The balls of rag,
marked G, would mop-up the water and when lifted

Design synthesis of generic engineering components j

to the surface would be squeezed dry. In the figure,
the shaft used is a square section piece of timber,
marked A.

Steam engines were the main forms of prime
movers used in the new industrialised
communities of England in the early 19th century.
Major contributions to this development came
from:

* James Watt (1736-1819), inventor of the

modern steam engine;

* Matthew Boulton (1728-1809), who
financed Watt's engine development;

* Richard Trevithick (1771-1833), the first to
apply high pressure steam power to
locomotion (1801); and

* George Stephenson (1781-1848), the
inventor of the railway locomotive (1825)
whose famed Rocket 1s shown in Figure 3.2

Figure 3.1 Dewatering system for mines (after Agricola,
1530)

3.1 The term generally refers to the change from handicraft and cottage industry, to manufacturing in factories (see for example

McPherson, 1944, Milner, 1977, Gale, 1952)

3.2 Baver, G. (Agricola) ‘De re Metallica’, dealing with mining and smelting, was published in 1530.
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While locomotives and most other transport
vehicles made use of axles (a shaft with no torque
being transmitted), it was mainly in the energy
transmission industry that shaft design had its
genesis.

Figure 3.2 George Stephenson’s Rocket, the winner of the
first railway locomotive competition held on the Liverpool-
Manchester line in 1829. The Rocket reached a speed of
58 km/hr. (Figure reprinted by permission from the archives
of the Science Museum London)

As indicated in Agricola’s drawing (Figure 3.1),
the transmission of energy from a primary source,
water or steamn, uses the shaft to deliver the energy
in a form useful to do work. It is entirely due to
the widespread utility of shafts for the transmission

of mechanical energy that shaft design has become
an essential part of the designer’s toolkit. As a
contrast to these early examples, Figure 3.3 shows
a modern application of shafts in a compact two-
stage gearbox.

Figure 3.3 Two stage gearbox (David Brown, Series 'H'-
heavy duty speed reducer)

l

ry

Figure 3.4 Close coupled electric motor

] 113



114 |

Design synthesis of generic engineering components |

3.1.2 Factors affecting shaft design

Let us immediately consider some examples of
engineering hardware to geta feel for the structural
issues confronting us in shaft design.

Example 1 — gearbox

Figure 3.4 shows a cross-sectional elevation
through an electric motor close-coupled to a two-
stage reduction gearbox. There are three shafts in
this system. We consider them one by one.

The first shaft, on the left, serves several
purposes: it supports the electric motor’s armature
winding between bearings; it supports the motor’s
air cooling fan at its left-hand end; and it serves as
the input shaft to the gearbox at its right-hand end.
As such, it carries a small input gear, called a pinion,
to the right of its right-hand bearing, and is fastened
to it by means of a key mounted in a keyway. The
pinion meshes with a larger diameter gear fixed to
the second of the three shafts — the intermediate
shaft of the gearbox.

Output shaft
assembly

Output shaft — —

Figure 3.5 The geared motor 'dissected’

This shaft has gear teeth machined around its
midsection to form the second-stage pinion. This
pinion meshes in turn with the larger second-stage
gear that is attached to, and rotates with, the larger
output shaft protruding to the right of the gearbox.
It is instructive to identify each of the three shafts,
the six bearings, the two pinions and the two gears
in Figure 3 4.

Focusing now on the output shaft, we ask a typical,
pessimistic, structural question. Where will the
output shaft break? There are several factors
bearing on this question, and the would-be
designer needs to develop a feel for them almost
intuitively. Firstly, consider the loads on the shaft.
They are of two types: torsional and transverse.
When gears mesh together to transmit power, they
develop large radial forces that tend to separate the
gears, so that the output shaft in Figure 3.5
experiences a large upwards force component from
the gear as it is pushed upwards by the meshing
pinion beneath it. Moreover, there will be a
tangential force on the gear tooth as it transmits
the torque from gear to pinion. This tangential
force results in an equal and opposite force acting
horizontally on the central plane of the shaft. The
two horizontal forces form a couple corresponding
to the torque being transmitted. The shaft responds
to these forces in much the same way as a beam,
by developing internal bending moments to resist
the forces. The two sets of transverse forces (the
applied loads and their reactions) are indicated
schematically in Figure 3.6.

\»_

Plane of

N2 resultant loads

e
o =

>

Tangential loads

due to applied
Radial loads forque
forcing gears apart

Figure 3.6 Resolved loads on output shaft
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The transverse loads combine to generate one
set of reactions on the bearings, as indicated in
Figure 3.6. For this rather simple case of gear tooth
loading, all the action of shaft forces and bending
moments takes place in the resultant plane .
Hence, so far as the shaft is concerned, it can only
see the resultant bending moments in this plane.
Since the bearings can not take any substantial part
in resisting the applied moments, as a conservative
approximation we will assume that for transverse
loads the shaft behaves essentially as a simply
supported beam.

The bending moments acting in the resultant
plane are shown in the bending moment diagram
sketched below the shaft cross-section in Figure
3.7(a), and can be seen to be a maximum near the
central plane of the gear. At first sight it may be
conjectured that the shaft will break somewhere

near here.
Transverse reactions
from bearings

Resultant transverse
force - combined radial
and tangential force

Bending

'D,i/c* —g
|} mowent

M

diagram

Figure 3.7(a) Bending moments on output shaft

But the shaft is not only being bent; it is also being
twisted. That is the shaft’s primary purpose — to
transmit torque from the gear to the outside world.
When in use, the gearbox will be connected to
some other piece of machinery by means of a
coupling, attached to the output shaft by yet
another keyway. Essentially the shaft transmits torque
between keyways that are located where both the gear and
the coupling are attached to it: see Figure 3.7(b).

So the designer needs now to ask, “What is the
worst combination of bending and torque experienced by
the shaft?” But there are yet further complications.
The shaft is not of uniform diameter. In fact, this
output shaft has five distinct diameters along
various sections of its length, in a stepped fashion
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typical of shaft design. Large diameter regions will
generally be stronger than small diameter regions,
and this must be taken into account when

considering the most severely stressed region of
the shaft.

Torsional moments

from pinion and couplings

Torque diagram

Figure 3.7(b) Torsional moments on output shaft

Finally, the designer must take account of the
effect of stress concentrations. These sudden changes,
or discontinuities, in the geometry of an object
have the effect of increasing the peak stress in their
vicinity. In this shaft, they are most clearly
represented by the steps in shaft diameter, and by
the keyways themselves, as highlighted in Figure
3.7(c).

L 4t 9

D\D; D; D 1
|

[ f—L keyways
A S S L steps

Figure 3.7(c) Stress concentrations and shaft geometry

So, all things considered, where is the shaft most
likely to break? Our guess is just to the right of its
connection to the gear, but the thorough designer
will consider the strength of the shaft at various
locations along its length.
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Example 2 — solids pump

Mixed-flow pumps have an axial inlet and a radial
outlet, as indicated on a typical example in Figure
3.8. Where these pumps are expected to pass heavy
sludge and even solids, the required driving power
can be substantial. In the example shown, the drive
to the pump unit is transmitted through a vee-belt

drive, with the pulley mounted on the right hand
end of the shaft.

Outlet

Figure 3.8 Typical arrangement of a mixed-flow pump used
for pumping heavy sludge including solids

Figure 3.9 is an engineer’s sketch showing a
simplified representation of the forces exerted on
the shaft of the sludge pump. These loads arise
from several different forces, and we will consider
each one of them in turn.

4
/‘/ / i %
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Wi S
P/~ L
/Y
"L ".
[ \>\\ Hl)

Figure 3.9 Schematic of forces on sludge pump impeller
and shaft

The weight of the heavy impeller acts
gravitationally downwards at all times. Since
the shaft is overhung from its bearings by some
distance, this weight will give rise to bending
moments within the shaft which are a
maximum at the bearings. These moments
cause bending stresses which are compressive
at the bottom of the shaft, and tensile at the
top of the shaft. Material on the surface of
the shaft will move alternately from regions
of compression to regions of tension as the
shaft rotates. The configuration is very similar
to that of a rotating beam fatigue test (see
Chapter 2.4},

The weight of the pulley acts in the same
manner as the weight of the impeller;

Out-of-balance forces: Each of the rotating
components (impeller, pulley and shaft) will
potentially impose so-called out-of-balance
forces upon the shaft. These are dynamic
forces caused by the centre of mass of the
component located away from the central axis
of rotation, usually due to manufacturing
inaccuracies. These forces can be very large
and in some high speed machinery they are
corrected by dynamic balancing. They depend
on the mass of the component, the radial
location error in the centre of mass, and the
square of the rotational speed. It is
noteworthy that out-of-balance forces, unlike
weight force and other unidirectional forces,
rotate with the shaft and therefore do not give
rise to alternating stresses;

The shaft is driven around by belt tension
acting at the periphery of the pulley;

All of the above forces act laterally to the long
axis of the shaft, and are resisted by lateral
reaction forces at the bearings;

The energy required to accelerate the fluid
outwards from the pump centreline (and
hence pressurise the fluid) is provided by the
drive belt, which twists the shaft. The
torsional moment may be calculated from the
shaft power and the rotational speed:

P=Tw =2aNT/e0,
where T is the torque, @ is the angular
velocity (radians per second), N is the
rotational speed (revolutions per minute),
and P is the power.
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* The impeller of a centrifugal pump
experiences axial forces from the stream of
fluid (even for fans which move air) as the
fluid changes direction and moves radially
outwards from the impeller;

e The impeller and pulley systems each have
rotational inertia, and the shaft has rotational
elasticity (it is, in effect, a torsional spring).
The shaft will experience angular twist during
its operation, and may even suffer from
torsional vibration. These are additional
issues for the shaft designer to consider.

The first six of the above effects are loads that
may be represented in bending moment and
torque diagrams in much the same manner as for
the previous example. They give rise to stresses,
and these will have a peak value at some location
along the shaft. If we assume that the fan’s shaft is
solid with a diameter, d, at the location of the peak
stress, then the peak stresses there at the surface of
the shaft will be as stated in Figure 3.10.

BENDING(derived from force equilibrium)

fan pulley
load - - load

SFD -
X
[}
BMD
'\[:::..\ ' /
TORSION (derived from power transmission)
X
torque T ! -]»i
diogram‘ d Y

stresses arising from BENDING:

= ManlX YITIKX — 32Mmax
B,max IZZ TCd3
stresses arising from TORSION:
—_— ’I}max —_ 16 T
TT.mm{ - -
I, nd®

Figure 3.10 Loads and peak stresses on fan shaft

Note that the stress relationships shown above
make use of some common section properties for
solid circular shafts in which bothy =d/2.
Throughout this topic we will be mai(mg fre requent
use of these section properties, recalled here for
convenience in Equations (3.1) and (3.2).

Second moment of area of a sold circular section

about a transverse (bending) axis:
7&14
I =—. (3.1)
64
Polar second moment of area of a solid circular
section about a central (torsional) axis:

1
=T (3.2)

Most shafts in practice are both solid and circular,
although exceptions are not uncommon. For
hollow circular shafts, it is often convenient to
define the hollowness ratio of the shaft as:

=(d /d).
in which case the expressions for the second
moments of area become, respectively,

=(1—ﬁ4)£“i.

L=(1- ) a1, il

64

Ex 3.1

The tail-shaft of a rear-wheel drive automobile is
usually a hollow tube for transmitting engine
power to the rear wheels. Consider a high
performance sedan, weighing 1.66 tonne fully
loaded, with a load limit on the rear axle of 975 kg.
The engine power is rated at 85 kW and the
maximum engine torque available is 168 Nm at
3900 rpm. Acceleration from 0 to 100 km/his 11.7
seconds. Wheel radius is 300 mm and the gear
ratios in the four-speed gearbox are
4.23:2.45:1.45:1.2. A further 3.2:1 gear reduction
takes place in the differential. Estimate the worst
credible loads to which this tail shaft will be subjected
during normal operation. Clearly identify any
assumptions made in arriving at your estimate.

Ex 3.2

Figure 3.11 shows an auger, a type of earthmoving
equipment used for digging post holes. This device
is usually driven by a power take-off from a standard
farm tractor, through a bevel gearbox as indicated
schematically in the figure. The tractor power
available is 200 kW, at 1800 rpm, with a reduction

1117
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of 4:1 in the bevel gearbox. You have been asked
by a manufacturer to estimate the worst credible
loads to which the central shaft of the auger will
be subjected in normal operation. Clearly state any
As\lll]l.[‘[iﬂlh and major uncertainties in deriving
this estimate.

Beve '{_'\’n ’.H'!‘L‘.\J',,»-’

1500 mm

3.1.3 Modes of failure for shafts

Typically shafts are rotating elements that may be
subjected to large, combined (bending and
torsional) loads which usually vary with time. As a
consequence, they are prone to the following
modes of failure:

- yielding due to excessive static stresses;
— fracture due to excessive static stresses;

~ fatigue fracture due to excessive dynamic
stresses;

— excessive lateral deflection;

— excessive torsional deflection.

Each of these is considered in the following
sections.

3.1.4 Design of shafts to resist yielding
and fracture

The stress state in shafts is generally biaxial, arising
from the action of combined bending and torsion.
Necessarily, therefore, the designer must use a
failure predictor (see Chapter 2.3) in determining
the likelihood that a shaft will fail due to excessive
stress. Recall that a failure predictor is a function
of the principal stresses (0,,6,,6,)of a multi-
axially stressed component, and component failure
is predicted to occur when that function of stresses
reaches a particular value. That particular value is

usually derived from uniaxial stress tests in the
materials laboratory.

The three major failure predictors available to
the shaft designer are the Maximum Principal
Stress Failure Predictor (MPFP), the Maximum
Shear Stress Failure Predictor (MSFP), and the
Distortion Energy Failure Predictor (DEFP). The
last two of these (MSFP and DEFP) are commonly
used for shafts. Simply stated, shaft design
formulae are generally based on the notion that
failure in the shaft occurs when the following
equalities are true:

Failure by yielding

* MSFP
0,-05_5 (3.3)
2 2
* DEFP
‘ﬂol -0, )2 +(<f2 —90’3 )2 +(o} -0, )3 _s (34)
Failure by fracture (static stress)
* MSFP
0,-0; _Sy
2 2
* DEFP
(0-0.) +(o=0) +[0,-0) __
y 2 v

Failure by fatigue fracture (dynamic loading)
¢ MSFP
0,-0;_S, (3.5)

2 2
. DEFP

(0,-0,) +{0s-0,)

| i

+("3-<’1)z ~g (36)
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Clearly, the left-hand side of each of these
equations represents either the maximum shear
stress, T, 10 the case of MSFP, or the von Mises
stress, Oy, in the case of DEFP. These concepts
were discussed in Section 2.3. They are quoted
above in their full three-dimensional form to avoid
ambiguity, although they are often stated in a two-
dimensional form in relation to shafts since the
stress state in shafts is usually biaxial (0, =0).

Design rules for shafts are generally based on
the third of the above sets of equalities —
Equations (3.5) and (3.6). This is because of the
predominance of dynamic loading in shaft
applications (especially the case of reversed bending),
and because fatigue loading represents the most
restrictive form of the above equations (that is,
failure is predicted at the lowest values of the stress
functions).

3.1.5Principal stresses in shafts

Shafts in engineering practice mostly have a
circular cross-section, and are mostly solid.
Determination of the biaxial stress state of an
element on the surface of a shaft in combined
bending and torsion is therefore straightforward,
as shown in Figure 3.12. Of course, the designer
needs to work with principal stresses in applying
the failure predictors. However, neither the x-
direction nor the y-direction in Figure 3.12 are
principal stress directions since, by definition, a
principal stress is one which acts normal to a plane
upon which the shear stress is zero.

1119

element on the surface of a shaft

(at extreme bending fibres)
M

T, Op
——
x-direction

Figure 3.12 Biaxial stress state of a shaft element

Fortunately there is a simple graphical
construction, which must be at the fingertips of
every structural engineer, that allows working
stresses such as those in Figure 3.12 to be quickly
translated into their corresponding principal
stresses.

A summary of the Mohr’s circle construction

Refer back to Figure 2.10 where we examined a
small element of material with both direct and
shear stresses acting on it. We found the normal
and shear stresses, 0, and 7,respectively, acting
on a plane AB through this element at some angle
¢to the reference direction. It is easily shown that

AT o
.
=
: » 20
T.
a
| | o V) 1
0 -
P
g, A a,
B
- y
a > radius of
= Mohr's circle |
(o, = Tpax = |T°

Figure 3.13 Mohr’s circle construction

radius

_] + T; ) i

. AT
o /2
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the variation of normal and shear forces acting on
planes oriented at various angles ¢ to the reference
direction, follows the equation of a circle. This is
shown as the general Mohr’s stress circle in Figure
2.10(c) and redrawn here as Figure 3.13(a)

The Mohr’s circle construction is helpful in
determining the principal stresses in a shaft. The
(o, 1) coordinates corresponding to the x- and
y-direction faces of the stress element, being
(0g %) and (0,— 7, ) respectively, define two
points on the circumference of a circle symmetrical
about the (horizontal) normal stress axis. The radius
of the Mohr’s circle is then found to be:

2 2
radius = (0'3/2> +Tr
and its centre is at the point(0, 03/2) along the
horizontal axis, as shown in Figure 3.13(b).

Recall that for a solid shaft, the worst-case values
of g and 7 are

32M
= (3.7)
and
16T
Tr :—?. (3.8)

By simple construction from the Mohr’s circle,
we can use these values to obtain the following
expressions for the maximum and minimum
principal stresses.

(o} 2 2
o, =7B+ (0'3/2) + 17
=%(M+\/M2+T2)(3-9)
c 2,
o, =~2ﬁ— (03/2) +12
=%(M—\/M2+T2)(3-”)
Also it is immediately apparent that:
Tome = (03/2)h+r%
:1_63 M2AT? (3.12)

3.1.6Failure prediction for dynamic
loading

We are now able to substitute the above values of
0,, 0, and 0, from Equations (3.9), (3.10) and
(3.11) into the failure predictors for dynamic
loading embodied by Equations (3.5) and (3.6).
This is a tedious but algebraically easy task, and it
would be instructive for the reader to try it.
Eventually the following two predictions of failure
are obtained. They are strikingly similar — in fact
they only differ by the factor “3/4” in front of the
torque term — and they suggest, as usual, that
DEFP 1s a slightly less conservative failure
predictor than MSFP.

*  MSFP predicts failure when

S, S%\/M2+T2'

* DEFP predicts failure when

—

SCS—3—2§ ;M3+

377
4
The designer’s approach now follows our well-

established procedure of design for structural
integrity. Based on these failure predictions, we
ensure that the actual stress value on the right-hand
side of one or other equation is always less than
the limiting stress value on the left-hand side, by at
least some acceptable factor of safety, F . Therefore
we can write the following two design inequalities:

* MSFP design rule:

S 532 e (3.13)
F, md®
. DEFP design rule:
| 2
Sex 32 2T (3.14)
F, md®\ 4

Usually it is the shaft diameter that serves as the
primary design variable, so Equation (3.14), for
example, would normally be used in the form:
f—v 3T?

M2 42—
N\ 1

Design rules incorporated in national or
industry-based design codes are essentially
variations on the theme of the above two design

5 32E,
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inequalities. It will be instructive at this point to
consider the shaft design equations from a
representative national code, AS1403 — the
Australian Standard for shafts.

Shaft Design Equations from AS1403

Case 1 — (general) fully reversed torque:

42 QK, (M) +3":—  (3.15)
Case 2 — pulsating torque:
d* >
Qk, (M) + X R s 31
' 4 2
Case 3 — steady torque:
AP L 3T
e ZQ\/[K_\, (M )] +2—. (317)
' 4
where
10
Q= I,:"; K,=KK,; M"’:M+F—d
S’ ’ s 8 -
Notes:

* These design equations have been adapted
slightly to suit the symbols used in this book,
and to make the common elements between
the three versions more obvious.

¢ F1s a tensile axial load applied to the shaft.
This load results in stresses superimposed on
the stresses due to bending. Hence:

Oy +0, =%(M

* The number ‘10’ appears just because

32 10
w
¢ The three cases are identical for K = K =1.

¢ The factors K and K are precisely those
defined in Section 2.4.f, where they are used
to modify the waterial endurance limit, S, to
become the component endurance limit, S,.
Recall:

__S
‘" KK,.

It is interesting to notice that the form of the
three equations differs only on the basis of how
the two fatigue factors, K and K, are applied. The
intention of the equations is to apply these factors
only to dynamic loads. The assumption in all three
equations is that the bending moment, M, is always
a dynamic, reversed load, and 1s always effectively
multiplied by K and K. In Case 1 — fully reversed
torque, the torque term, }T, is also so multiplied. In
Case 3 - steady torque, the torque term is not affected
by the dynamic loading factors. Case 2 — pulsating
torque, represents a kind of halfivay situation
between the other two cases, in which the torque
term 1s multiplied by a reduced form of the K and
K factors. »

3.1.7 Failure by excessive lateral
deflection

47

— X
\_‘_‘1\ —- v
— — —  — 0
A = |
l-— 1 v / 2 —_

- L
Y Y be: cectio

B - = ,_1] eam section
l L] =bd’/12

['; - -

Figure 3.14 Deflection due to bending

In its deflectional response to a transverse load, a
shaft acts just like a beamn. Shaft deflection formulae
for a wide variety of transverse loading situations
are tabulated extensively in the engineering
literature, and may be combined by the principal
of superposition. Some are provided in Appendix
D of this book. The simplest case is that of simple
bearing support and a centrally loaded beam as
shown in Figure 3.14. For this we obtain:
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_ Pl
48EI,

In practice, the need to maintain adequate
clearances within rotating machinery, or to
maintain the accuracy and alignment of meshing
components, or to avoid excessive vibration forces,
will often place limits on the acceptable value of

6 < 5allou/able '

3.1.8 Failure by excessive torsional
deflection (excessive twist)

Excessive twist is not a common design
consideration. It often arises indirectly, however,
in connection with torsional vibration problems
— a shaft that is unduly flexible in torsion will
generally have a low natural torsional frequency.

A good measure of the torsional flexibility of a
shaft is the angular twist per unit length:

o=2 (3.18)

L
for a given applied torque. The quantity ¢ is a
function of the torque, T, the polar second moment
of area, Ip, and the material’s shear modulus, G.

Figure 3.15 Rotational deflection due to torsion

From Figure 3.15we can write (8d/2)={y L},
s0 ¢ can be expressed as: ( / ) (7 )

_2r
¢—d.

But from Hooke’s Law in torsion,

and from the familiar expression for torsional shear
stress at the surface of a shaft we have

1(d/2)
T
Ip
Substituting these into the definition of ¢ in
Equation (3.18) yields:

T
- (3.19)
¢ GI,

where

_E
21+u)-

Note that ¢ is not an angle, but a twist per unit
length — mathematicians will recognise this as the
quantity properly called torsion. Normally we are
interested in the total deflection, 8, particularly in
control applications.

For a steel shaft of diameter d and length L, the
total deflection is:

LT 265LT

8=L¢=
GI, Ed*

3.1.9Summary of design rules for shafts

(a) Design against fracture under combined dynamic
bending and torsion

* Equations (3.9),(3.10) and (3.11) predict the
principal stresses under combined loading.
How they are applied by the designer
depends on the choice of failure predictor.
DEFP is commonly used for shafts. MSFP
is slightly more conservative. Consult and use
established national or industry-based shaft
design codes, which present design formulae
such as Equations (3.15), (3.16) and (3.17)
for specific applications. In general these
codes adopt the following approaches.

e Using Distortion Energy Failure Predictor
(DEFPY):
Model
2
_32 [y, 3T

Opm = e 4
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Require O, <8, .

Rule:
S, 32 3T’
—2 = M (3.14)
F, m 4
*  Using Maximum Shear Stress Failure Predictor
(MSFP):
Model
_ 16 2 2
T = s VM +T7 (3.12)
Require 7, < S / 2.
Rule:
S, . 32
2= MP+T? (3.13)

(b) Design against excessive deflection
* Lateral deflection:

Model — Deflection model must be derived
from beam theory to suit a particular
application. It is not possible to generalise
about this, as the shaft bending layout and
resulting deflection model may be quite
complicated. The simplest case is that of a
simply supported, centrally loaded shaft, for
which:

_pD
48EI_ -

Require 6 <6

allowable *

¢ Torsional deflection:
Model

0=L¢; ¢=

T
T (3.19)

Glp
Require 6 <6,

Hlowable

Ex 3.3

Select component dimensions (outside diameter
and wall thickness) for the tailshaft and the auger
described in Ex. 3.1 and 3.2. A structural grade
steel, S =340 MPaand S, = 560 MP a may be
used. In each case use an explicit procedure, as

indicated in Section 2.3.5, to derive a suitable
design factor of safety F,.

Ex 3.4

Figure 3.16 shows a rock cutting machine
schematically. The cutting tool is fitted to the
machine spindle and it cuts the rock when the
arc of the tool tip intersects the specimen sliding
underneath the spindle. The material chosen for
this shaft application is a grade R4 steel with
S, = 1000 MPa and SJ. = 740 MPa.

(a) General view of rock cutting machine

1680 -

410 =
=hTHEN

cutting tool

_E

chain
sprocket

305

(b) Plan view (schematic only) dimensions are mm

Figure 3. 16 Rock cutting machine

The maximum tangential load on the cutting tool
is estimated at 52.5 kIN. The chain drive sprocket
has a pitch diameter of 280 mm, and the motor
driving the system has an output power of 60 kW.

(a) Estimate the diameter of the shaft needed for
this application. You may use a design factor
of safety F, = 4 (is this too conservative?).

(b) Suggest a relatively simple design change that
might significantly reduce the shaft size
required yet maintains the existing bearing
span and cutter position.

| 123
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Notes:

* Chain sprocket drives generate resultant
tangential forces normal to the direction of the
drive. You will need to integrate the tangential
forces acting on the sprocket periphery to
determine the resultant tangential forces
generated.

* Your choice of drive direction (not identified)
should result in the most conservative design.

3.2 Assignment on shaft design

3.2.1 Aims

The aims of this assignment are:
(a) to give practice in shaft design calculations;

(b) to provide an example of design against
multiple modes of failure; and

(¢) to present novice designers with the challenge
of a design task specified in a less structured
fashion than in previous assignments.

Figure 3.17 Wear testing machine

3.2.2 Background

A metallurgical wear-testing machine is being
designed to facilitate the experimental
determination of the rates of wear for metal
surfaces in rubbing contact. The standardized wear
components consist of a pin in radial contact with
the cylindrical surface of 2 200 mm diameter disc.
The disc is rotated at a known speed, the torque
required to rotate it is accurately measured, and

the wear rate is defined in terms of the rate at which
the pin’s length reduces.

The general arrangement of the main
components is shown i Figure 3.17. Note that
for reasons of compactness it has been decided to
locate the disc between the shaft bearings.
However, the optimum (best) position of the drive
motor, and hence the direction of the pulley force
on the shaft, has not yet been decided. The two
alternatives being considered are (see Figure 3.18):

Case ‘A - with the drive motor on the opposite
side of the shaft to the pin;

Case ‘B’ - with the drive motor on the same
side of the shaft as the pin.

niotor motor pin
disc
B B | B )
B [1] B
. disc
pin
(a) Case A (b) Case B

Figure 3.18 Plan views of the two wear testing machine
arrangements (not to scale)

3.2.3 The design problem

Your present task is to determine what influence,
if any, the position of the drive motor has on the
shaft design, and then design the main shaft for
acceptable deflection and infinite fatigue life when
subjected to bending and torsional effects under
the following design conditions :

* maximum applied pin force (radial on disc),

F =50 N;
* maximum tangential rubbing speed (at pin),
V = 60 m/s;

* worst-case coefficient of sliding friction,
U= 1.20 ( yes, greater than unity');

* average pre-tension in pulley drive-belt,
P _=40N;

* maximum allowable radial deflection at pin,
6= 0.10 mm.
Various decisions have already been taken, and
these are indicated in Figure 3.19 schematically.
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100mm SOmm

- - -

motor

Bearing

Pulley
o . H, H,
150mm dia. o

-ty l F]”l
E0mm

200mm dia.——

F =50N

Figure 3.19 Wear testing machine ( schematic plan view,
not to scale)

The shaft diameter, d = ? (to be determined)
Fd = 3.0; K = 1.15; K, = (unknown)
= 210 GPa; S = 320 MPa S = 480 MPa

(Use a reasonable assumption to estimate SH.

Notes (and supplementary assignment ques-
tions)

(a) Base the shaft design calculations on
appropriate standard formulae.

(b) Note that it would be reasonable to base these
preliminary calculations on a shaft of constant
diameter. The detailed geometry of the shaft
is of course as yet unspecified. Explain your
method of handling the geometrical factor
K in view of this.

(c) The shaft is manufactured from a commercial
grade of mild steel. The whole rotating
assembly is statically and dynamically
balanced so that out-of-balance forces and
moments are small and their effect on shaft
deflections and stresses can be neglected.

(d)It can be shown (after some pain and stffering)
that the radial deflection of the shaft in line
with the pin when both F and P, are acting
in the directions shown in Flgure 3.20Q), is
given by:

- 125
5= ia(a%—b)_ZPm_b_
EI 3 EI 6

For the alternative direction of P, merely
change the sign of the P__term.

(e) Comment on any important assumptions or
simplifications made in your analysis.

V. friction 7 L

: force

(b) Elevation — tangential loading on disc

Figure 3.20 Forces acting on wear tester
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3.3 Mechanical springs: bending
and torsion

The essential purpose of a spring is to provide a
predictable deflection, or rate of deflection, when
a load is applied to it. A good spring is resilient —
it returns to its original position when the load is
removed. In abstract terms, a spring can be thought
of as an energy storage device. It converts
mechanical work (derived perhaps from the kinetic
energy of some moving mass, or from the thermal
energy of some expanding gas, or from the
chemical energy in someone’s muscles) into stored
elastic potential energy. This is really the higher
energy state of the spring material that arises when
its atoms are distorted slightly from their natural
positions relative to each other. But let us not be
distracted by the solid-state physics. Springs just
like to be pushed around, and get back into shape
afterwards!

Although springs come in a wide array of shapes
and sizes, the most common category — and the
one examined here — is that of helical coils.

3.3.1 Historical note

Springs have been used throughout human history
and prehistory. Figures 3.21 and 3.22 show two
early examples of so-called beam springs. In Figure
3.22, asapling is bent in order to store energy (for
an animal trap, say), and acts as a simple cantilever
beam. The recurve bow of Figure 3.22 aided
tribesmen under various Mongolian khans to
conquer the greater part of Asia and Europe during
the 12th and 13th centuries, and is still used by
sports people today. Its double-curved shape
enables the bow to store and impart a great deal of
energy for its size, so that it is ideally suited to
archery from horseback.

Figure 3.21 Tree catapult

Figure 3.22 Recurve bow

The ballista was an ancient engine of war used
by both the Greeks and Romans to hurl stone
missiles. A typical example of a ballista is shown in
Figure 3.23. It employed at its core a torsion spring
formed from twists of heavy rope. Helical (coil)
springs did not enter into engineering usage until
much later, when the late middle ages permitted
the fabrication of more sophisticated steel
components.

Figure 3.23 Roman Ballista

Probably the earliest form of steel springs were
the leaf springs used in the suspension of vehicles,
particularly those used for human transport. These
springs came into common usage in horse-drawn
carriages and made the easy transition to the
horseless carriage, the automobile, in the late 19th
and early 20th century. The photo in Figure 3.24
shows a type of suspension used in many early
automobiles. Although leaf springs continue to be
used in some passenger vehicles, their use in most
automobiles has now been replaced by various
forms of coil spring suspension. Figure 3.25 shows
a coil spring suspension used on a modern 4-wheel

13



Design synthesis of generic engineering components |

132 |

drive vehicle. The combined spring and damper
arrangement shown, with the damper inside the
coil spring, is commonly referred to as a MacPherson
Strut, after its inventor.

Figure 3.24 Front suspension on 1910 Isota-Fraschini
designed by Ettore Bugatti

Figure 3.25 Artist’s impression of a modern coil spring
suspension on a 4-wheel drive automobile

3.3.2 The nature of mechanical springs

I . LiNEAR ELASTIC PHENOMENA

All solid materials exhibit a linear elastic region in
which, at least for relatively small deflections, the
deflection is linearly proportional to the applied
load. This is true whether the load and its
corresponding deflection are axial (tension or
compression), transverse (bending), shear, or
torsional. It took Robert Hooke (1660) to
formulate this notion into a law:

F=kx
in which the symbol k is the constant of
proportionality, called the stiffness, that relates the
force, F, to the displacement, x, from the spring’s
neutral position. For torsional systems, the
expression Is

T =k, 0
where T and 6 are the torque and angular
displacement, respectively, and k; is the torsional
stiffness. Stiffness is the cardinal characteristic of a
spring. The SI units for k are newtons per metre
(N/m), and newton-metres per radian (N.m) for

The elastic potential energy stored in a spring is
U = | Fdx (or alternatively U = [Td8). For lmear
springs these integrals evaluate to U = 5kx
(which is easily predicted, since the average spring
load during deflection from rest to x is 1 gy ), or
U= %kng for torsional springs. 2

2. COMMON TYPES OF MECHANICAL SPRING

Figure 3.26 shows some of the more commonly
encountered forms of mechanical spring. Helical
springs are used in both compressive and tensile
applications. A helical compression spring such as
the one in Figure 3.26(a) is immediately
recognisable from its almost cylindrical outer
shape. The flattened ends provide a stable platform
for transmitting compressive force. As we shall
discover shortly, the primary loading experienced
by the wire in such a coil is torsional about the helical
centreline of the coiled wire. Despite this, the
spring itself is not referred to as a torsion spring,
but as a compression (or tension) spring, since this
term reflects the nature of the spring’s external
loading and displacement.

Leaf springs, seen in Figure 3.26(b), are often
used to provide suspension in vehicles such as
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railway and motor cars. The stack of compliant
plates, or leaves, is strapped together around the
centre, and acts as a set of beam springs in parallel.
The unit is thicker towards the middle of its span
where the bending moment is greatest.

(a) Simple helical compression spring

(¢) Clock type torsion spring

(d) Clothes peg

Figure 3.26 Examples of various types of springs

In Figure 3.26(c), a classic dockwork-type torsion
spring is depicted. It is interesting to note that this
type of spring is really just an extension of a single
leaf spring, with the long leaf coiled into a spiral.
Indeed, the leaf is a spirally curved beam, and
experiences pure bending at every point along its
length as the central shaft is wound about the
spring’s torsional axis.

Helical coils can also be employed as torsion
springs, as exemplified by the clothes-peg spring

of Figure 3.26(d). The central axis of the helical
coil 1s always the torsional axis of the spring. We
expect that most readers will possess sufticient
domesticity to be familiar with this device!

Again it is noteworthy that the helical torsion
spring in the clothes-peg example of Figure
3.26(d), similar to the spiral leaf in Figure 3.26(c),
is subjected only to bending along its whole helical
length. Contrast that to the torsional loading on
the wire of the helical compression spring in Figure
3.26(a). When considering the stress state of the
wire in helical coil springs, the following slightly
counter-intuitive statement 1s true:

“The wire of a helical torsion spring is in bending,
whereas the wire of a helical compression (or tension)
spring is in torsion.”

3. SOME SPECIAL TYPES OF SPRINGS AND THEIR APPLICATIONS

Additional examples, some commonplace and
some unusual, are shown in Figures 3.27 to 3.35.
They are presented not so much to seek after design
rules for each case, but to demonstrate the diversity
of things that are springs, and to pose the kinds of
challenges that face designers in modelling the
behaviour of springs in the face of such diversity.
In fact, design rules do not exist in the literature for
many of the weird and wonderful spring
configurations confronting the designer. However
an insightful engineer, with a modicum of
structural mechanics theory, can develop quite
good mathematical models to predict spring
stiffness and other spring characteristics from first
principles as required.

Clothes pegs are essentially compliant fasteners:
they must be sufficiently flexible to accommodate
arange of cloth thicknesses without generating too
great a variation in clamping force. The old-style
clothes pegs of Figure 3.27 achieve this by means
of flexible legs, which are in effect beam springs.

Figure 3.27 Wooden clothes peg

So how would the designer predict the
performance of the humble, solid, wooden peg?
Probably no peg manufacturer has ever done this

1133
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by analysis — in all likelihood a skilled model-
maker would have carved a few dozen pegs and
sorted out a good shape by trial and error. But we
suspect that 1s because the manufacturers had no
enthusiastic engineer handy! The mathematical
modelling is easy and the design variables are few.

Ex. 3.5 Peg stiffness

Assuming it is turned from a known species of
wood (so the outer shape will have circular cross-
sections), and has a symmetrical slot, develop a
model for the structural behaviour of the wooden
peg shown in Figure 3.27. List the key design
variables. What are the key performance measures?
Sugeest and justify any reasonable simplifications
to the mathematical model.

7

unfurled cross-section shape

4

Figure 3.28 Negator spring (k =0)

Most metal tape measures are of the type
lustrated in Figure 3.28. Any metal tape that is
wound onto the hub must maintain a flat cross-
section, but as it unfurls it can resume its normally
concave cross-section. Any tendency of the spiral
spring to remain furled (due either to it being
formed with a coiled repose shape, or being
provided with a separate torsional return spring in
some applications) is therefore negated by the
forces arising from the metal tape as it becomnes
concave. Ideally, the resultant effort required to furl
or unfurl the tape is minimal, and the effective
torsional stiffness is zero.

Belleville springs are shallow conical frusta
popular in specialised machine applications due to
their compactness, their adaptability and their non-
linear force/deflection characteristics (Figure 3.29).
They are shown in various configurations in Figure
3.30. Belleville springs can easily be arranged in
parallel to increase overall stiffness (with all cones
facing the same way, as in the top-left figure), or
in series to provide greater flexibility (alternate
cones facing in opposite directions, as in the
bottom-right figure), or in combinations of both.

This raises the question of how spring stiffnesses
might be combined when springs are arranged in
series or parallel configurations.

deflection, x

Figure 3.29 Disc or Belleville spring and force/deflection
characteristics

Figure 3.30 Belleville springs may be applied in series or
parallel

Figure 3.31(a) shows two springs in series. In
this configuration, each spring is subjected to the
full applied axial load, and their deflections sum
together so that the overall stiffness is reduced.
Their combined stiffness can be easily calculated
to be:

1
1 1
kromL = {E + E:I .

Figure 3.31(b) shows the same two springs in
parallel. Here, each spring is constrained to
undergo the same axial deflection as the other, but
shares only a proportion of the total applied load,
so their axial forces sum together and the overall
stiffness is increased. Their combined stiffness is
simply:

krora, =k + k.

(3.20a)

(3.20b)
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Ydd

(a) (b)

Figure 3.31 Springs in series and parallel

These results can be extended in a similar way
for any number of combined springs. As a less
obvious example of combined spring behaviour,
consider the diaphragm spring shown in Figure 3.32,
consisting of a series of radial beam springs
cantilevered out from a relatively stiff outer conical
ring. Each cantilever looks and behaves like a little
diving board.

= .|

Figure 3.32 Diaphragm spring (k=constant)

Ex. 3.6 Diaphragm spring stiffness

Define the major design variables for the
diaphragm spring shown in Figure 3.32, and
arbitrarily choose some appropriate dimensional
or material property values for each. Develop a
model for the structural behaviour of the spring,
simplifying your mathematical model where
necessary. What is the best way to handle the small
flexure of the outer conical ring? Calculate the
overall stiffness.
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Figure 3.33 Energy absorbing application — railway buffer

Didn’t you always want to know what lay inside
those strange looking domed protruberances on
the ends of railway carriages where they impact
with their neighbours? Figure 3.33 reveals the
secret, and it is indeed elegant. Railway buffers
contain a series of rings in an alternating sequence:
smaller diameter compression rings that have an
outward-facing vee profile, and larger diameter
tension rings that have an inward-facing vee profile.
The rings are clamped loosely together by means
of a central holding bolt between end fittings, with
the conical faces of alternating rings meshing
together as shown. Now imagine what happens
when the buffer is subjected to a compressive
impact. Axial compression squeezes the stack of
rings together, and the oblique faces of the vee
profiles tend to slide on one another. In effect, the
compression rings get pushed into the tension
rings. Because the opposing conical faces on each
vee profile are symmetrical, the resultant force
distribution on each ring is radial — radially
inwards on compression rings, and radially
outwards on tension rings. The effect is that the
stack deflects axially, and dissipates a lot of energy
in frictional heating as it does so.

Ex. 3.7 Railway buffer stiffness

This 1s a tricky one! Develop a model for the
structural behaviour of the railway buffer shown
in Figure 3.33, simplifying your mathematical
model where necessary. You will need to assume a
value for the coefficient of friction for greased steel-
on-steel, but it will be rather small —say, 4 =0.1.
You will also need to consider how to relate the
radial load on a ring to its radial strain. Calculate
the overall axial stiffness of the buffer. Given the
outer size constraints, what are the most eftective
design variables to employ in controlling the
buffer’s stiffness?
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Figure 3.34 Special type of spring — plastic moulding
application

The injection moulding process 1s capable of
producing complex shapes quite cheaply. The
example shown in Figure 3.34 is a special type of
compression spring that has been fabricated in
plastic using this process. It is actually a form of
stacked beam spring.

Ex. 3.8 Plastic moulded spring behaviour

Using sketches to illustrate your answer, explain
how the spring in Figure 3.34 works and describe
how you would predict its stiffness. Be as specific
as you can, but do not perform any detailed
analysis.

Figure 3.35 Simple torsion bar

Simple torsion bars are widespread in
engineering equipment. A shaft driving a crank is
really just a torsion bar; a wheel brace tightening a
nut on a vehicle’s wheel is really just a torsion bar;
and Section 1.4.1 explored the possibility of
considering that part of the common paper-clip is

really just a torsion bar! Usually, however, the term
is reserved for a fixed component that provides
torsional support to other parts of a device, whilst
at the same time providing some elastic
compliance. Torsion bar suspension systems on
motor cars are very widespread.

Ex. 3.9 Modelling a torsion bar

The overall cantilevered length of the torsion bar
in Figure 3.35 is 300 mm, and its diameter_is 16
mm. The crank fitted to it is made from solid
rectangular bar. Both the crank and torsion bar are
steel with E = 210 GPa, and both are horizontal
initially. A vertical force is applied to the crank 250
mm from the centreline of the torsion bar.
Calculate the stiffness of the unit. What proportion
of the deflection at the load is due to torsion, and
what proportion is due to bending? (Ignore the
bending of the crank.)

3.3.3 Linear compression springs, static
loading

. NOMENCLATURE

Figure 3.36 Simple compression spring

The coil geometry of any helical spring is defined
uniquely by four variables:

d = wire diameter;

D = coil pitch diameter (the diameter of the
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helix formed by the wire centreline, or
equivalently the average of the outer and
inner diameters of the coil);

p = linear pitch (the axial distance separating
two adjacent coils); and

n =number of active coils.

Designers will principally manipulate variables
d, D and n to achieve the desired operation and
design requirements. Other dependent variables
are sometimes used in describing the spring, for
example:

¢, = free length of the spring.

This nomenclature is illustrated in Figure 3.36.
We also define the following coordinate variables:

x =displacement of the end of the spring from
its neutral position;

s = helical distance along the coil of wire,
measured from the end of the spring.

2 MODELLING STRESS IN COMPRESSION SPRINGS (STATIC LOADING)

Figure 3.37 Free body diagram of a few "working” coils

No matter where the helical coil is notionally
cut to reveal inner forces and torques in the wire, a
free body diagram like the one in Figure 3.37 is
obtained. Working from this we obtain the torque,
T, acting about the wire axis due to the axial
compressive force, F, as:

r- D

5
The cut face of the wire is therefore exposed to
shear stresses from two sources: that due to the
shear force F acting parallel to the cross-section
section of area A = 7d® /4, and the torsional shear
stress arising from T, which varies with wire radius

ras tp=Tr/lp.

df2 D/2
Direct TN

l\.‘l“,\”. |ut|u|||u"

distribution \_
Torsional Vaw.
shear b AL
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Figure 3.38 Superposition of the two types of shear stress in
the spring section

These two shear stresses combine additively all
over the wire cross-section, but the extreme cases
occur along the horizontal diameter of the wire,
since this is where the shear stresses both act in a
vertical direction. Vertical shear stresses are plotted
along this diameter in Figure 3.38.

The shear stress (positive upwards) acting on the
inner and outer surfaces of the section is:

1=iE—+ 4r

21, md*.
Recall that the polar second moment of area of
the wire 1s

7Td4
I, =—
32.
Therefore
8FD 4F 8FD 0.5
THI\ = + 2 =0 1 — )
o C

where the coiling ratio is defined as

c=2 (3.21)
d

The parameter C is sometimes called the spring
index, and is used widely within helical spring
literature as an indication of the curvature of the
coil.

It can be seen from Figure 3.38 that the
maximum shear stress acts on the inner surface of
the wire, since this is where the two superimposed
shear stresses augment each other. The same result
applies to tension springs also.
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The previous equation for 7, is sometimes
rewritten as:

Tmax = Kshear —8—12’ (322)
where
0.5 d
K, =1+ ={1+21. 3.23
shear [ C ] ( ZDJ (. )

The parameter K,  is the shear-stress
multiplication factor for helical springs. It is a
useful means of predicting the maximum nominal
shear stress (unmodified by the effects of stress
concentrations). As we shall see in Section 3.3.4
on cyclically Joaded springs, stress concentration
effects further elevate the actual peak stress in the
vicinity of the inner surface of the wire. However
these effects are highly localised and tend to
disappear when the material of the spring yields
locally (sets), so they are not critical for statically
loaded springs.

3. MODELLING DEFLECTION IN COMPRESSION SPRINGS (STATIC
LOADING)

We use the symbol s to denote coordinate distances
along the helical centreline traced out by the wire
of a coil spring. The relation between torsional
shear strain and rotation for a short length, ds , of
this wire is just like that for any shaft in torsion:

Figure 3.39 Shear strain and rotation in an elemental fength
of a helical spring

In the exaggerated figure above, torque T
produces a small rotation de in the element of
length ds, by means of the shear strain yin which
the longitudinal line PQ rotates to PQ’ . Since the
small arc length QQ’ (the circumferential
deflection over the small axial distance ds ) is
subtended by both vy and da, it must be that

y-ds=da-d/2. Now by applying Hooke’s Law
for circular bars to the shear stresses and shear
strains at the surface of spring wire, we obtain:

_r_T 1
G 2, G
or
8FD
y = , (3.24)
nGd®
where
__E (3.25)
21+ )

The material constant G is the shear modulus
of elasticity (approximately 90 GPa for most
steels). Integrating:

b D
a=f Z—yds=J 16I:Dds
0 d v md'G

_16FD’n
d*'G

In Equation (3.26), « is the total torsional

rotation of the spring wire due to the applied force

F. However, any rotation, da, of wire at a radius

D/2 from the central axis of the coil corresponds

to an axial compression of dx = da x D/2 in the

coil. Therefore the overall compression of the coil
spring is given by:

(3.26)

3
x=a-Df2 = 8FD’n (3.27)
d4
The spring rate k (or its stiffuess) is the force, F,
required to cause a deflection x of the force at the
centre of the coil. It is trivial now to re-express
Equation (3.27) in terms of the spring stiffness, k:

L[ F] 4G (3.28)

x) 8D
A similar result may be obtained by energy
methods (Castigliano’s theorem).

3.3.4 Stresses in linear compression
springs, dynamic loading

Springs are very often subject to dynamic loading,
Frequently the spring deflection will vary cyclically
with time over a large number of cycles. Our
approach to the prediction of stresses in helical
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compression springs in the previous section
remains valid for dynamic loading, except that
there is a further effect to be considered. Additional
account must be taken of the effects of stress
concentration due to wire curvature.

We found in Section 3.3.3 that the torsional and
direct shear stresses may be superimposed to get
the maximum shear stress in the coil wire, and that
this occurs at the inner surface of the coil spring,
This is precisely the location of a localised stress
concentration phenomenon first reported and
analysed by A. M. Wah[**, who found that the shear
stress on the inside surface of a curved bar is
increased due to its curvature.

The Wahl correction factor for stress
concentration due to curvature is a function of the
geometric spring constant C=D/d, and is of the
form:

_4C-1 0615 (3.29)

4C+1  C

which is inclusive of the influences of direct shear
(F/A) and torsional shear(Td/2] )as well as wire
curvature. For large C, this is ‘only marginally
difterent from the value of K, _, given in Equation
(3.23). In practical spring manufacture, C usually
takes values ranging from 6 to 12.

Wahl

straight bar.

Figure 3.40 Stress concentration due to wire curvature

The Wahl correction factor was originally
developed to account for stress concentration due
to curvature in round bars under torsional loading.
It is a shear-stress multiplication factor for helical
springs, and is used in the equation

8FD (3.30)

7l'd3

Tpeak =K Wah!

to predict the highly localised peak shear stress near
the inner surface of the spring wire. This peak
stress disappears due to local yielding once the
spring is set, so it is not such an important issue
under static loading. But consider the situation
under dynamic loading (cyclic variation with time).
If the initial spring load and deflection is such that
Toeaw €Xceeds S (the shear stress value
corresponding to the onset of yielding) by a small
amount, then, naturally enough, the spring wire
will yield locally in the vicinity of this peak stress.
The metal on the innermost surface of the wire
will experience microstructural sliding of its grain
boundaries — it will flow (invisibly) — until the
strains associated with the local peak stress are
relieved. In this condition the spring is said to be
set. When the load applied to the spring diminishes
again (say to zero), the deflection of the spring away
from its set configuration will cause new peak
stresses to develop at the inner wire surface, this
time in the opposite direction to the first set of
stresses. If the change in spring deflection is great
enough, the new peak stresses may be sufficient
to cause yielding again, reversing the first set. In
the extreme, the spring will be repeatedly set and
reset, suffering localised reversed yielding, and it
will very soon fail.

For this reason it is essential for dynamically
loaded springs that the value of 7, remain below
S,,. It is also highly desirable that such springs be
designed to have stresses below the shear stress
endurance limit ( S/, ) so they will have a satisfactory
dynamic life.

Unfortunately there is very little data on the
value of S/,. The best is that of FP Zimmerli**,
whose results suggest, interestingly, that the shear
stress endurance limit is independent of material,
size and tensile strength for all spring steels up to
10 mm in diameter. The only relevant issue is
whether or not the spring wire has been peened.
Peening is a process of bombarding the surface
with fine steel particles. This process tends to
remove surface defects as well as work hardening
the surface, but is not always feasible, especially
for small springs.

Zimmerli’s results may be summarised as
follows:

* for unpeened springs, S/, =310 MPa;
* for peened springs, S, =465 MPa.
Springs subject to fluctuating loads should be

designed against fatigue by means of the approach
familiar from Chapter 2.4, but using shear

3.3 See Wahl, A M. Helical Compression and Tension Springs, ASME Paper A-38, |. Appl. Mech. 2(1):1935
3.4 FR Zimmerli , "Human failures in spring applications’, The Mainspring, publication of Associated Spring Corporation, Bristol,

Connecticut, No. 17, August-September 1957
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properties (S’ , S, and S, ) to construct the A-M
diagram. Shear stresses associated with dynamic
loading, and hence the mean and amplitude of such
fluctuating stresses (7, and 7,), should be

calculated on the basis of Equation (3.30), using
KWahl’

3.3.5 Other practical issues for
compression springs

I. Buckuing

Compression springs can buckle (like a column),
but for { £,/ D] <4 this is not a serious problem.
Guiding the spring can overcome such buckling
problems generally.

2. BotrToming

Compression springs can bottom out — they
become solid when the coils are fully in contact
with each other. In this way the stress in the section
may be limited.

3. BiNpiNG

The average coil diameter, D, increases when a
spring is compressed (and likewise decreases when
it is stretched). This may lead to problems if the
spring is required to operate in a cavity, so the
designer must ensure sufficient clearance is
provided. The worst case occurs when the spring
is fully bottomed, in which case the outer diameter

1S
2 2 2 2
D + p* = d*
Dy .o = P +d-

,max
T

3.3.6Tension springs

The stress and deflection relationships presented
above are generally applicable to helical tension
springs also. However, in tension springs the
stresses in the end supports may be more
significant than in the coils due to stress
concentrations. Cunning design of the end loops
of wire can alleviate this problem to some degree.
Some typical end connections in extension springs
are shown in Figure 3.41.

Standard ends Ends with

reduced  stress
concentration

Figure 3.4 1 End designs for tension springs

3.3.7 Torsion springs

As discussed in Section 3.3.3, most torsion springs
are, from a structural analysis point-of-view, curved
beams in bending. Stresses in torsion springs are
found from the theory of bending of curved beams.
In general

GB max — KBM’ (331)
) Z
where K, is a correction factor to allow for stress
concentrations in the bending stress distribution
induced by curvature, and Z_is the section
modulus of the curved beam.For round wire,

5 1z _md'fe4 _md®
e df2 32

by |‘H

Figure 3.42 Bending moment in a torsion spring

3.4 £ R Zimmerli , ‘Human failures in spring applications’. The Mainspring, publication of Associated Spring Corporation, Bristol,

Connecticut, No. 17, August-September 1957
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Torsion springs arise in a wide variety of shapes,
and employ many techniques for exerting the
torque, T=FR, about the torsional axis of the
spring. The arrangement in Figure 3.42 is a typical
one. As in this figure, it is often convenient to
express the maximum bending moment, M=Fa,
experienced by the wire as a product of some
contact force, F, and 2 maximum perpendicular
distance, 4, to the wire centreline (a is the bending
moment-arm, not to be confused with the torsional
moment-arm, R). The maximum bending stress for
a round-wire torsion spring can then be written:

32Fa

Bending stress concentrations are similar in
concept to those described for shear stress in
Section 3.3.4. They are again most severe at the
inner fibre of the wire cross-section. A conservative
approximation to Wahl's formulation of the stress
concentration there is given by:

4C -1

4C -4

The total rotation of a torsion spring (having
elastic modulus E, mean coil diameter D, wire
diameter d, and »n working (active) coils, with a
force F acting on it about a torsional moment arm
R) can be calculated from strain energy methods
to be:

O-B,max — B

5= (3.33)

64FRDn

d‘E

Some care needs to be taken in applying this
equation, since:

(a) it uses the torsional moment, FR, not the
maximum bending moment, Fa;

8=

(b) the mean coil diameter decreases by the ratio
n/ (n + 8) when the spring is wound;

(c) the number of active coils should be adjusted
to account for the flexural contribution of the
spring’s straight ends (if any);

(d)large inaccuracies can arise from inter-coil
friction; and

(e) practical tests show that, by ignoring the effect
of wire curvature, the equation
underestimates the true rotation by about 6%.

The torsional stiffness, k., is the torque per radian
of rotation. Introducing a \ correction factor, C

cire?

1141

to account for wire curvature, k,_may be found
from the previous equation.

T d*'E
L =— =C 3.34
T curt 64Dn . ( )
Often the stiffness of torsion springs is expressed
as a spring rate, k., which is the torque per turn
(27 radians) of the spring. Combining
C 27[/64 into a single constant, we obtain:

cure

4
k= _AdE_ (3.35)
10.8Dn

Ex. 3.10 Automatic garage door

An automatic garage door consists of several plate
assemblies that are stored horizontally 3.2 m above
the garage floor in a roller-track near the ceiling,
and can be wound down along the curved track
into their vertical door pnsmun h\ means of a small,
geared electric motor. The motor is connected to
the door plates through drive chains (exactly like a
bicycle chain), which it drives with a long shaft
and sprockets having a pitch diameter of 50 mm,
as shown in Figure 3.43.

dual torsion springs
track

geared
motor

sprocket

chain

s door ]'!’iif('.‘\'

The plates have a total mass of 160 kg. The geared
motor unit has plenty of torque capability to
overcome friction in the track system, but not to
support the weight of the door plates when they
are nearly closed. For this purpose, two large helical
ttorsion springs are fitted around the shaft between
the geared motor and the chain’s drive sprockets.
Design the torsion springs to take the full weight
of the door in the almost-closed position.
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3.3.8 Properties of materials used for
springs

Table 3.1 gives the properties for some commonly
used spring materials. The following needs to be
noted:

(a) Tensile strength varies with heat treatment
and wire diameter. It is higher at small
diameters.

(b) Temperature and shock loading are critical
factors in material choice.

(¢) Since failure is by shear, we need a value for
yielding in shear: S

(d)But S, is not always well reported. If
tabulated values are not available, designers
may use the following approximate values
with a  suitable safety margin:

S, =0.577S, =0.433S;-

3.3.9 Vibrations and natural frequency

Springs are usually the means by which vibration
is imparted to other inertial bodies — their
restoring force drives the oscillatory motion in free
vibration systems. But a spring is itself an inertial

body, and the designer needs to be aware of the
dangers of exciting vibratory motions within the
spring at resonant frequencies.

For a spring supported between two parallel
plates, its natural frequency (in Hz) is:

1 1k
S a\m

The mass m of the spring may be found from:

2 2
m:ﬂanp.
4

Where a spring is compressed very rapidly (as in
the valve gear of an engine), parts of the spring
can bump against adjacent coils before the whole
spring has time to adjust itself to the average
compression. The resulting wave of motion is
called surging and it can occur at frequencies as high
as the 13th harmonic of the spring.

Typically an engine at 5000 rpm (83.3 Hz) has
its valve springs operating at 2500 cycles/minute
(41.7 Hz). The 13th harmonic of this motion is at
13x41.7=542 Hz. The spring must be designed
to have a natural frequency well above this value
— at least 15 or 20 times the forcing frequency is
recommended.

Table 3.1 Spring material properties

Name Designation Description (zs&{“'\c;? e)

Moscwe | asTazss | Tiebeundeber o
(0.8-0.95%C) 0°C < temp < 120 °C

Oil tempered wire ASTM A229-41 General purpose spring steel; 1700
(0.6-0.7%C) 0°C < temp < 180 °C

Most popular alloy spring

Chrome vanadium ASTM A231-41 steel —good for shockloading; 1800
0°C < temp < 220 °C

Inconel ASTM X-750 Clock springs 1300

Phosphor bronze ASTM B-159 Commutator brush springs 900
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Ex. 3.11 Simple compression spring exam-
ple
The following information is available for a typical
helical compression spring.

* material is music wire: §; = 2000 MPa;

S;, = 310 MPa - unpeened;

* free length £, = 105 mm;

* outside diameter D, = 14.3 mm

* wire diameter d = 2.24

* working (active) coils n =21

* preload = 45 N; maximum load = 225 N

Determine factor of safety against fatigue, natural
frequency and surge frequency.

Ex. 3.12

(a) The recurve bow shown in Figure 3.22 is
capable of imparting substantially greater
energy per unit extension to a projectile than
the simple longbow. Explain this using energy
principles.

(b) The ballista (or catapult) shown in Figure
3.23 imparts energy to a projectile by winding
up a torsion spring made up from heavy
elastic ropes. A movie director has hired you
to advise on a realistic ballista to be used in a
period drama. Develop a simple
mathematical model for the ballista, that will
allow you to select a torsion spring necessary
to hurl a 10 kg projectile over a distance of
100 m. Clearly explain all your design
assumptions.

3.3.10 Summary of design rules for
springs

(a) Compression and tension springs

For compression and tension springs, Equations
(3.28) and either (3.22) or (3.30) are usually
manipulated to achieve the desired spring
behaviour.

Static loading:
Model

8FD
=K e
max shear 3, (322)

where

0.5 D
K, =|1+=2]. c=|=
shear [ C}, (d) (323)

Require 71 <S

max sy”
Dynamic loading:
Model
8FD
z-peak = KWahI _7;;— s (330)
where
_4C-1 + 0.615
Wahi 4C +1 C (3.29)

Require  Tpeax < S0,
Also check A-M diagram for 7, and 7,,.

Also check natural vibration frequency for
resonance.

Linear stiffness:
Model
k= Lij ke (3.28)
x 8D’n’ '

Also check compression springs for buckling,
bottoming, binding.

(b) Torsion springs

Bending stresses:

Model
_ 32Fa
O-B,ma_\' - B 7Z'd3 s (332)
where
4C -1
K, = . 3.33
B~ 20 4 (3.33)

Require  Op ., <S, or S — as applicable.
Rotational stiffness (‘spring rate’):
Model
4
E
k; d

= (per turn). (3.35)
"~ 108Dn
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3.4 Columns: design for axial
loading

In this section, we consider the design of columns
— structural elements whose purpose is to resist
axial compression. For many engineering
components we can treat structural integrity for
axial compression and tension in similar ways, with
some special exceptions. One exception already
noted was the difference experienced by structures
subjected to dynamic loading (refer to the A-M
diagram Figure 2.36). Columns represent another
exception, in that they are designed to resist failure
by elastic instability , buckling, rather than yielding
or fracture.

Buckling is a form of failure due to elastic
instability, in which a component might fail at loads
significantly below that expected to be carried by
the cross section from elementary failure theory.

The first to investigate the elastic deflection
curves of beams was Leonhard Euler (1701-1783).
While Euler’s name remains directly associated
with column buckling, it is worth noting that the
problem was suggested to him by Daniel Bernoullt
(1700-1782), who also contributed to the theory
of elastic curves®®. Bernoulli recognised Euler’s
mathematical capabilities, specifically his
knowledge of the calculus of variations (isoperimetric
method), which Euler used in deriving the curve
shape for a beam under axial loading (column). J.
L. Lagrange (1736-1813) later extended Euler’s
work to show that Euler’s equation has a sinusoidal
solution curve, with half wave length proportional
to the length of the beam. Although his direct
contribution now appears shrouded in history, 1t
was Lagrange who was actually responsible for the
classical equation we now refer to as the Euler
buckling curve.

As more and more use is made of high strength
alloys, the cross sectional areas of components are
being reduced, and elastic instability has become
an important consideration in the design of
engineering components.

The first to study buckling of thin rectangular
bars was Ludwig Prandtl, who wrote his doctoral
thesis on this subject. (Kipperscheinungen,
Dissertation Munich,1899).

The study of this subject was considerably
extended in the early part of this century by several
workers including Timoshenko (buckling of
I-beamns, axially loaded curved sheet panels and
torsional buckling of members with thin cross

section) and R. von Mises (cylindrical shells under
combined axial and lateral pressure; VDI, vol 52,
p750, 1914).

The buckling of thin tubes under pure bending
was studied by W. Fliigge, Ing. Arch. Vol. 3, p463,
1932.

3.4.1 Identifying columns

Together with beams, columns constitute the
earliest and most enduring structural components
employed by humans to fabricate their built
environment.

o Pt o
[ o

Figure 3.44 Columns and beams in the Neolithic circle at
Stonehenge, England

Figure 3.45 Columns of the Temple of Isis at Aswan, Egypt.

3.5 L. Euler, 1759, Sur la force des colonnes. Mem. Acad. Berlin. V. 13, quoted in Timoshenko 1953
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Beams support loads transversely, and columns
support loads axially, and the two are used generally
in combination. It 1s difficult to say very much
concisely about the role of the column in ancient
architecture — it is so generic, and suffused
throughout human experience. The post and lintel
construction seen In many ancient monuments,
such as those depicted in Figures 3.44 and 3.45,
typify the relationship between the beam and the
column. The columns of stone or brick that survive
from antiquity are massive, squat affairs, and always
vertical.

Columns are not always like that — the wooden
pushing pole used to propel a punt on the River Cam
in Figure 3.46 is a good example of a column, and
it must be long, slender and light to promote
portability.

Figure 3.46 Pole as column
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This highlights the structural designer’s chief
challenge in relation to columns: how to make
them light and slender, whilst still strong enough
to fulfil their pushing function safely.

Columns are rarely found in isolation. In
complex structural systems, like the timber frame
of a house, or the truss structure of an electricity
transmission tower, or a suspension bridge,
columns are used in conjunction with many other
components such as beams, plates and tension
elements.

Ex. 3.13 Find the column(s)

Identify the columns (structural members subject
to axial compression) in the timber house frame,
electricity transmission tower and suspension
bridge shown in Figure 3.47.

Our concern in this chapter will be mainly with
axial compression. We begin however by widening
the topic to include both tensile and compressive
forms of axial loading. This is not because we
suspect novice designers to be unfamiliar with the
very simple case of tensile stress — rather the
reverse! Because design to resist axial tension is
already a familiar problem, we take this
opportunity to exemplify and develop a General
Design Method applicable to all structural integrity
design problems.

(a) Stud wall in building

Figure 3.47 Columns in complex structures
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(c) Suspension bridge
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3.4.2 Design against failure in tension
— an example of a General Method of
Design against structural failure

The structural integrity of tensile elements is the
simplest possible case that an engineering designer
can be faced with. After all, the stresses experienced
by simple tensile links are very similar to those in
uniaxial tension tests conducted in the materials
laboratory to establish basic structural properties
such as yield stress and ultimate tensile strength.

in general: in this case:

yield, fracture,

Modes of Failure

excessive deflection

Failure Predictor Mozl =5j/3
theory of failure ( e
( - ) ? (O al, il _‘\y
Key Quantities
to model ? Ga
Mathematical G & /
Model ‘ A
Oupial SO I

Figure 3.48 Flow Chart of the General Method of Design
against structural faifure

In designing against the structural failure of a
particular element, the designer first considers its
various possible modes of failure. In this case of
an element whose task is to sustain axial tension,
there are three principal modes of failure: failure
by yielding in tension, failure by tensile fracture,
and functional failure by excessive deflection
(extension). We will consider only one of these
(yielding), although in practice all likely modes of
failure would need to be reviewed separately.

The next step in the General Method of Design
is to choose a failure predictor. Failure predictors
enable the designer to take the results of uniaxial
tension tests in the laboratory and apply them to
the more complex multiaxial stress states of real
world components. So failure predictors,
sometimes called theories of failure, may be needed
for any of the modes of failure which involve
prediction of the component’s strength. In this
trivial case of design against yielding in tension,
the need for a failure predictor is somewhat
redundant because there is no translation required
between the loads imposed in laboratory tests and
the kind of loading to which the component is
subjected: they are both uniaxial. Nevertheless for
illustration let us choose a failure predictor and
apply it. An appropriate failure predictor for ductile
materials is the MSFP (maximum shear stress
failure predictor). This predicts that the
component will fail when the maximum shear
stress anywhere within it reaches the value of
maximum shear stress existing in a uniaxial test
specimen at the instant of failure, namely S /2.

1.M‘1X,fall = Sy/2

This is equivalent to saying that the axial stress
at the point of failure is equal to S,;:

o} S

wdal fail = Oy
— a rather obvious result. It does however
highlight for us that the axial stress is the key
quantity the designer must model. Fortunately for
the designer, in this case it is a simple challenge to
model this key quantity! The axial stress is
expressed in terms of the applied axial tension, P,
and the cross-sectional area, A.

Gaxial = P/A

Continuing with the sequence of steps in our
General Method of Design, the next step is crucial
— and common to all constraint-based design
processes. The designer writes down a design
inequality, which establishes an upper or lower
limit on the modelled quantity. In this case we can
simply state that the axial stress must always be
less than or equal to some allowable value. That
allowable value is chosen to be the failure value

moderated by some factor of safety, F; .
O wxial <0

allowable
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O-allowable = Sy /}:d

Having established all of the above quantities and
relationships, the designer is now in a position to
determine the geometry of the component, since
the cross-sectional area can be expressed as a

function of the material properties and applied
load.

A>Ph (3.36)

S,

The several stages of our General Method of
Design for structural components are set out in
the flow chart of Figure 3.48.

In this and later chapters, be alert for the
development of design methods along these
general lines as we consider a wide variety of
engineering components.

Ex. 3.14 A little quiz on failure predictors

Would the choice of a different failure predictor
(for example, DEFP instead of MSFP) alter the
resulting design inequality in the above case of a
component loaded in tension? Why or why not?

3.4.3 Design against failure in
compression

Columns are structural elements defined by two
main characteristics: their shape (they generally
possess a long axis), and the nature of the loads to
which they are subjected (they experience axial
compressive forces). Like many common
engineering components, they are called by a range
of names, including column, strut, brace and prop.
If we regard their compressive axial loading as a
given common to all columns, then the main basis
for distinguishing between various instances of
column is their length, or more particularly, their
slenderness. Slenderness is a defining characteristic
of a column which we will later describe quite
precisely, but for the moment let us use slenderness

loosely to express a column’s length relative to its
width.

3.4.4 Modes of Failure for columns

Columns that are long and slender fail by buckling
— an elastic phenomenon characterised by large
lateral deflections perpendicular to the direction
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of the applied load. When a long column buckles,
its material does not experience yielding at all (at
least in the initial stages of that buckling event),
but rather bows out sideways (Figure 3.49).

Figure 3.49 Buckling of a long, slender column.

Buckling failure is a form of elastic instability,
and as such is usually accompanied by all the
characteristics of that class of failure, including
suddenness, lack of forewarning, and severity of
structural displacement. The buckled column may
suddenly lose a large proportion of its ability to
resist axial deflection, and so if the axial force
persists the column will collapse very quickly. If
however the axial force is removed before the
column collapses completely, then the elastically
buckled column may spring back to its
undeformed shape, sustaining little or no
permanent damage.

At the other end of the spectrum, consider what
happens to columns that are relatively short and
stumpy. In the extreme, a very short column acts
just like a solid block which under excessive
compression will simply experience compressive
yielding when the stress reaches the material’s yield
limit (Figure 3.50).

/,
7

Figure 3.50 Buckling of a short, stumpy column.

Between these extremes of very long and very
short columns, we may speak of columns having
intermediate slenderness. These exhibit a
combined failure mode that involves both yielding
and large lateral deflections.

We seek to develop a simple model for the
behaviour of columns that will encompass this
range of behaviours.

3.4.5Buckling of Long Columns

As already noted in the introduction to Section
3.4, the mathematical description of buckling
behaviour in long columns was first developed by
the Swiss mathematician Leonhard Euler. His
analysis assumes the buckling phenomenon to be
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elastic, and so uses elastic beam theory to establish
an interaction between axial force and the
corresponding bending moment along the span of
the column. (This bending moment is developed
within the column when the axial force is offset
from the column’s neutral axis due to lateral
deflection.) The familiar mathematical derivation
is based on the generic long column shown in
Figure 3.51, and is set out below with standard
symbols.

Figure 3.51 The generic long column.

Figure 3.52 shows the left-hand end of the long
column in Figure 3.51 as a free body, sectioned to
reveal the internal bending moment M set up when
the axial force P is offset by lateral deflection y.

i

M

p
P i) < Y,

Figure 3.52 Free body for Euler buckling model.

Moment equilibrium dictates that the bending
moment is given by M = —Py. From elementary
elastic beam theory, we know that

M 1 dzy

El R
where 1/R is the curvature of the column. The
above two relationships provide us with the
defining differential equation for Euler buckling:
d’y P
+—y =0, 3.37
& BT (377

for which a general solution is

y =G, cos1/—P-x+Clsin Ex
EI VEI ’

When the first boundary condition (y=0 atx=0)
is applied to this equation, we obtain

0=C,cos(0) + C,sin(0) = C,,

and when this zero value for C, is combined with
the second boundary condition (y=0 atx=¢), the
result is

0=C, sin\/E%/,

The above equation is satisfied either by the
trivial solution that C;=0 (corresponding to a
column which remains straight), or by the argument
of the sine function being some integer multiple
of m, that is:

| P
|—f¢=nnr
\VEI .
or
2.2
n’m*El
P=—m-— (3.38)

e

Values of P given by Equation (3.38) lead to
indeterminate values of Cy, and therefore to
unrestrained lateral deflections (i.e. buckling!). The
smallest non-zero value of axial force P to cause
buckling occurs when n=1. This force is termed
the critical buckling load.

The outcome of this analysis is that for the
arrangement shown in Figure 3.51, the critical
buckling load of the column is found to be:

p -FEL (3.39)
(a /jz
A clear interpretation of the critical buckling load

is important. Mathematically, P, 1s the load at
which the deflection, y, first becomes
indeterminate. Physically, this corresponds to the
onset of large deflections. In other words, P, is
the load that will cause buckling. It is therefore a
measure of the column’s strength in resisting
failure by buckling. The structural safety of a
column can be ascertained by comparing the
critical buckling load, P, to the actual load, P, to
which the column is subjected.

3.4.6 Some key terminology

Although P isan important direct measure of the
axial load-carrying capacity of a column, it is not
the most commonly used measure of column
strength. This is usually expressed in terms of the
quantity (P /A), derived as follows.
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By definition, the second moment of area of the
section, I, can be expressed as:

I=Ar (3.40)
where r is the radius of gyration (discussed later in
Section 3.4.8). Therefore we may rewrite Euler’s
equation as

(PG/A)= ,[2157 (3.41)

(/)

where

(P JA)= column stress (since it possesses the units
of stress), and

(t/r) = slenderness ratio (a key property of the
column’s shape).

Once again it is important to understand the
notion of column stress clearly. It is not the actual
stress in the column, but rather the value of axial
stress that would lead to buckling failure in a long
column. It is therefore a useful index of the
buckling strength of a given column (analogous
to S, for tension), and is a function of the column’s
material properties, (E), and, its slender shape (//r).
Indeed the slenderness ratio, ((/r), is precisely what
we mean when we speak of the slenderness of a
column.

Equation (3.41) clearly states an inverse-square
relationship between column stress and
slenderness ratio, and this is shown below in Figure

3.53.

Ay
(an inverse-square
relationship)

Figure 3.53 Euler buckling of long columns.

3.4.7 Effective length

So far we have said nothing about the manner in
which a column is supported at its ends. The
generic column of Figure 3.51 was shown with
pinned simple supports at either end. This was
found to give rise to a buckled shape in the form
of a half sinewave of length . Let us distinguish
between the effective length, ¢, and the actual
length of a column, L, and define the ratio between
the two:

= (L/(). (3.42)

Furthermore, we take the effective length / to
correspond always to the half-sinewave length of
the deflected shape. Therefore the ratio m is equal
to unity in the case of a simply-supported column
(with two pinned ends). The value of the ratio m
for a given column depends upon the nature of its
end supports, sometimes referred to as the end fixity
of the column. The theoretical value of this ratio
for four common cases is shown below in Table
3.2.

We note two interesting features of this table.
Firstly the values of i which are greater than 1 are
non-conservative. The shorter effective lengths of
cases C and D rely upon the resistance to rotation
of the built-in ends to provide a stiffening influence
on the column. In practice, fully fixed end supports
are difficult to achieve, and judgement must be
used in these cases. Shigley (1986) recommends a
more conservative value of m = 1.1 for both
fixed-pinned and fixed-fixed column end
conditions (cases C and D).

Figure 3.54 Geometry of a fixed-pinned column

Secondly the value of effective length at
approximately 0.7 of the actual length in case C
arises from an intriguing piece of geometrical
analysis presented below. For some reason, use of
the ratio m=\2 for this case has crept into the
literature, particularly in textbooks written by civil
engineers! We make a claim for m = 1.43030, but
perhaps the distinction 1s academic.

1149
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Table 3.2 Effective length and end fixity

e Fixed—Free

7 |
____Q—\ b
-
- i <r%__| m = (.5

theoretical

m :[.’}';]

A £ = 2L

T ——n
1
B. Pnned—Pinned :DC/'——\OC: P

£=07L

C Fixed—Pinned

D. Fixed—Fixed

£=1
[ U
I

( =0.6992L)

M i i

i

In Figure 3.54, we define the origin O of the
deflected column shape (a sine curve) to be at the
pinned end and the fixed (built in) end to be at the
point B. Since the pinned end is guided to lie along
a line perpendicular to the built-in wall, line OB
must be tangent to the sinusoid at B. The equations
to the sine curve and the line are easily written
down, as stated in Equations (3.43) and (3.44),
respectively.

y = Csin(rx/l), (3.43)
y=Cx. (3.44)

The coordinates of point B must satisfy both
these equations, so

Cgsin(nL/f) = C,L. (3.45)

Furthermore, the line and curve are tangent at
point B (their slopes must be equal there), so

"—%co{%ﬁ] on (3.46)

Now by substituting Equation (3.46) into (3.45),
cancelling Cy, and using the definition of m from
(3.42), we find that Equation (3.46) becomes:

tan (wm) = m .

The smallest non-zero value of mm which
satisfies this requirement is 4.49340946 radians,
and therefore we determine the theoretical value
of m for the case of a fixed-pinned column to be

m = 4.49340946/n = 1.43030.

3.4.8 Radius of Gyration

From previous Equation (3.40) we can write the
definition of the radius of gyration as

= 1. (3.47)
VA

Just as the principal second moment of area, I,
and the section area, A4, are properties of the section,
so too is the radius of gyration. Note also that the
radius of gyration pertains to a particular buckling
axis through the section. For instance we should
usually distinguish I, = A(r.,)* from I, = A(r,,)
— the two are only equal in certain special cases
such as round or square cross-sections. Since in
general I,,#1,, a column will not have the same
radius of gyration about its two principal section
axes.
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Care is necessary in describing these terms. For
example, in the expression I, = A(r,,)?, 1., is the
radius of gyration about the z-axis of the column’s
cross-section. This of course corresponds to
bending (during buckling-induced deformation)
about the z-z neutral axis, and therefore buckling
deflections in the y-direction (or equivalently, in
the x-y plane).

Compare these expressions with the basic
definitions of second moment of area such as

I, Ejysz and [ | EJdeA,

where dA is, in the case of I, an element of area
Jocated at a distance y from the z-z neutral axis.
This suggests that a physical interpretation of
radius of gyration is as shown in Figure 3.55, where
the section is replaced by an equivalent section
having the same second moment of area, I_, and
area, A, but with all of that area concentrated at a
uniform distance r_ from the neutral axis. The
radius of gyration, r_, is therefore the half-height of
this equivalent section. In the case of a solid
rectangular section of height A, it is easily shown
that the radius of gyration is h/V12, or roughly
0.289h. For a circular section of diameter d, the
radius of gyration is d/4.

equivalent sections
equal areas, equal I,

/’//

/3/ 7 -

. 4

- L
777277777 77772

very thin,—
very long

&
Y
T

|
|
|
|

Figure 3.55 Radius of gyration interpreted.

A subtle fact concerning the concepts of radius
of gyration, effective length and slenderness ratio
is that each of them may have a different value
about the two principal axes of a section. Just as a
column’s two lateral buckling directions may have
different corresponding radii of gyration, so too
they may have different effective lengths, ¢, as is
illustrated in the following diagram (Figure 3.56).

The column shown is only guided vertically at
its mid-span and so may experience vertical
deflections there. Therefore the buckling shape in
the vertical plane is a half sinewave, whereas the
buckling shape in the horizontal plane is a full

sinewave, effectively pinned in the middle. In
general itis best to treat both £, and r, (for vertical
buckling), and ¢,, and r,, (for lateral buckling), as
being indepemient. So a column needs to be
defined by two separate slenderness ratios — one
for each axis.

Figure 3.56 Different effective lengths for two buckling
directions.

Ex. 3.15 Preferred direction of buckling

Assume that the column in Figure 3.56 has a
rectangular cross section whose height is twice its
width, and that the vertical guide located midway
along the column allows unrestricted vertical
displacement but zero horizontal displacement,
and that the ends of the column are pinned. As
the axial force P increases without limit, in which
direction will the column buckle first?

3.4.9 Behaviour of short and
intermediate columns

Euler buckling theory clearly fails to describe short
columns, since it predicts infinite resistance to
compressive loads for (¢/r)=0. We know that very
short columns fail (by yielding) when the axial
compressive stress reaches S), . Many empirical and
semi-empirical methods have been proposed for
matching the experimental data. The Johnson
Parabola is one of these curve-fitting methods. It is
an inverted parabola in the [¢/r — P/A] plane,
symmetric about the point (0, S ) and tangent to
the Euler curve.

Figure 3.57 represents a model for predicting the
failure of columns across the full spectrum of
slenderness ratios, from very short to very long
columns. The Johnson-Euler curves on this diagram
represent combinations of column stress and
slenderness ratio that correspond to structural
failure of the columns.

1151
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The coordinates of the transitional point
between the Johnson parabola to the Euler curve
are solved by satisfying the slope requirements of
both curves at that point simultaneously. It is
noteworthy that the slenderness ratio associated
with this tangency point, (#/r)*, is a function of
material properties alone.

Johnson:

) =5l

= S, - constantx ([/r)z

Euler:

Fels

Figure 3.57 Conjunction of Johnson and Euler curves.

(f/ r)* = 27;25 (3.48)

v

We refer to this value as the transitional
slenderness ratio, since it represents the transition
from the Johnson parabola to the Euler curve. (The
fact that the vertical coordinate of this point equals

S,/2 may be regarded as a happy mathematical
coincidence.)

3.4.10 Design Method

It only remains now to introduce a factor of safety
into our calculation. Let us define a design curve as
being a fraction (=1/F)) of the Johnson-Euler
curves, that is:

A design Fd A

For structural safety we require the actual stress
in the column, (P/A), to be less than or equal to
the design value. That is:

L.
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This constraint can be represented graphically
as a safe design space on our [#/r— P/A] plane, like
the shaded area on Figure 3.58. Depending on
whether the column slenderness ratio lies either
to the left or the right of the transitional value,
(¢/r)*, the safe design space is defined by one of
the two following inequalities:

Johnson:
S s, (¢Y
P < Li-— ‘ (3.49)
A F, Ar~E\r
Euler:
(ﬁ) . TE_ (3.50)
A E(¢/r)
( P }‘ Johnson:

(8 = -
4] * E | " &E|
k: L

Figure 3.58 Safe design space on graph of column stress
versus slenderness ratio.

3.4.11 Design Algorithms for Columns

In designing a column, the sequence of steps
pursued by the designer is governed by the type of
design problem being solved. Most commonly; the
designer begins with a material and some
functional requirements such as length, nature of
end constraints, load to be supported, and an
appropriate factor of safety. From these it is
required to determine the minimum geometry of
the column cross-section.
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Another common situation is where the designer
1s required to rate a column, that is, to determine
its safe allowable load based on its known
dimensions, material, and required factor of safety.
A sequence of calculations fulfilling both these
objectives is shown in Figure 3.59.

Other permutations of design parameters and
design variables are also possible. Their
formulation is left as an exercise for students.

3.4.12 Eccentric Loading

Columns are never perfectly straight. The idealised
Euler analysis presented earlier assumed an initially
straight column, however a more realistic model
would include an initial eccentricity of the load
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with respect to the geometrical centreline of the
column, due to load misalignment or some
manufacturing inaccuracy in the column (Figure
3.60).

P P

T <

...due to off-centre loads

€ . 2
. or due to out-of-straightness

Figure 3.60 Sources of eccentricity.

GIVEN: E,S,,L,m, P, F,
FIND: A, r (i.e. geometry)
]

transitional
slenderness | r/ ,)* - |2RE
ratio S,
assume I= a2 PL’E
long column | 1=4r"= ZEn
Y
uess choose geometry

imensions | ___ . A r
s

solution OK
(long column)

(%)=l

solution OK
(short column)

modify
dimensions

— increase A or r or both

case (a) design for geometry

Figure3.59 Design algorithms for columns

GIVEN: E, S, F;,L,m, A, r
FIND: P., (ie. rating)
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case (b) design for allowable load
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The analysis of this kind of eccentric loading goes
beyond the needs of our introductory treatment,
but it is worth knowing about. It is covered
extensively in textbooks, and gives rise to the so-
called secant formula as a solution. This derives from
a differential equation of the following form:

2
~d—z+£(y+e)=0, (3.51)
dx* EI
where the eccentricity, ¢, is a known function of x.
It is instructive to compare this differential
equation with the non-eccentric form stated in
Equation (3.37).
If e is assumed to be a constant, the design

inequality resulting from the solution to Equation
(3.51) is found to be:

Secant:

(—Ii)s S—’ l+(e—[]sec [ﬁ}{i (3.52)
A} F r r JN4AE

where ¢ is the extreme fibre distance of the column
cross-section (that is, the largest perpendicular
distance from the neutral axis, z-z, of the section
to the section’s perimeter — for a circular section
of diameter d, ¢=d/2; for a rectangular section of
height h, c=h/2). The quantity (ec/r) is termed the
eccentricity ratio. The relationship between the two
quantities (P_/A) and (¢/r ) implied by Equation
(3.52) 1s shown in Figure 3.61.

(%)A

S

Y

e Increases

-

(th

Figure 3.61 Failure characteristics for eccentrically loaded
columns.

Note however that it is by no means easy to plot
such a graph, since the term (P/A) occurs on both
the left and right-hand sides of Equation (3.52),
so that the mathematical relationship is only
implicit.
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Design by this method requires the designer to
estimate a reasonable value for the eccentricity, e,
which is difficult. Furthermore, the form of
Equation (3.52) means that application of the
secant formula is rather complex and awkward to
use for design purposes. Nevertheless the secant
formula is the basis of several modern structures
codes.

Ex. 3.16 Transitional slenderness ratio for
various materials

Evaluate the transitional slenderness ratio for each
of the materials tabulated in Table 3.3. (Note that
these material property values are representative
and approximate only. In practice the yield stress
values — and to a lesser extent, the elastic moduli
— will depend on details of composition and
processing for a given material.)

Table 3.3 Column material properties

Material Mslga Gll'-s'a
brass (cold rolled) 640 120
phosphor bronze 770 120
beryllium copper 1380 120

spring steel 1300 210

stainless steel 1000 200
"'”dr:;f:; )(h"‘ 300 210
alumintum 240 70
magnesium 260 45

titanium 750 115

Ex. 3.17 Simple formulation of a differential
equation

Derive the eccentric column differential equation
given in Equation (3.51). [Hint: this is not hard!
Look back at the derivation of Equation (3.37) if
you get stuck. |
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3.4.13 Further extensions: beam columns

Designers, like politicians, should know what they
don’t know even better than what they do know.
On this basis it is worthwhile mentioning a class
of column design problems which remains beyond
the scope of this text. Columns that are subjected
simultaneously to both axial compression and
lateral bending are referred to as beam-columns.
Their analysis is difficult owing to the interaction
between bending deflections and buckling
moments. Their design is treated in standard codes
and texts on elastic instability, and should be
approached with due humility.

3.4.14 Design Rules for axially loaded
components

(a) Tension elements

Static loading:
Model o, =P/A.
PF
Require A2 S—d' (3.36)

Y

Fatigue may be a necessary consideration. Refer
to Chapter 2.4.

Extension:

F
Model: AL =— where k= —/iE—
k L

Require: AL<§

allowable *

(b) Compression elements (columns)

Long columns (non-eccentric):

n’El

Model: P, = 2 (3.39)
2

for (¢/r)2 7k (3.48)
S)’

2
Require: (2) <« _FE (350
- 2

Short columns (non-eccentric):
Model:
, 2
(5) = S), —constant X(—)
A inelastic buckling '
2n’E
for (¢/r)< . (3.48)
S,
Require

p)_S s, (e
—lsL-—L=1-1r (349
A) E 4" E\r

Eccentric columns:
Model requires:

(f)ss—r 1+(Ejsec|:(£)1/—l)——} (3.52)
AJ FE r r JV4AAE

(c) Beam columns:

Complicated — consult reference texts for
specific cases.

3.5 Assignment on column
design

3.5.1 Background

In the petrochemical and process industries, it is
common to use jacketed pipe heat exchangers to
achieve the transfer of heat between two fluids.
These are much cheaper than standard multi-tube
or plate heat exchangers, although they are not as
effective. As their name suggests, jacketed pipe
heat exchangers consist of an inner pipe (the shell)
surrounded by an outer pipe (the jacket). They
enable the fluid in the inner pipe to be surrounded
by an annulus of hotter or colder fluid, without
ever allowing the two fluids to mix.

You are a consultant engaged in the design of
the heat exchanger shown schematically in Figure
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3.62. Several of these exchangers are required for
a petroleum refinery extension. They will be
installed with their axes oriented vertically, so
bending of the pipes under self-weight is not an
issue.

r%%
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Figure 3.62 Jacketed heat exchanger

You have already finalized all of the design variables
listed on the sketch, as follows:

* length between flanges: L = 20,000 mm (it
is usual to specify the dimensions of pressure
vessels entirely in millimetres);

* inside diameter and thickness of outer jacket:
D =26035mm; T = 6.35 mm;

* inside diameter and thickness of inner shell:
d = 154.06 mm; ¢t = 7.11 mm;

(the strange dimensions above correspond to
a 10-inch Schedule 20 pipe and a 6-inch Schedule
40 pipe respectively, and are available standard
sizes — even in this metric age! They have
been hard converted from imperial
dimensions.)

* mean metal temperature of outer jacket:
0, =80C
* mean metal temperature of inner shell:
6 =150°C
Furthermore, due to the corrosive nature of the
inner fluid you have decided to make the entire

exchanger from stainless steel type 316, for which the
following property data is known:

* yield strength:S = 205 MPa
* Young’'s Modulus: E = 196,000 MPa

* coefficient of thermal expansion:

o = 103x10°¢ ¢ C)!

You are aware that differential thermal expansion
1s a frequent cause of stress problems in pipes and
heat exchangers, and you have decided to check
this vessel for its resistance to buckling.

3.5.2. The design problem

(a) Calculate the axial forces arising from
differential thermal expansion within the
exchanger. Which component of the vessel
is subject to the possibility of buckling failure?
Are additional measures required in order to
prevent this mode of failure?

(b) Design a system of lateral restraints to resist
axial buckling. You will need to specify the
number and location of such restraints. Note
that it is desirable to minimize any
obstruction to the flow of fluid within the
exchanger, although some such obstruction
may be inevitable.

(c) How would your vessel be fabricated? Is it
buildable? Briefly itemize the welding
sequence, perhaps using a sketch or two for

clarity.

(d) Supposing all of the previously listed design
variables (i.e. the ones described as finalized
above) were now regarded as negotiable. What
alternative or additional measures could the
designer take to avoid a buckling failure?
(Don’t do any calculations for this, just
discuss the options qualitatively — there are
quite a few of them.)

3.5.3. Additional information

(a) Use F, = 2.0 as your factor of safety against
failure due to compressive buckling.

(b)It is reasonable in this case to regard the
compressed components of these exchangers
as having fully built in ends — the welded joint
between pipe and flange supports the end of
the pipe in such a way as to prevent any
rotation, particularly when bolted to adjacent
exchangers or other equipment. One needs
to be very careful about applying this
assumption, as truly irrotational supports are
rare in practice. When in doubt, assume a
pinned joing, since this is always conservative.
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3.6 Pressure vessels: internal
pressure

Pressure vessels resist fluid pressure. They consist,
in generic terms, of an impermeable envelope, or
shell, surrounding some hollow space, and their
purpose is to keep fluid in or out of that space.
The fluid, of course, may be liquid or gas or both,
and is at an elevated pressure. The vessels may also
have to contend with corrosive environments, high
or low temperatures, and external loads.

Depending upon its contained volume and
pressure rating, it is generally fair to assume that a
vessel’s design will be governed by one or more
national or industry-standard codes for the design
of unfired pressure vessels. These design codes include
ASME (American Society of Mechanical
Engineers) Boiler and Pressure Vessel Code,
Section VII: Pressure Vessels (United States), BS
5500 (United Kingdom), AS-1210 (Australia), and
DIN** Handbook 403 Quality Standards, 3:
Pressure Vessels & Pipelines (Europe). They
frequently will have the force of statutory
regulation, so the pressure vessel designer must
be aware of their detailed requirements. In the
words of the famous, anonymous, vessel designer,
“Don’t try this at home!”

3.6.1Failure of pressure vessels

Vessels are pressurised either internally (with fluid
pressure on the inner surface exceeding that on
the outer surface), or externally. Externally
pressurised vessels (sometimes referred to as
vacuum vessels) generally fail due to the buckling of
their shells under circumferential compression.
This is a complex phenomenon of elastic
instability, and we shall not discuss it further here.

Internally pressurised vessels are much more
common in practice. Their main modes of failure
are listed as follows.

* Vessels are primarily prone to yielding under
pressure. This in itself is not so bad (although
the stretched dimensions of the yielded vessel
may be inconvenient), but it serves as a
warning of an imminent and much more
damaging failure.

* If unchecked, yielding can progress to
eventual rupture (bursting). This is bad.

3.6 Deutsche Industrie Normen (German Industrial Standards)

e Vessels that are subjected to fluctuating
pressure can also experience fatigue fracture,
which is very bad, since there is no warning
beforehand. However a detailed treatment of
fatigue in pressure vessels is beyond the scope

of this book.

e Occasionally (rarely), the functional
performance of a pressure vessel will be
considered to have failed if it undergoes
excessive pressure-induced deflection.

* Fluid leakage of a pressure vessel through one
of its bolted seals is indeed a form of failure,
but is considered separately in Chapter 4.2.

When vessels of even moderate size fail, the
consequences are almost always serious. This is
largely because vessels that contain internal
pressure can easily store a large amount of energy.
Consider an average industrial pressure vessel like
the one sketched in Figure 3.63, say an air receiver,
5 metres long by 1 metre in diameter, containing
air at 1 MPa (approximately 145 psi, a common
enough rating for industrial compressed air).

N

\
Figure 3.63 A typical industrial pressure vessel

—

LS

Figure 3.64 High pressure glass polymer tank
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Since the elastic potential energy of the stored
gas is essentially the product of its volume (3.7 m?)
and its pressure, we can calculate that the vessel
contains approximately 3.7 MJ of high-grade
energy. The sudden release of this energy, as in a
vessel rupture, would have the same impact as a
small bomb (approximately 0.6 kg of TNT). Refer
to Figure 1.6 to see the results of an accident of
this kind.

So it is important for designers to know about
designing pressure vessels safely. In the following
sections, we shall consider issues involved in
designing the most common type of pressure
vessel: cylindrical vessels subject to internal
pressure.

Figure 3.64 shows an alternative design for a
pressure vessel, a typical high pressure tank
constructed from glass/polymer composite
materials. Although pressure vessels are produced
in a great variety of shapes and sizes, their design
is almost invariably based on the simple approach
presented in this text.

3.6.2 Identifying vessels

The topic of pressure vessels is very close to our
heart. In fact, only a few centimetres from the adult
human heart lies the most important pressure
vessel in the human body. Called the aorta
(approximated in Figure 3.65), it is our largest
blood vessel, carrying all of the heart’s pumped
output of arterial blood from the left ventricle,
around a steep bend in the upper chest and down
into the abdomen.

A

Figure 3.65 Heart and aorta (caution: do not perform
cardiac surgery on the basis of this slightly inaccurate sketch!)

Like all blood vessels, it is a pipe for transporting
pressurised fluid. But being adjacent to the heart/
pump, it must contain fluid at its highest pressure
anywhere in the body, and having the greatest
internal diameter of any artery/pipe, it clearly faces
the body’s most demanding pressure-containing
role. If the vessel walls should become thinned
through disease or erosion, an aortic aneurism
(localised ballooning of the aortic wall) can occur,
often resulting in a ruptured pressure vessel of a
most serious kind.

Pipes, of course, are evident in the technical
world as well as the anatomical. Pipes are without
doubt the commonest form of cylindrical pressure
vessel confronted within industry. There they are
most often steel and of welded construction,
although lengths may be bolted together with end-
connectors called flanges, as indicated in Figure 3.66.
In the home, pipes are often made from copper
brazed into a continuous network, and on the farm
or in the garden pipes are commonly fabricated in
plastic (mainly polyvinyl chloride, and
polyethylene) joined by glue or compression
fittings.

Figure 3.66 Pipe spool with flanges

Whereas we think of the purpose of a pipe as
being the conveyance of a fluid, the notion of a
pressure vessel also carries with it the function of
storage. Shown in Figure 3.67 are some domestic
examples of vessels used to store fluids at elevated
internal pressures (and to deliver them on demand!)
In the case of mass-produced containers like these,
the challenge to the designer is primarily that of
raw-materials optimisation. These superficially
humble artefacts are in fact highly engineered
products of great sophistication, and the skills
required to design and manufacture them are
closely guarded. Consider for a moment the 1.25
litre PET (polyethylene terephthalate) soft-drink
bottle, the clear, pressure-containing component
of which weighs about 40 grams. If it were thinned
by just 1 gram per bottle, the worldwide saving in
this important raw material would amount to

1165
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something like 50,000 tonnes each year (not to
mention the reductions in energy and emissions
associated with its manufacture).

Figure 3.67 Soft drink bottle and aerosol can

The next two examples are not intended to store
pressurised fluid for any appreciable time, but only
to contain it momentarily. In the case of the hand-
held bicycle pump of Figure 3.68, the cylinder wall
acts as a pressure vessel while the piston
compresses air inside it for delivery to the bicycle
tyre (yet another pressure vessel). In resisting
pressure, the vessel wall must also maintain a radial
strain (relative increase in diameter) small enough
so that its air seal with the piston is not jeopardised.

All reciprocating pumps, pneumatic and
hydraulic cylinders (actuators), and piston engines
possess components that act as pressure vessels in
a similar fashion.

CO=F===4

Figure 3.68 Bicycle pump

The emphasis of the cannon is also on delivery
rather than storage! A cannon is a thick-walled
pressure vessel open at one end, intended to
contain the high-pressure and high-temperature
gaseous combustion products of an explosive
detonation while they accelerate a projectile
through its muzzle. The successful use of such
devices as weapons of warfare around the year 1320
required not only the discovery of suitable
explosives like gunpowder, but also the
development of reliable thick-walled vessels.
Unfortunately, the mathematical theory of thick-
walled pressure vessels was not articulated by
Gabriel Lamé (1795-1870) until much later®”, so

in the meantime the structural design of cannonry
evolved by a painful, lethal process of trial and
experimentation.

Figure 3.69 Old-fashioned cannon

Other instances of cylindrical vessels under
internal pressure could be adduced: jet engine
combustion chambers, aircraft fuselages, sausage
skins, SCUBA’® tanks, toothpaste tubes (during the
squeeze), grain silos, water tanks, extruder barrels,
boiler tubes, hydraulic jacks — the list is endless.

Figure 3.70 A plethora of pressure vessels in a petrochemical
plant

In petrochemical plant (see Figure 3.70) and
industrial equipment generally, the widespread
incidence of pressurised fluid streams and
reservoirs means that pressure vessels of all
varieties are commonly encountered, not only
cylindrical in shape but also with spherical, conical,

3.7 Lamé G. and Clapeyron, B.RE. 1833, Mémoire sur F'équilibre intérieur des corps solides homogenes, Mém. divers savans, 4

3.8 Self Contained Underwater Breathing Apparatus
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toroidal, ellipsoidal and non-axisymmetric
surfaces. Any specific treatment of these would
quickly exceed the introductory scope of this book,
so we shall confine this discussion to cylindrical
vessels only, looking first at simple, thin-walled
theory and then progressing to a brief
consideration of thick-walled vessels.

3.6.3 Thin-walled cylindrical pressure
vessels

Cylindrical pressure vessels are characterised
mainly by their internal diameter and their shell
thickness. If the ratio of these two dimensions is
greater than 20, the vessel is referred to as thin-
walled, and a range of simplifications can be applied
to its analysis.

1. NOMENCLATURE

In this book we will use the following symbols
and terminology in relation to pressure vessels.

e p = internal pressure used to design the
vessel, or design pressure (expressed as
a gauge pressure, or pressure above the
ambient atmospheric pressure);

o = shell thickness;

e D = shell internal diameter;

* D, = shell external diameter: D =D+2s;

e f = design stress intensity (a form of
allowable stress);

* 1 = welded joint efficiency;

* ¢ = total corrosion allowance (the sum of

¢; and ¢, ).
The following are the symbols used for the three
pressure-induced stresses:
* Oy = hoop stress (often called circumferential
stress, or tangential stress);

* O, = axial stress due to pressure (often
called longitudinal pressure stress),

* Op = radial stress.

When discussing bending in Section 3.6.6, it will
be useful to distinguish 0, from the following:

* Op = bending stress magnitude (another

stress in the axial, or longitudinal,
direction);

- | 167

* 0, = total longitudinal stress,
0, =0, 10p.

The symbols 0, 0, and 05 will be reserved
for application to the ordered principal stresses,
with {03 <0, <0}, as usual. Some additional
symbols will be introduced for use with thick-
walled vessels. The nomenclature stated above is
based on common parlance in the pressure vessel
industry, and is illustrated in Figure 3.71. We note
in passing one slightly confusing aspect of the
terminology relating to principal stresses and welds
in pressure vessel: longitudinal welds are subjected
to circumferential stress, whereas circumferential welds
are subjected to longitudinal stress.

Circumferential weld

Longitudinal weld

N
contains  fluid
pressure
p, = 0 Pa (gauge
pressure)

|
/
/

Highly stressed/—\

element of the Oy Gyl o
shell \_~
Ci’i'ﬂ’ | =T Ok -
o L —D,
& ¥
G, — H cross-section
1 = hoop stress . . i
A through vesse
G4 = axial stress Oug 5
O = radial stress

Figure 3.7 1 Nomenclature of thin-walled pressure vessels

As we shall soon discover, pressure vessels are
triaxially stressed components, that is, they are
subjected to appreciable stresses in all three spatial
directions. The directionality of these stresses is
important, since the stresses may be combined
with additional, non-pressure stresses according
to the direction in which they act. For this reason,
it is imperative that the designer acquires a good
spatial understanding of pressure vessels, and
especially the orientations of the principal stresses
in relation to a vessel’s shell. The three principal
stresses and their directions are indicated for one
highly stressed element of the shell in Figure 3.71.
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Ex. 3.18 Three-dimensional stresses — a ‘spa-
tial aside’
Spatial ability 1s an intriguing intellectual skill, that
psychological studies have shown bears little
correlation with standard intelligence. Some will
find the 3D visualisation recommended above to
be trivially straightforward. Others will struggle
to see the stress directions in their three-
dimensional imagination, and for them perhaps
playing with a physical model might be helpful.
Obtain a medium-sized plastic cylinder (maybe
a suitably emptied beverage container?) that you
can mistreat legally. Use a felt-tipped marker to
annotate the vessel with the directions of the
principal pressure stresses Oy , 0,4 and O
(pierce the vessel with a pencil, if necessary, to
represent the direction of any stresses which are
normal to the shell). Cut out a rectangular patch
from the vessel shell, or curve some heavy paper
to model such a patch. Using your fingers, grip
the patch and impose the equivalent of each
pressure stress on it one-by-one, naming the
stresses as you proceed. Become one with the pressure
vessel.

2. DESIGN METHODOLOGY

When approaching the design of a new pressure
vessel, the designer will usually know (or at least
have a reasonable estimate of) the following quantities
or characteristics:

— volume of fluid to be contained;
-— operating pressure;

— operating temperature;

— mnature of fluid;

— major fluid connections;

— desired general shape (cylindrical/spherical/
conical...; short/long) and orientation
(horizontal/vertical);

— external loads (wind, piping, supports,
attached structures, mechanical loads).

On the basis of the operating temperatures and
pressures, and a preliminary decision about the
likely material of fabrication of the vessel, the
designer can then establish:

— design pressure, p;
— design temperature, T;

— material properties (S, S, , ...).

The designer is then in a position to begin the
task of designing the vessel to ensure its structural
integrity. But in which direction should he or she
proceed from here? It is worth taking a mental step
back at this point to review the designer’s objectives
by asking some key questions.

Q: What is the designer trying to determine?

A: The geometry of the vessel, or more
specifically, D and +.

Q: What 1s the designer trying to avoid?

A: Failure of the vessel, or more specifically,
yielding.

: How does the designer predict this failure?

> Q

By modelling the pressure stresses as a
function of D and ¢ to see when the stresses
will cause yielding.

: What sort of stresses act on the vessel’s shell?

Triaxial stresses.

oz Lo

:So how are these multiaxial stresses
combined to predict yielding?

>

. By using a failure predictor (theory of failure) like
MSFP or DEFP.

Pressure vessel materials are usually ductile, so
either of the MSFP or DEFP would be suitable.
Because of its simplicity and conservatism, the
Maximum Shear Stress Failure Predictor (MSFP) is
generally employed in the design of pressure
vessels. Recall that it predicts failure of the vessel
shell when:

T — _r N
nax Jail 2
theretorc we need to limit 7, within the vessel
suchthat T, < T jowabie - L 1€ allowable value will
be the failure value, Tma i , reduced by some factor

of safety, hence:

S,
TIT\QX —<— —)_ N
2K
It is common in various national codes for
pressure vessel design to define (and tabulate values
of) the design stress fntensity as:

=2 3.54
=T (3.54)

(3.53)



| Chapter 3

At this point we note that the value of the safety
factor, F;, used here is mandated by pressure
vessel design codes. The customary value is taken
as F; =1.6 woresistyielding, or F; = 4.0 to resist
rupture. In effect, despite the simplified definition
given in Equation (3.54), the design stress intensity
1s actually the lesser of two values:

S
f =min{ —t—, S
Ei ,yield Fd

srupture

S
=min ——y—,—S—U——
1.6 4.0

The difference in the two values of safety factor
arises purely from the different severity of
consequences of the two modes of failure (refer
to Section 2.3.5 for a discussion of factors of safety).

Recall that

0,0,

so from Equations (3.53) and (3.54) we can write
the requirement that:

o-0, _f
2 2

or alternatively,

(o1-03)<f. (3.55)
This is our design inequality for the pressure
vessel. To develop a design rule, it merely remains
to evaluate the principal stresses ¢ and 05 in
terms of design variables.

3. PRESSURE-INDUCED STRESSES

For thin-walled vessels, the pressure stresses can
be derived in a very simple fashion by considering
the following three free bodies shown in Figures
3.72, 3.73 and 3.74. We use the equilibrium of
forces in each of these free bodies to establish the
desired stress relationships.

(i) Hoop stress

Hoop stress, 0y, , is usually the largest of the
three principal stresses. We see from Figure 3.72
that in a thin-walled vessel it is given by:

D
o, =22, (3.64)
2t

This is generally a large, positive (tensile) stress,
since it is greater than the internal pressure by the
ratio of

shell radius

shell thickness’

which is always greater than 10 for thin-walled
vessels.

! A
F/2

Y
! | J
F +'F[2
pressure force reaction force
on mid-plane in shell

Figure 3.72(a) Free body for hoop stress, Oy

' 71 equilibrium:

(pressure) x (f

d area) =
(stress) x (shell section area)

px (D x{)=

G, X2tx/¢

Figure 3.72(b) Equilibrium for hoop stress, Oy

Ex. 3.19 Thinking about hoop stress

Atmospheric storage tanks are large cylindrical pressure

vessels that rest on flat ground with their central
axis vertical, and contain liquids at atmospheric
pressure. Actually, only the top surface of the liquid
1s atatmospheric pressure; the liquid at every level
below the surface experiences additional
hydrostatic pressure due to the weight of the liquid
above it, and exerts that hydrostatic pressure on
the walls of the storage tank. The familiar
relationship for hydrostatic pressure is p, = pgh,
where p is the llquid density (kg/m?), g is the
gravitational field constant (N/kg), and h is the
depth (m) below the surface. Because there is no
axial pressure acting on the vessel walls from
contained liquid (since gravity restrains the fluid
vertically), atmospheric storage tanks experience
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no pressure-induced axial stress — only hoop
stress. Atmospheric storage tanks are used to store
petroleum products in tank farms, water for
drinking and fire-fighting purposes in remote or
hazardous areas, wine in fermentation vats, and
many other bulk liquids. A metal-walled, circular,
above-ground swimming pool is a classic example
of an atmospheric storage tank.

From your understanding of the analysis shown
in Figure 3.72, predict the nature of the hoop stress
in a circular, above-ground swimming pool of
diameter 5 m, height 1.5 m, and wall thickness 1.6
mm. Plot the hoop stress as a function of water
depth.

(ii) Axial stress

F..4 = pressure force
on end

Figure 3.73(a) Free body for axial stress, © 4

equilibrium:
(pressure) x (fluid area) =
(stress) x (shell section area)

Figure 3.73(b) Equilibrium for axial stress, O,

From the above figure, the axial stress, 0, ina
thin-walled vessel is given by:

pD (3.65)

which is exactly half the magnitude of the hoop
stress in Equation (3.56). We also note that the
sectioned view shown in Figure 3.73(b) is identical
to the one that would be seen if we were to section
a spherical pressure vessel along any of its central
cutting planes. Indeed, the pressure-induced

membrane stresses in a spherical pressure vessel
are uniform in every direction, and are equal in
magnitude to the axial stress given in Equation
(3.57). Therefore, for the same D and ¢, the
maximum principal stress in a spherical vessel
(0,=0, =0,) is half of the value in a cylindrical
vessel (0 =0y ).

Ex. 3.20 Thinking about axial stress

When aloft, hot-air balloons are essentially
spherical over the upper two-thirds of their
envelope. The air inside is rendered buoyant by
direct flame heating, so for practical reasons it is
difficult to measure the air temperature and
pressure inside a balloon directly. But for design
purposes, it is important to have some means of
estimating the membrane stress acting on the
balloon material, and predicting its strength (which
is temperature-dependent).

Imagine you are a hot-air balloon designer in the
process of specifying the material to be used in a
new balloon having diameter 30 m and carrying a
gondola that will have a mass of 800 kg when full.
Based on your understanding of the analysis shown
in Figure 3.73, estimate the membrane stress in
the spherical region of the balloon if the material
thickness is to be 0.1 mm. Can you think of a way
to estimate the average air temperature inside the
balloon?

(1ii) Radial stress

outer surface of

™~ shell ™~

%

©
&
A
Y P
inner surface
of shell

P

cylindrical sectioning surface

distributed pressure on sectioning surface

Figure 3.74 Free body for radial stress, Opg



} Chapter 3

Radial stress, Oy, is usually the smallest (least
positive) of the three principal stresses.
Considering horizontal force equilibrium, it can
be asserted by inspection of the free body in Figure
3.74 that the radial stress varies from -p
(compressive) at the inner wall, to p, =0 at the
outer wall. For thin-walled vessels, the variation is
almost linear, so a good approximation to the
average radial stress is:

o, =-L£- (3.58)
2
4. DEVELOPMENT OF DESIGN RULE

Summarising the stress results from the previous
section, we have:

6,=0, = D (3.59)
2t
and
0, =0, :—g. (3.60)

(Note that 0, =0, isnotusedin T
Substitution of these expressions from Equations
(3.59) and (3.60) into our design inequality of
Equation (3.55) leads to the following simple
design rule:

max * )

pD p
248 < 7,
2t 2 /
and hence
S (3.61
2f=pr oy

Before it is ready to be used, the above inequation
needs to be modified to take account of two
practical issues — the effects of welding and
corrosion.

5. WELDED JOINTS AND INSPECTION

Steel pressure vessels are made from initially flat
plates (strakes) of material. After first being cut to
size, their edges are prepared by careful grinding
to form the required edge profile for welding. Then
the plates are formed into their cylindrical shape
by rolling through a specialised plate roller (or
pressed into shape, in the case of hemispherical,

torispherical or semi-ellipsoidal dished ends). The
shaped plates are then welded together, first by

tacking them at several points to align the parts
correctly, and then by producing long, continuous
butt-welds in several passes, to join the plates fully.
These are often ground to remove stress
concentrations at the welds.

Welds introduce residual thermal stresses into
pressure vessels, so at one or more stages of their
fabrication, vessels may be stress-relieved. This is
usually performed by soaking in a large furnace at
clevated temperatures for extended periods of time.
Since this can lead to larger grain size in the steel’s
crystalline structure, resulting in consequent loss
of ductility, quench- amzealmg (heating followed by
rapid cooling) is sometimes used, especially with
stainless steels. This heat-treatment process is
different from that used to radically alter the grain
structure in the heat-aftected zone when welding
high tensile (usually high carbon content, i.e.
>0.15%) steels (refer to Chapter 4.4 Welded
joints).

Welding is a well-developed fabrication process,
used almost universally in the manufacture of
modern steel pressure vessels. With care and skill,
it 1s possible to produce a butt-weld in the shell of
a pressure vessel which 1s at least as strong as the
parent plates. However welding is more prone to
variation in quality than the process by which the
original strakes of the pressure vessel were
produced. For this reason, some allowance may
have to be made in case the welds are weaker than
the parent metal.

The approach taken in the pressure vessel
industry (and in the vartous regulatory design
codes to which it adheres) is to apply a welded joint
efficiency, 17, to the allowable design stress intensity,
£, of the shell material. The welded joint efficiency
1s a factor expressing the extent by which the parent
metal can be presumed to have been weakened by
the welding process. The value of 77 varies from
1.0 (for demonstrably perfect welds) to
approximately 0.65, depending upon the quality
of the manufacturing process (especially heat
treatment) and the extent of weld inspection.

There are several non-destructive methods for
testing welds. The most expensive, but effective,
is radiography using X-rays. Full radiography means
that 100% of the welds throughout a pressure
vessel have been radiographed, thus qualifying the
vessel to use a welded joint efficiency of n=1.0.
Spot radiography means that only a statistical sample
(say 10%) of the welds has been radiographed, and
this qualifies a vessel to use a lesser welded joint
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efficiency, say 11=0.75. Crack-testing of welds
with dye penetrant, and ultrasonic testing, are also
widely used. The governing pressure vessel design
code must be consulted to establish the appropriate
value of 1 in each case.

6. CORROSION ALLOWANCE

Corrosion 1s a deep subject, alluded to in
Chapter 2.1.2. But the standard approach to
corrosion taken by pressure vessel design practice
is very simple-minded. Designers simply use a
corrosion allowance, ¢, to increase the required shell
thickness beyond that value needed to withstand
pressure alone. The notion is that, during the
design life of the vessel, no more than this amount
of thickness will be lost to corrosion at any one
location on the shell. Values of ¢ are normally
around 1.0 to 1.5 mm for each exposed surface
(inner and outer) subject to corrosion, depending
on the nature of the fluid and the intended service
life of the vessel. Coated surfaces, or those exposed
to non-oxidising fluids, may be allocated a zero
corrosion allowance.

7. MODIFIED DESIGN RULE

With the two modifications referred to above, the
design rule for thin-walled, cylindrical vessels
given in Equation (3.61) can now be rewritten as:

> b (3.62)
2fn-p

3.6.4 Thick-walled cylindrical pressure
vessels

. NOMENCLATURE

The following symbols are introduced for thick-
walled pressure vessels.

* a = shell inner radius (a = D/Z);
e b = shell outer radius (b= D, /2);
s P = internal pressure (when used

in conjunction with p,, otherwise the
unsubscripted p will continue to be used for
internal pressure);

[ p =
[
In addition, it is convenient to define the diameter
ratio as:

external pressure;

o =D _0b (3.63)
D a

Note that this dimensionless ratio is always
greater than unity, ®>1. (The diameter ratio
should not be confused with the hollowness ratio
that was defined for shafts following Equation (3.2)
as B=4d, /d, which is always less than unity. The
reason for the differing definitions is that, for
shafts, the outer diameter d is the key design
variable, whereas for vessels, the inner diameter
D is a more basic design variable since it contains
the fluid.)

Recall our earlier definition of a thick-walled vessel
as one for which (¢D)>(1/20). This can now be
recast in terms of the diameter ratio:

D,-D _&-1
W/P)==5= ==

Hence, for thick-walled vessels, we require:
(®-1)/2>1/20, or

¢ > 1.1 (3.64)

The terminology for stresses is the same as
described in Section 3.6.3.

2. THICK-WALLED PRINCIPAL STRESSES (FULL EQUATIONS)

The equations describing the variation of principal
stresses, Oy , 04 and Oy ,in thick-walled pressure
vessels are not in themselves difficult, but their
derivation is beyond the scope of this book. It is
available in many standard texts on elasticity and
the strengths of materials (for example,
Timoshenko, 1956, Vol.II). Note that the
expression for O, is sometimes not included in
such texts, as it is a constant independent of the
other two stresses and does not appear in their
differential equation. Nevertheless it is easy to
derive from a free-body such as the one presented
earlier in Figure 3.73(a), on the assumption that
the vessel is closed and cross-sections remain
planar. We shall state the full form of the equations
here for reference, including the effect of external
pressure.

Cap by (p R )Y
Oy = R + rz(bz —az) (3.65-a)
pa—pb (3.65-b)



LChapter 3

_ ap, -bp, B (Pi - b )azbz
b — 4 rz(bz_a:)

(3.65-c)

3. THICK-WALLED PRINCIPAL STRESSES (REDUCED EQUATIONS)

In the common case of negligible p,, the above
equations reduce to the following.

2
oy =L .1+b_2 (3.66-a)
o -1 r
o, =—2 (3.66-b)
b 1
(3.66-c)

O-R = 7p ’ 1_b_;
D -1 re

In this form it is very clear that all three stresses
share a common term: p/(®°-1), which is the
constant axial stress. For the hoop and radial
stresses, this term is multiplied by unity plus-or-
minus an inverse-squared function of the radius,
r. Graphs of the three stresses are shown to scale
in Figure 3.75, superimposed upon a partial cross-
section of a thick-walled vessel having ® = 2.5.
Obviously, in thick-walled pressure vessels, the
radial stress is no longer of small magnitude, and
increases sharply to large compressive values near
the inner wall of the vessel.

«

Figure 3.75 Stresses in a thick-walled vessel

It is also clear that the ordering of the three
stresses as (0, <0, <0, ) remains consistent
throughout the full ‘thickness of the vessel shell.
In the absence of any added bending stresses (see

Section 3.6.6), the identification of Oy =07,
0, =0, and O = 05 can confidently be made,
so the maximum shear stress at radius 7 in a thick-
walled vessel can be expressed as:

THH\ = GH _O—R = 7p _l; " (367)
h 2 o -1\ r

4. PEAK STRESS VALUES {THICK-WALLED)

Designers will mainly be interested in the peak
values of these stress functions, all of which occur
at the inner and outer surfaces of the shell. Table
3.4 summarises these peak values.

Table 3.4 Peak values of stress

inner wall outer wall
(r=a) (r=b)

3 p
S:) Gy = _1(1+(D) Oy :-—-—d):—l-(z)
—
S lo, =& o, =L
X -1 o -1
—)
b B ~ _p
= | o _(DZ—](] CD) Ous = (0)
§ :—p :0
[ 5
I T A 2
Z| 7 e @ -1

Incidentally, it is clear from the values in the
above table that the thick-walled results for oy ,
0, and O all asymptote to our previous results
for thin-walled vessels (see Section 3.6.3) as @
approaches 1. For example, consider the outer-wall
hoop stress:

2(2)(;_1) as ® — 1
NCEC T
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which is the expression required by Equation 3.64.
Similar results for axial and radial stresses are easily
obtained.

3.6.5 Deformations in pressure vessels

In this brief discussion of pressure-induced
deformations in vessels, we will consider only thin-
walled cases. The approach to be taken with
deformation in thick-walled vessels is entirely
analogous, but a little too complicated for our
purposes here.

Pressure vessels expand and contract slightly as
they are pressurised and de-pressurised. If you have
held a full soft-drink bottle in one hand while you
have unscrewed its top with the other, you will
have felt this phenomenon with your bare hands!
Predicting the extent of diametral expansion in a
pressure vessel is merely an application of some
simple principles in elasticity.

The increase in a vessel’s diameter, 8, , when
1t 1s pressurised is a consequence of its increase in
circumference:

9

circ

8

fam ’
which in turn is a result of the circumferential
strain (or hoop strain, €&, ) acting over the
circumference of the shell:
6511‘5 = n.DgH )
Therefore the change in diameter is given simply

by:
)

diam — DSH ) (368)
Since pressure vessel shells are triaxially stressed,
the hoop strain would normally be evaluated using

the full three-dimensional form of Hooke’s Law:

gy =& = é[ol —,u(03 +0'3)]-

However, we know that for thin-walled vessels,
the radial stress ( 5 — . ) 1s dwarfed by the other

° Tac o, =0, /
principal stressef, so we shall use instead a
simplified version of the above equation.

€y :%(Gl'ﬂgz) (3.69)

= ‘é‘(o'H —HO )

&y = ”5%(2 ‘AU)

Substituting this result into Equation (3.74) gives
the diametral expansion of a cylindrical vessel as:

D2
Oiam = !il—tE_(z - /1)’

Itis instructive to carry out a similar exercise for
a spherical shell. The analysis is more-or-less
identical up to Equation (3.69), but then differs
because for spherical vessels, 0, =0, =ZpD 4;)‘
This yields a diametral expansion of:

SSphcrim! diam Z—tDEz—(l — u)

which is substantially smaller than the cylindrical
result (the sphere expands by only about 40% of
the expansion of a comparable cylinder).

(3.70)

(3.71)

adjacent plates

different expansion
—

edge bending to align

bending stresses

)

(longitudinal cross-sections
through shell, side views)

Figure 3.76 Discontinuity stresses

One important corollary of this is that differently
shaped shells of revolution (cylinders,
hemispheres, toroids, cones, etc.) of the same D
and f will tend to expand by different amounts
when pressurised. If they are welded together as
adjacent parts of the same vessel (for example,
where a cylindrical shell is joined to its
hemispherical ends), the differential expansion will
give rise to what is termed discontinuity stresses. These
constitute a localised stress concentration
consisting of membrane bending stresses within the
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shell near the join between dissimilar shell plates.
Figure 3.76 illustrates the phenomenon.
Fortunately, these stresses are self-relieving (that
is, local yielding causes them to disappear).

Note that membrane bending stresses occur about a
membrane neutral axis located at the mid-thickness
of the shell. They are axisymmetric, and do not
cause any overall bending of the vessel away from
its central axis, just small, rippling deformations
in the skin of the vessel. They are not to be
confused with the beam-bending stresses discussed
in the next section.

3.6.6 Stresses due to external bending

The shell of a pressure vessel can act as a beam as
well as a pressure container. Cylindrical pressure
vessels are often quite long relative to their
diameters, and therefore the effects of transverse
bending loads can be pronounced. These loads
may be either distributed (such as self-weight or
wind forces), or concentrated, as shown in Figure
3.77. They give rise to bending stresses that act
about the neutral plane of the vessel in a manner by
now familiar to all students of elementary beam
theory. The bending moments are evaluated in just
the same way as for any other beam.

concentrated loading, 17/

distributed loading, q

(AAAARAAARAAAARNA LCARAAARAARARAARRAM]

neutral
plane

Figure 3.77 Vessel as a beam

Recall that for any beam, the maximum bending
stress occurs at the extreme fibres of the section,
andis givenby Op ,w =M, Vour /L. . In checking
the structural integrity of a vessel, it is prudent to

1175

use corroded dimensions, since they represents the
worst case for stress. As a reminder of this, we will
express the section properties of a pressure vessel
with a hollow circular cross section as follows:

-

(I)Z
o -1)

A=2{or, -0z -2
(

T nD;}
-L(p. -p:) =<
64( °c C) 64
where D~ =D+2¢,, D,c =D, -2

=(D,c /D:).

Since Ymux =X D, /2 we can write:

and @-

321V[maxDoC
Opmx =t ——— 3
#(Dje - D)
or
5.  =+2Muy P (372
B max IEDg (I)é _1

The above expressions are equivalent and exact.
For the case of thin-walled vessels, the expressions
for A, I _and Op p may be simplified slightly as
follows:

A=mD,(t-c)

T s
I‘ s D(H’? t - ( ’
=g ()
4M,
Y max = i e ’
B IIvae(t c)
where the average shell diameter is D= D+,

and (t—) is the corroded thickness. In the approach
that follows, we will use the symbol 0y to
represent the magnitude of Op ma.

The difference between pressure vessels and
ordinary beams is that pressure vessels are already
triaxially stressed with pressure-induced stresses,
and their bending and pressure stresses must both
be taken into account simultaneously. To achieve
this, the bending stresses, Op, and the axial
pressure stresses, 04, must be superimposed
(since each is a stress acting in the same
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longitudinal direction). As mentioned in Section
3.6.3, it is helpful to distinguish 0 ; and 05 from
the total longitudinal stress:

6,=0,%0," (3.73)
which is the new principal stress in the axial
(longitudinal) direction. Since the axial principal
stress has now been modified, it is possible that
the structural integrity of the vessel has been
affected. To check whether or not this is so, we
must make reference to the failure predictor in
Equation (3.55) — itself based on a consideration
of the maximum shear stress in the vessel.

A good way to visualise the interaction between
principal stresses and the maximum shear stress
in a solid body is to use the Mohr’s circle
construction (outlined in Section 3.1.5 for the
biaxial stress system in shafts). In three-
dimensional stress fields, the Mohr’s circle is
adapted to include three circles, one for each of
the three interacting pairs of principal stresses:
[0,,0,],[0,,0,]and [ 0,,0,]. Forasimple, thin-
walled pressure vessel not subject to bending, the
Mohr’s circle construction is as shown in Figure
3.78. In this, the[ 0,, ,0,] circle is shaded in white,
the [ 0,0, ] circle is shaded lightly, and the
[0k ,0y | circle has dark shading. (For the later
Mohr’s circles in Figure 3.79, the same shading
will be preserved, but circles will use 0, instead
of 04.)

=l
O ”

4

Figure 3.78 Mohr's circles for a pressure vessel (no bending)

Before addition of a bending stress, the axial
stress does not enter into the calculation of
maximum shear stress, since the expression for
Tmax does not make reference to 0,. In terms of
Mohr’s circle, 7, is the radius of the outermost
circle, and is determined only by ¢, and ©;.

The question now is whether the addition of
0y to 04 will make the total longitudinal stress
large enough to be classified as 0, or small
(negative) enough to be classified as 0;. Three
possibilities exist:

Case 0: Small bending stress

If oy is only small or moderate compared with
Oy (specifically, if 0 isless than 6y /2), then
0, =0, + 0y will remain less than &, . In this
case the outermost Mohr’s circle will be
unchanged, and the structural integrity of the
vessel will not have been affected. Refer to Figure
3.79(a).

Figure 3.79(a) Small bending stress

Case 1: Large tensile bending stress

Figure 3.79(b) Large tensile bending stress
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If oy is large enough (more than pD/ 4t), then
0, =0, + 0y will be greater than 0y, , and so
0, becomes the new 0. The outermost Mohr’s
circle will now be the one corresponding to
[0, ,0, ] interactions, and this will now be larger
in radius than the old [ 05,0}, ] circle, so that T,
will have increased. This is shown in Figure
3.79(b). The structural integrity of the vessel has
been infringed. The vessel’s actual factor of safety —
defined in this case as F = Truui /Tmax — will
be reduced to some degree. If it falls below 1.0,
the vessel will fail (at least, as predicted by the
MSFP).

Case 2: Large compressive bending stress

If 0y is large enough (more than pD/2+p/2), then
0, =0, — 0Oy will be less (more negative) than
Ok, and so 0, will become the new ;. The
[ 04,0, ] circle will now be the outermost Mohr’s
circle, and just as in the previous case, it will have
a larger radius than the old[ 0, ,0y, | circle. The
same comments about 7, , actual factors of safety
and the vessel’s structural integrity will again apply.
Mohr’s circle construction for this case is shown
in Figure 3.79(c).

Figure 3.79(c) Large compressive bending stress

Ex. 3.21 Locating worst-case stresses

By means of a sketch, identify locations on the
horizontal pressure vessel of Figure 3.77 that
correspond to each of the three cases (Case 0, 1
and 2) described above.

3.6.7 Further complexities

Several categories of pressure vessel, or pressure
vessel problem, lie beyond the scope of this text.
They are listed briefly below, and illustrated
schematically.

1. NON-CYLINDRICAL PRESSURE VESSELS

Many pressure vessels, or parts of vessels, are not
cylindrical. Rules for their design are usually
included within pressure vessel design codes.

Figure 3.80(a) Asymmetric steam re-boiler

2. PRESSURE-BEARING FLAT PLATES AND ENDS

As a particular instance of non-cylindrical shells,
pressure containers are occasionally designed
having flat panels. This is not a good idea, and
generally entails much ugly reinforcement and
unsightly distortion. Stresses and deflections in flat
plates are treated in Young (1989, Ch. 10).

5

Figure 3.80(b) Aquarium

3. VESSELS SUBJECT TO EXTERNAL PRESSURE

So-called vacuum vessels are encountered
occasionally in industry. The extent of external
pressure they must withstand is generally limited
to well under an atmosphere (101.3 kPa).

Large pressure vessels and closed pipes can be
accidentally subjected to internal vacuum if they
are drained of liquid through a low outlet without
first providing sufficient venting at the top so that
air can fill the vacated volume. Many expensive
accidents with large, roofed storage tanks have
occurred in this manner.
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Similarly, vessels can experience (atmospheric)
external pressure if their liquid or gaseous contents
contract upon cooling, and insufficient breather vents
are provided. Tight-lidded saucepans on kitchen
stoves sometimes sufter this effect.

Whereas the examples above are limited to
relatively low (sub-atmospheric) values of external
pressure, certain other types of pressure vessel can
be subjected to very large external pressures:

Steam (or other hot, pressurised fluid) can be
supplied to the annular outer compartment of
Jacketed pressure vessels for the purpose of heating
their contents. If the contents can be at a lower
pressure than the heating fluid, then the inner
compartment must be designed for external
pressure.

Figure 3.80(c) Submarine

Submersible ocean-going vessels, such as
submarines and bathyscaphes, experience large
hydrostatic hull pressures. At the deepest part of
earth’s ocean, the pressure reaches to about 100
MPa.

Interference fits and shrink fits are sometimes
used in machinery (and in some pressure vessels)
to create a tight join between an inner and an outer
component. These exert a large external pressure
on the inner component.

4. THERMAL STRESSES IN PRESSURE VESSELS

_—

00000

Figure 3.80(d) Gas-fired boiler tube

When vessels are heated, ‘temperature gradients’ are
unavoidably set up since different parts of the vessel
will reach different temperatures. The gradients
cause differential thermal expansion (meaning that
different parts of the vessel will expand by difterent
amounts), leading to thermal stresses as various

parts of the vessel pull and push each other.
Thermal stresses can be very high, but are always
self-relieving. With large heat flux, the temperature
drop across a single shell wall can be appreciable
— this is especially pronounced in thick-walled

shells.

Ex. 3.22

A pipe has internal diameter 100 mm and external
diameter 110 mm. For each of the six combinations
of location (inner surface, outer surface) and stress
(hoop, axial, radial), calculate the error in stress
values caused by assuming that the pipe is “thin
walled”. What are these errors if the outer diameter
is 120 mm and 150 mm? Sketch a graph of error
versus external diameter.

Ex. 3.23

Your company is preparing engineering
specifications for a large gas pipeline between
Rotterdam (on the coast of Holland) and Prague
(capital of the Chech Republic), a distance of
approximately 650 km. The operating pressure is
2.0 MPa and the internal diameter is 1000 mm.
Due to international standards the following
requirements have been imposed on the design:

¢ allowable design stress intensity f = 120 MPa;

s corrosion allowance = 1.5 mm.

Your company plans to use a plain carbon steel
for this application and you need to determine if
full weld radiography should be used.

steel price is approximately $8/kg;

— full weld radiography costs $400 /metre of
pipe length

— weld joint efficiency = 100% with full weld
radiography, otherwise it is 75%;

— steel plates for this pipeline are available in
thicknesses of 6, 8, 10, 12, 16, and 20 mm.

Ex. 3.24

(a) An aluminium (E=70 GPa) beverage can of
diameter D= 75 mm and wall thickness t = 0.2
mm develops an internal gauge pressure of 100
kPa. Two rows of twelve cans are usually packed
side-to-side in a box for shipment. Calculate the
length and breadth of the shipping box needed for
the pressurised cans.
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(b) A hydraulic system uses 12 mm diameter steel
(E = 210 GPa) tulnné_, r for interconnecting several
hydraulic actuators. The length of tubing used is
10 m and you need to estimate the change in
hydraulic volume as a function of pressure.
Calculate the increase in the tube volume at 21
MPa ( the maximum operating pressure). What is
the volume increase when the tube is pressurised
to a level where the hoop stress is 100 MPa? [The
tubing is made of steel with 800 MPa yield strength
and a design factor of safety of 1.8]

3.6.8 Summary of design rules for
cylindrical vessels, internal pressure

(a) Thin-walled vessels

Pressure stress:

Model:
o, = P2, (3.56)
2t
G, = D (3.57)
4t
o, =L (3.58)
2
Require: (0'1“0'3)5)(. (3.55)
D
Rule: t 2 —£—— 4 (3.62)

2fn-p
(b) Diametral expansion:
Model (cylinder):

Otiam = th); (2-4). (3.70)

Model (sphere):

5o :PD2(1_;,). (3.71)

spherical diam AtE

Require: Gy < Giamaliowable

(c) Thick-walled vessels (pressure stresses)
Model:
p ’ (3.66-a)
oy = 1+—} -4
i -1 r
oc. =—F ., (3.66-b)
A @2 -1
__P _ (3.66-c)
o 11 ’
Lot ( r J
r = Oy —Op — 7p b_: , (3.67)
AN 2 ¢_ — 2
where ¢ = D, :é. (3.63)
D a

Require: (0'1 -

(d) External bending
Model:
5. = 2M, P (3.72)
P @ -1 '
0o, =0,%03y, (3.73)

and use Mohr’s circle construction to check
whether o0, >045 or 0, <0, (see
Section 3.6.6).

Require:

(01-0s)<f. (359

3.7 Assignment on pressure
vessels

3.7.1 Background

A large vertical pressure vessel is being designed
for use in a petroleum refinery. It is to have an
inner diameter of D = 2500 mm, and an outer
diameter of D, = D + 2t (where ¢ is the shell
thickness). It will be welded from mild steel plates,
and in service will store only gaseous contents. The
general layout of the vessel is shown in Figure 3.31

1179
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Some concern exists over the fact that the
refinery is located in a West African coastal region
which is occasionally subject to cyclone activity.
Under worst-case conditions, the free-stream
wind velocity can reach 50 to 60 m/s. Because the
vessel is so tall, the project manager wants you to
carry out an initial check on its ability to withstand
wind-induced bending stresses. (This will just be
a quick check — formal design calculations to
satisfy the requirements of the Wind Loading code
will be carried out later in the project.)

L=30m

conical skirt
(assumed rigid)

Figure 3.81 Vertical vessel

You have decided to approach these preliminary
calculations for the vessel in two stages — firstly a
design based on internal pressure alone in order
to obtain a first estimate of the required wall
thickness, then a check of the stresses in the vessel
when both internal pressure and external wind
loads are acting simultaneously.

3.7.2 The Design Problem

(a) Design for internal pressure only:

Using the design parameters given below, select a
suitable plate size for the vessel. Available plate
sizes are 6 mm, 8 mm, 10 mm, 12 mm, 16 mm, 20
mm, 25 mm, 32 mm, 40 mm, 50 mm, and 65 mm.
At this stage, calculations should be on the basis of
design to resist yielding or rupture due to internal
pressure only. Design data can be summarized as:

* internal design pressure (gauge pressure),
p=20MPa

e total corrosion allowance (internal +
external), ¢ = 3.0 mm

* welded joint efficiency, 171 = 0.85

* design factor of safety (yielding), F, = 1.6
* design factor of safety (rupture), F, = 4.0
* material yield stress, S = 240 MPa

* material tensile strength, §,. = 620 MPa

Note that the design stress intensity, f, is taken
to be the minimum of S /F, and , S /F,. This is
more-or-less the basis of design stresses used in
several statutory pressure vessel design codes,
notably AS-1210 (Australia), BS5500 (U.K.) and
ASME-VIII (United States).

(b) Design check for wind loading and internal pressure:

Given the shell thickness selected above, what
average free-stream wind velocity, V, would cause
the stresses in the vessel to exceed their allowable
values? Your analysis should consider static wind
forces only (i.e. the effects of vortex shedding may
be ignored here).

You may find it helpful to refer to the Mohr’s
stress circle when considering the stresses which
acton this vessel when it is subject to both internal
pressure and external wind loading simultaneously.
In justifying your calculation you should use an
appropriate failure predictor (theory of failure),
together with the following assumptions:

* the stresses arising from wind loads and

internal pressure can be evaluated separately
and then combined using superposition;

s the horizontal wind load acting on the vessel
is uniformly distributed along the vessel’s
vertical axis, and can be specified as a force
per unit distance along that axis, g N/m. This
distributed load is given by:

V:
7=Cp (P"z_)Do

(note: C,, is called the drag coefficient);

e C_ = 04 (assumed constant over the range
ofpwind velocities, V, relevant to this
problem);

e p =12kg/m> for air.
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4

DESIGN OF MECHANICAL CONNECTIONS

He shall bring together every joint and member, and mould them into an immortal feature of loveliness and perfection.

Milton, Areopagitica, 1644

It is one thing to design a simple engineering
component consisting of a single structural
element; it is another to design a structural system
of several cooperating components; where the
structural and functional integrity of the whole is
a complex amalgam of that of its parts. When
dealing with such a system, four additional
challenges are superimposed upon the designer’s
task:

1. to identify, by means of a process of structural
distillation, the subsidiary structural elements
that compose the system (we have discussed
the notion of structural distillation extensively
in Section 1.3 and elsewhere in this book.);

2. to define or delineate the nature of the
structural connections between those subsidiary
structural elements;

3. where necessary, to establish the functional
requirements of such connections; and

4. to design the connections.

As was the case for the generic structural components
examined in Chapter 3, the last of these challenges
(that is, “design the element”) 1s a succinct statement
covering a multitude of responsibilities and
decisions incumbent upon the designer. It involves
choosing:

* materials,
* configuration,
e geometry and

* process requirements (such as details of
fabrication, assembly and pre-loading)

for each of the connections in the system in order
to meet the full range of objectives and constraints
imposed upon it. It implies achieving a balance
between the strength of the connections and the
strength of the component parts being connected.

Designing the structural connections in a system is at
least as dernanding a task as designing the structural
elements they connect.

In the previous chapter, we developed design
rules for a range of generic engineering
components, following an essentially consistent
methodology. In this chapter we concentrate much
more on the structural connections between these
components. We will discover that the connections
themselves can be assigned structural and
functional objectives, and that relatively simple
design rules can be adduced for them using an
approach based on mathematical modelling, design
inequalities and factors of safety. Our intention is
to develop this approach in a manner congruent
with the one used for all the generic engineering
components introduced so far in this book, thereby
building confidence in the novice designer for the
application of design thinking.

4.1 The nature of mechanical
connections

We begin by exploring some philosophical issues
around the topic of connections. The purpose of
this brief section is to clarify our thinking and
terminology in preparation for the more detailed
discussion of specific connection types in Sections
42,43 and 4.4.

4.1.1 'Mechanical’ versus ‘integral’
connections

For our present purposes we will need to make a
distinction between two main kinds of structural
connection. In some cases, the connection between
adjacent subsidiary structural elements will exist
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integral connection

bending element

torsion element

2

Figure 4.1(a) Integral connections in a simple part

many integral connections

shaft
(3 sections) -

counterweight
‘ 7 N

arm

(6 shown here)

big-end
bearing

> (4 shown here)
crank arm

(8 shown here)

Figure 4. 1(b) Integral connections in a more complex

only as a concept separating two regions of a
contiguous load-carrying part. No one has to create
a discrete connection in these cases, since the
connection is already inherent in the body of the
part. The part is formed in one piece from a single
material, generally by manufacturing processes like
extrusion, forging, casting, bending or pressing.
Different regions within it fulfil different structural
functions (and comprise distinct structural
elements in the terms of a structural distillation) by
virtue only of the shape of the part and the loads
imposed on it. We will call the conceptual
structural connections between these contiguous
regions, integral connections. Figure 4.1 shows two
examples (a paper clip and an automotive
crankshaft) of parts possessing integral connections.
This class of connection is not the subject of the
present chapter.

In other cases, a structural (that is, load-carrying)
connection must be made between physically separate
entities in a structural system. The entities may be
different generic structural components within the
system (for example, the tree-limb, rope and tyre
of the child’s swing in Figure 4.2 are, respectively,
a cantilever-beam, a tension link and a ring-beam).
Alternatively, the connected entities may be sub-
component parts of a single generic structural
component that is too large to be made in one piece.
For example, adjacent cylindrical plates in a large
pressure vessel shell must be joined to form the
vessel, and the long marine propeller shafts used
in large ships are commonly built from several
shaft sections (Figure 4.3). All these connections
must be created (designed and fabricated) in a

conscious effort separate from the creation of the
parts that they join. We will refer to such
connections collectively as mechanical connections.

cantilever beam

some

connections

tensile
link

‘ needed
ring
beam

Figure 4.2 Mechanical connections between discrete
structural components

4.1.2 Classes of mechanical connections

Mechanical connections come in a vast array of
embodiments. It will be instructive to consider the
range of mechanical connections used to join a
familiar component of everyday life (namely,
paper), and then to see whether some more abstract
insights can be drawn concerning the nature of
mechanical connections.
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marine _,_4

drive shaft

Figure 4.3 Mechanical connections within a single structural
component

We define a fastener most generally as any device
that connects two or more solid objects to prevent relative
motion between them to some degree. Figures 4.4, 4.5
and 4.6 show a sample of the range of fasteners that
have been developed to join paper. Some are
ancient; others are very recent. Most will be
familiar to readers (although some notes are
provided below to explain those less common
fastening methods whose sketches are marked with
an asterisk).

Some of the examples shown would scarcely be
called fasteners in general speech, yet they fulfil the
requirements of our current definition. They each
have different characteristics, and their own
particular advantages and disadvantages. This is not
surprising, since they were developed at various
times to satisfy different functional objectives. Each
paper fastener is an example of a mechanical
connection (in the broadest sense of the term), and
we will use their diversity to itlustrate the various
essential features of mechanical connections.

Explanatory notes:

Figure 4.4 All of these examples are clamped joints.
They all use some mechanical component to
establish a compressive force between adjacent
sheets. This compression sets up frictional forces
that prevent the paper sheets from sliding out.

Figure 4.4 (E) We do not suggest that woodworking
clamps are often used to join paper! Rather, this
sketch represents the wide array of mechanical
clamps used to secure sheets of paper in printing,
cutting and other paper processing machinery.
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Figure 4.4 (H) The glide-on spine is an item of
commercially produced stationery. Its main
component is a plastic extrusion with an open,
hollow, triangular cross-section. This is slid axially
along the spine of a folder (or sometimes swivelled
about a pivot at one end of the spine) in order to
clamp outer covers between the arms of the cross-
section.

Figure 4.4 (I) The spring-back spine is another item
of commercially produced stationery. It is a length
of light spring steel having an open, hollow; circular
cross-section. It forms the spine of a folder that
has rigid end covers. By forcing the covers
backwards, the spine is opened to allow insertion
of paper sheets. These become clamped when the
spine is allowed to spring back.

Figure 4.4 (M/N) It could be argued that the
wrapping in these examples serves not to clamp the
sheets, but merely to enclose them. The distinction
is semantic only.

Figure 4.5 All of these examples are shear links.
They all pierce the paper sheets in some way, and
interpose some kind of shear pin through the hole.

Figure 4.5 (A) Staples are perhaps the most
commonly encountered mechanical connector for
paper. If they are applied tightly enough, staples
provide some clamping action that forces the paper
sheets into firm frictional contact with each other.
Loose staples function as dual shear pins, linking the
paper in a simple shear joint.

Figure 4.5 (B) Many staplers are fitted with a
reversible platen to allow the formation of open
staples. These function much like a pin through
the paper, and are more easily removed from it
than standard closed staples.

Figure 4.5 (G) The screw-and-nut combination 1s
an item of commercially produced stationery, often
used to join the pages of stamp- or photo-albums.
The screw tightens hard onto the end-face of the
nut, which acts like a simple shear pin. Unless
poorly sized, this device does not exert any
compressive force onto the paper itself.

Figure 4.5 (J) Old-style book binding techniques
involved both gluing and stitching the spine.

Figure 4.6 (A/B/C) These three examples are shear
connectors like those in Figure 4.5, except that here
the objective is to fasten paper to some surface
rather than to other paper.
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A. paper clip B. push-on clamp C. fold-back clip

D. bulldog clamp

H. glide-on spine I. spring-back spine

o\ J. string K. rubber band

L. ribbon

Figure 4.4 Fasteners for paper (set |)
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A. staple

D. rivet

I. fold-back strips

and retainer

K. ring arch
J. book spine (sewn) #  with retainer

M. wire coil
binding

Figure 4.5 Fasteners for paper (set 1)
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A. spike B. thumb tack C. nail

T

<L

D. origami 3 E. franking F. moisture

Ly

G. papier mache 3 H. glue |. adhesive tape

S

. plastic bonded edge

*J

A

L. refrigerator magnet M. box (enclosure)

Figure 4.6 Fasteners for paper (set Il])
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Figure 4.6 (D) A corner-locking technique
favoured by some students for assignment
submissions, but universally loathed by those
who must assess the documents.

Figure 4.6 (E~J) The tensile bonds available in
examples (E, F, G, H, 1, J) of Figure 4.6 do not
rely on any compressive elements within the
fastener.

Figure 4.6 (E) Franking is a little known paper-
joining technique that uses a purpose-built
machine to emboss rows of deep indentations
into (usually only two) sheets of paper
simultaneously. These indentations ‘lock’ into
those on the adjacent sheet, forming a weak joint.

Figure 4.6 (F) Moisture can act to decompose the
surface of paper sheets slightly, so that it
temporarily forms a thin layer of fibrous, starch
suspension (not unlike the pulp from which
paper is made). If allowed to dry while in contact
with other similarly damp sheets, the paper can
develop a weak bond.

Figure 4.6 () Papier miché uses water and paste
to soften paper into a slurry that can be moulded
into shapes.

Figure 4.6 (K) A gravity-assisted paper fastener.

Figure 4.6 (M) The box represents any enclosure
that acts as a constraint on the relative motion of
paper sheets. In the open box shown, gravity
(self-weight) provides an increasing clamping
force on sheets lower down the stack (the lower
the sheet, the greater the clamping force). Other
such enclosures (not relying on gravity) include
paper bags and plastic pockets.

Figure 4.6 (N) Bookends impart a small end-to-
end clamping force to the paper, limited in
magnitude by frictional forces between the
bookends and their supporting surface.

In the forty-two examples above, we can identify
the following categories of mechanical connection.

(n) CONNECTIONS FORMED BY LINKING THE CONNECTED PARTS
(SHEAR LINK)

Examples are Figure 4.5 (A, B,C,D,E,F, G, H, I,
J,K, L, M, N), and Figure 4.6 (A, B, C, D). These
connections all pierce the connected elements in
some way, and interpose some other linking
element through the hole. The linking element is
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often called a shear pin, since it generally experiences
shearing forces. In abbreviated terms, these are
pinned joints.

(B) CONNECTIONS FORMED BY CLAMPING THE CONNECTED PARTS
(COMPRESSIVE FORCE EXERTED BY AN ELEMENT IN BENDING OR
TENSION, OR BY SOME OTHER SOURCE)

Examples are Figure 4.4 (A, B, C, D, E, F, G, H, |,
J, K, L, M, N), Figure 4.6 (K, L, M, N), and
potentially Figure 4.5 (A, D, I, ], K). The existence
of clamping forces in Figure 4.5 (A, D, 1, ], K)
depends on how tightly the joint has been formed.
In most of these example (all those from Figures
4.4 and 4.5), an element can be identified thatis in
bending or tension, and which consequently
imparts compressive contact forces to and between
the connected elements. Again in abbreviated
terms, these are damped joints, of which bolted joints
will form a subset.

Structural Connections
|
Mechanical |*' Integral
Connections Connections
1
Fasteners Kinematic
Joints
3|
Clamped Pinned Bonded
Joints Joints Joints
4.2 4.4
3 Bolted Joints Welded
sealing joints oints
(sealing joints) J
—{ Sprung Joints Glued
Joints

Figure 4.7 A simple taxonomy of structural connections
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{c) CONNECTIONS FORMED BY BONDING THE CONNECTED PARTS
(TENSILE BONDING AGENT)

Examples are Figure 4.5 (J), and Figure 4.6 (G, H,
L J). These are glued joints.

(D) CONNECTIONS FORMED BY COALESCING THE MATERIAL OF
THE CONNECTED PARTS (ESTABLISHES A TENSILE BOND IN THE
MATERIAL ITSELF)

Examples are Figure 4.6 (E, F, G). Very similar to
the connections in the previous category, except
that here the bond is formed within the connected
material itself. These are welded joints.

On the basis of the discussion to date and the
categorisation noted above, we propose Figure 4.7
as a road map of terms describing classes of
structural connection referred to in this book.
Figure 4.7 also highlights where the sections of the
present chapter fit into the overall road map.

More will be said about the definitions of bolted,
pinned and welded joints in the appropriate sections
that follow. We note in passing that the topic of
structural connections 1s a very wide one, and we make
no attempt to deal with several large sub-topics.
These include kinematic joints (joints designed to
move), glued joints, and the motley assembly of
clamped joints that do not use bolts as their source
of compressive force.

4.1.3 Assignment on abstract thinking
about fasteners

(a) Aims

This assignment deals with fasteners. It also
highlights a crucial aspect of design thinking: the
ability to move from abstract statements of
problems and ideas to the development of
solutions that specify or embody hardware. It
emphasises:
* shifting one’s thinking at will between
abstract concepts and the physical hardware
by which these concepts are realised;

* specifying and communicating essential
constructional detail by sketches; and

» thinking about the wide range of fasteners
used for joining even simple materials, and
the functional objectives that those fasteners
aim to fulfil (refer to Table 4.1).

Table 4.1 Fastener objectives

Objective Criteria

Force required to dismantle

Fastening strength fastened assembly

Force required to assemble
fastener and objects being
Jjoined; time to make the
connection

Ease of actuation

Force required; time to unfasten

Ease of unfastenin .
of unf 4 objects

Extent to which the space
available exceeds the size of
hands, fingers, tools

Ease of access

Minimum
protrusion into the
environtnent

Height of protrusion above
bounding surface; increase in
aerodynamic drag

Distance representing
maximum mismatch of one
object with respect to the other

Precision of relative
location of objects

(b) Preamble

Engineering designers must develop a heightened
sense of self-awareness, especially the ability to
switch thinking at will from one level of abstraction
to another. For example, a powerful advantage 1s
provided to the vehicle designer who is able to
progress from thinking about physical objects such
as rubber tyres to the conceptualisation of general
pictures of impact Joads on flexible membranes
stressed under internal pressure.

This exercise is concerned on the one hand with
a general, abstract definition of a device called a
fastener, and on the other hand with ways of
physically realising such devices in engineering
practice. We may start with knowledge of specific
things like screws and nails used to fasten objects
together, and then try to formulate a wide ranging
and abstract definition, which may in turn suggest
new and novel types of fastener. The general
definition of a fastener is as previously proposed:

a device that connects two or tnore solid objects to prevent
relative motion between them to some degree.
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This general definition has geometrical
implications in that there is presumably a common
surface of contact between the two objects, usually
planar, occasionally cylindrical, occasionally
something else. Sometimes the two objects are
oriented with respect to each other in their
environment so that there is a front and back to
the fastened assembly, sometimes this is not the
case. Itis also implied that there is a clamping force
maintaining contact between the two objects.
Often this force will be generated by the elasticity
or springiness of some part of the fastener, and there
are various ways of obtaining this spring action.
Other possible sources of a clamping force are:
wedges, magnetism, gravity, fluid pressure, plastic
deformation and perhaps others.

Beyond mere geometry, we can also establish the
desirable attributes of fasteners in terms of some
or all of the objectives and criteria in Table 4.1.
There may be additional objectives (and
corresponding criteria) relevant to particular
applications in which fasteners are used. Table 4.1
is not intended to be exhaustive.

(c) Thinking About: Fasteners for Paper

Many different methods for fastening sheets of
paper were illustrated in Figure 4.4 to 4.6. Choose
one of these three figures, and for each of the
fastening methods shown in it, identify which of
the above attributes of the fastener are important.
If other attributes are important, record them as
well. Your response should be concise and
presented in a tabular fashion.

{(d) Thinking About: Other Common Fasteners

*  Make a list with illustrative sketches of about
ten common fasteners used for various
purposes in houses, apartments, cars,
bicycles, sailboards, furniture, cabinets,
buildings, bridges, structures, boats, aircraft,
etc. If possible, include some examples of
non-planar surfaces.

* For each fastener in your list, explain the
nature of the clamping force and the source
from which it is derived.

* In cases where the clamping force is derived
from the elastic deformation of part of the

fastener, sketch and describe the ‘spring’ which
provides this recoverable deformation. How
would the stiffness of the spring be
determined experimentally? (The stiffness of
a spring is the force required to produce unit
deflection. It is the k in the equation: F=kx).

(e) A General Symbolic Description of
Fasteners

The final part of this exercise aims to encourage
you into some fairly abstract thinking. It may seem
somewhat unusual, but remember Rule No. 1:
“Don’t Panic!”

Develop, in whatever way you think appropriate,
a general symbolic representation for fasteners.
The system of representation should be largely
(although not entirely) graphical/pictorial, and
should contain standardised means for referring
to:

¢ contact surfaces;

* degree of constraint (or its converse, residual
relative motion);

* the source of clamping force;

* and perhaps other important characteristics
of a fastener.

Relate your abstract approach to real-life
examples by making a second (very schematic)
sketch of each of the ten fasteners you included in
your list in (d), above, and applying your system
of symbolic representation to it.

4.2 Bolted joints and screws:
design for clamping contact

It is commonplace to think of bolted joints in terms
of one or more bolts holding some components together.
However such a definition is too loose for our
purposes. In this book we regard bolted joints to
be a subset of damped joints (see Figure 4.7 in the
previous section), so the bolts must perform a more
specific task than merely linking the connected
components. A bolt that merely links adjacent
components without ensuring any appreciable
clamping force between them is properly classified
as either a shear connector (pinned joint), or perhaps a
tensile link, and may be designed according to the
methods of Section 4.3 or 3.4.2, as appropriate.
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In order to qualify as a bolted joint in the terms of
this present section, the bolts must maintain a
minimum clamping contact force between the parts
being joined. Furthermore, they must continue to
clamp the joint with at least this required contact
force, when the external loads (those tending to
separate the joint) vary through their full load cycle.

Not surprisingly, a bolted joint consists of a
tensile element that we refer to as a bolt, and special
connection regions on the two components being
connected.

These connection regions come in various shapes,
but always possess a contact surface (where the
compressive contact, or sealing force, is transmitted
against the partner component), an anchor point to
the tensile element, and some stressed material
between the contact surface and the anchor point.
These rather abstract terms are illustrated in
Figure 4.8. Note that the tensile elements of a
bolted joint may be called bolts, machine screws, studs,
screws, tie rods, and so forth depending on details of
their shape; and the connection region is frequently
called a flange. Also note that a relatively soft layer
of jointing material, called a gasket, is often (but
not always) inserted between the two contact
surfaces to promote better sealing. The gasket’s
usual location is indicated in Figure 4.8(b).

tensile

element -1~

anchor

point

contact surface =~ ~———

Figure 4.8(a)} Essential items in half a bolted joint

Figure 4.8(b) Two halves of a bolted joint, with gasket

4.2.1 Function of a bolted (clamped) joint

We consider cases in which both:

* compressive contact must be maintained (to
at least some minimum value) between the
joined components, and

¢ the external force (acting parallel to the bolt’s
axis) varies with time.

The need for continuous compressive contact
may arise from several functional requirements,
but principally these will be either:

(A) that the joint must provide a seal against
fluid leakage; or

(B) that the joint must provide sufficient
frictional resistance to prevent any
transverse sliding of one component
relative to the other.

Function (A) is common in pressure vessels,
piping, internal combustion equipment, and
pumps. Function (B) is commonly encountered
in structural engineering, foundation and anchor
bolts, and assemblies of machine parts. From a
structural viewpoint, the approaches to designing
bolted joints for these two functions (fluid sealing
on the one hand, and no-slip friction on the other)
are identical.

Figure 4.9 External force on a bolted joint

The external force on the joint (that which tends to
separate the components, as illustrated in
Figure 4.9) will generally arise from one of two
possible causes:

s pressure force from contained fluid; and

* traction due to gravity, differential thermal
expansion, and mechanical or structural
loads.

Some of the many applications of bolted

(clamped) joints are shown in the sketches of Figure
4.10
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(b) hydraulic
(a) flanged pipes equipment
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(c) machine elements

&y (e) friction joints

(structural steelwork)

(g) rustic bracket (h) scaffolding clamp (1) wall bracket
[U-bolt and plate] [wood screws]

Figure 4.10 Bolted joint examples

1197



198

T —

Ex 4.1 Identifying the elements of bolted
joints

For each of the examples of bolted joints shown
in Figure 4.10, identify (i) the fensile element, or bolt,
(ii) the flange(s) or their equivalent, (ii1) the anchor
point between the bolt and flange, (iv) the contact
surface where the flanges meet, and (v) the gasket (if
present). [llustrate your answers with neat sketches
of the sectioned joints, after the fashion of Figure
4.8(b). Note that the example in Figure 4.10(c)
includes two different types of bolted joint.

4.2.2 Bolted joint failure modes

The potential failure modes for a bolted (camped)
joint relate to its principal function (that is,
maintaining a clamping contact force in order to ensure
etther sealing or no-slip friction), and also to the
structural integrity of the joint’s various elements
(bolt, contact sutface, gasket, flange). The two main
failure modes considered in this text are:

(a) loss of adequate clamping contact force; and

(b) yielding (or fracture) of bolts in tension.

Loss of clamping force leads to potentially serious
consequential failures: either leakage of the fluid,
or transverse slippage of the joined components.
Leaking joints may be hazardous if the fluid is itself
hazardous (hot, caustic, toxic, asphyxiating,
flammable, explosive); or lead to slow damage (for
example, a leaking water pipe may cause ground
subsidence and cracking of nearby buildings); or
be unsightly (oil spots on driveways are usually a
result of a leaking bolted joint); or simply wasteful.
Slipped friction joints are dangerous, since they
can result in bolts being loaded in shear as well as
tension, possibly causing structural failure of the
bolt. They can also cause misalignment of
machinery parts.

When do bolted joints leak? The simple-minded
response is that they leak when the joint contact
force reduces to zero. However, in practice, most
gaskets and jointing materials require some
minimum, non-zero stress, called the gasket seating
stress, to ensure that all potential leakage paths across
the gasket-to-flange contact surfaces are closed up.
So a minimum allowable joint contact force can
be derived for a particular joint geometry and
gasket material by multiplying the ‘gasket seating
stress’ and the effective contact area of the gasket.
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Similarly, for bolted friction joints, a minimum
allowable joint contact force can be obtained by
dividing the worst transverse slip-inducing force to
be resisted, by the minimum likely static coefficient
of friction between the gasket or bolt washer (if
any) and the connecting surfaces.

Yielding or fracture of bolts in tension is clearly
a serious mode of failure, since it can lead to sudden
structural collapse or rupture of the entire system.
Design to resist this mode of failure proceeds
according to the general approach given in Section
3.4.2, modified if necessary by considerations of
fatigue strength (see Section 2.4).

Other more complex modes of failure exist,
including (c) crushing of the contact surface, (d)
radial bursting or erosion of the gasket at the
contact surface, (e) failure of the bolt’s thread
system through binding or stripping, and (f)
yielding or cracking of the flange through excessive
bending. These are all very real and must be
reviewed in critical applications, but lie outside our
detailed scope.

Ex 4.2 Failures in bolted joints

For each of the examples of bolted joints shown
in Figure 4.10, state whether the structural
objective of the joint is to provide sealing, or to
prevent transverse slippage, or something else. In
each case, discuss the implications of the joint
failing to fulfil this structural objective. What
consequences might arise from a broken bolt?

4.2.3 A simple mathematical model for
bolted (clamped) joints

(a) The idealised bolted joint

Clearly bolted joints can be constructed in a diverse
range of shapes and configurations. It will be
helpful to make reference to a standard form of
bolted joint for the purpose of developing our
mathematical model. The intention is that all (or
most) real-life bolted (clamped) joints can be
associated with the standard form of this idealised
bolted joint.

At this point, we should make explicit a colour
convention (in black-and-white!) adopted
throughout the present Section on bolted joints,
and already used in Figures 4.8 and 4.9. External
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forces on a joint are coloured black, compressive
forces exerted on the contact surface (for example,
gasket forces) are shown shaded in grey, and tensile
bolt forces are shown as white.

external contact bolt

force force force

Figure 4.11 shows a bolted, flanged joint at one
end of a simple system consisting of two
components in connection: a flanged vessel and a
cover plate. These components are subjected to a
separating force of some kind — perhaps from
pressure in the vessel as suggested by Figure
4.11(a), perhaps from traction as in Figure 4.11(b),
it doesn’t really matter.

—— e —

~ J

E

TOTAL

= F!'()]’.'-i.’.

Figure 4.1 1 Components joined by a ‘standard’ bolted joint

Attention now focuses on just a part of the
idealised bolted joint, namely, that portion
associated with the single bolt shown in the
standard partial view of Figure 4.12. Say there are
n bolts in the overall bolted joint. Figure 4.12 is
therefore a free-body diagram of the partial joint
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consisting of one bolt and a (1/n)th portion of the
flanges and (1/n)th of the gasket. The symbol F
denotes the external force exerted on this partial

one-bolt joint.

NN

Figure 4.1 2 The idedlised bolted joint (standard partial view)

F totaL

(b) Free-body diagram for cover plate (three
forces in equilibrium)

To introduce the bolt force and gasket contact force
explicitly, we consider the forces on the partial
cover plate (on the right of Figure 4.12). Our
simple mathematical model for the behaviour of
bolted joints is, in fact, based on the equilibrium
of this component. The free-body diagram for the
isolated (partial) cover, rotated through ninety
degrees, is shown in Figure 4.13. It can be seen
that three forces act on the cover:

external
force  m F, bolt
\‘Py 'Eu‘; force
um g ]
EF. .

joint force (gasket)

Figure 4.13 Three forces in equilibrium acting on the partial
cover

* F = theexternal force on the partial joint
(same as in Figure 4.12);

* FE = theboltforce in the single bolt (tensile
shown as positive); and
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* F. = thejoint force (here acting through
the gasket) on the partial contact
surface of the joint (compressive shown
as positive).

Several points merit emphasis:

* all forces are per bolt, therefore

F= Fora
n
and
P o= (total joint contact force)
J' - >

n
where # is the number of bolts used;

* despite the way they are drawn in Figure 4.13,
all three forces are coaxial due to the axi-
symmetry of the overall joint — therefore
moment equilibrium 1s automatically
satisfied;

* hence vertical force equilibrium is the only
salient consideration, requiring the bolt force
to be equal in magnitude to the sum of the
external force and the joint contact force;

* note the sign conventions adopted: F is
positive for forces tending to separate the
Joint, F, is positive in compression, F, is
pOsItivE 1N tens1or;

* F; isonly ever a compressive force (gaskets
cannot exert tensile forces);

* F isonlyevera tensile force (in bolted joints,

bolts cannot experience compressive forces).

(c) Elastic behaviour of bolt and joint

So much for statics. The remainder of the
mathematical model derives from a consideration
of the axial deflections occurring in the bolted joint.
The bolt and gasket (or contact area, if no gasket is
used) are assumed to behave in a linear, elastic
fashion. This is a good assumptton for the bolt —
itis a relatively long component in simple tension,
and usually stressed well below 1ts elastic limit.
Gaskets, on the other hand, are thin (in other
words, axially very short) elements in compression,
and often manufactured from nonmetallic, fibrous,
anisotropic materials with peculiar, non-linear,
elastic properties. If metallic, they may be stressed

to near, or some way beyond, their elastic limit.
However these issues only have a significant effect
on the stress-strain behaviour of the gasket while
it is being pre-loaded from an unstressed condition
to an initial state of high compression when the
joint is first bolted up. Once in its pre-loaded state,
perturbations of the joint contact force, Fj , about
its initial value, F,, , produce a fairly linear strain
response in the gasket. In other words, the
assumption of linear, elastic behaviour for a pre-
loaded gasket is a reasonable one over the range of
operating forces to which it is then subjected.

As a side issue, we note that gasket materials can
also exhibit viscoelastic (time-dependent) behaviour.
For critical applications (for example, in head bolts
used to fasten the cylinder-head to an automotive
engine block), special precautions are sometimes
taken to pre-load the joint correctly. It may be
necessary to initially pre-tension the bolts, run the
machine for some time and several heat-up/cool-
down cycles, and then re-tension the bolts to take
up any relaxation in the gasket and bolt seating.

(d) Stiffness of bolt and joint elements

In what follows, we shall use the term joint to
refer collectively to the three compressed elements
of the bolted joint, namely the gasket and the two
flanges. Since the bolt and joint are considered to
be elastic, we can write for each of them that

(total force) = k X (deflection from rest),

where the stiffness, k, is assumed to be constant.
While the above relationship applies only
approximately (especially for the gasket, for reasons
discussed above), the following relationship for
small changes in force and deflection applies much
more reliably:

A(force) = k x A(deflection),

where A denotes a change from the initial pre-loaded
state.

The same free-body diagram as was presented
in Figure 4.13 is shown again in F igure 4.14, but
with the bolt and joint represented as linear springs,
each having its own stiffness: k, for the bolt, and
kj for the joint. The stiffness, k, of either the bolt
or the joint can be derived from the simple stress-
strain relationship, ¢ = E€, which is just a special
form of Hooke’s Law for elastic behaviour.

For prismatic elements in uniaxial tension or
compression (just like the bolt and joint of a bolted
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connectiony}, it is easy to show that the ratio of force
to deflection is

k=—.
i
For our bolted connection, each of the terms (A4,
E and ¢) must be evaluated for either the bolt or
the joint (flanges plus gasket). Applying this to the
bolt, we write:
k, = Mb_, (4.1)
4,
where the cross-sectional area, A4, , is based upon
the nominal shank diameter of the bolt (since the
threads have little influence on the axial stiffness
of the bolt). The interpretation of terms 4, , E,
and ¢, is straightforward, since there is only one
tensile element to consider.

=~ L
=2k
- L E:

F,

(compressive) (tensile)

Figure 4.14 Elastic bolt and joint

For the joint, however, there are three distinct
elements subject to compression: the lower flange,
the gasket (if present), and the upper flange.
Although we can write:

k,zAfEf
J 0. ’

J

(4.2)

the correct interpretation of the terms A, , E ;
and /; is not quite so apparent. Before simpjlifying
matters, it is necessary to consider that the joint
(and hence k; ) is made up of several different
stiffnesses in series, as depicted in Figure 4.15.
The compound stiffness for these compressed
elements in series (Chapter 3.3.2, Figure 3.31) is:

-1
1 1 1
k. = —+—+ 4.3
: (’?M k kuJ *

¢
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where each of the constituent stiffnesses can be
separately evaluated in the usual way. For example:

ko = A B/t and k, = AE, [0, .

In practice, if a gasket is used, its flexibility (that
is,1/k,) will usually dominate the right-hand-side
of Equation (4.3) so that the overall joint stiffness
can be approximated by the gasket stiffness,
ki=k, (=AE,/{,). Alternatively, if no gasket is used,
the joint stiffness may still be considerably
simplified, but by using different area and length

terms.

kg1 (flange)

i
k; = Lk‘q (gasket)
kaz (flange)

‘compound’

‘equivalent’

Figure 4.15 Series of compressed elements comprising the
Joint

Figures 4.16 and 4.17 depict the geometrical
quantities (A and #) influencing the stiffness of the
bolt and joint, and give some indication of their
relative magnitudes.

For the gasketed arrangement in Figure 4.16(a),
D; is the mean gasket diameter, and wj; is the
nominal gasket width. A, and A; are, respectively,
the bolt cross-sectional area and the gasket contact
surface area, and are the areas to be used in the k,
and k; expressions. Although actual areas would
need to be calculated in each case, it can be seen
from the sketch that, to a reasonable
approximation, the joint area in this gasketed
configuration is of the same order of magnitude
as the bolt area. Therefore in gasketed joints, the
ratio of bolt and joint stiffness will mainly be
governed by the large difference in bolt and gasket
lengths (see Figure 4.17(a)). If the gasket material
is metallic so that E;, and E, are similar, then the
gasket will usually be much stiffer than the bolt,
since #,>>{,. Of course, soft non-metallic gasket
materials are commonly used, so the safest
approach is to check the true values of k, and k; by
calculation.

In the un-gasketed arrangement of Figure
4.17(b), the joint is established using metal-to-
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metal contact between the two flanges. Complex
compressive stresses in the flanges are set up
underneath and around the bolt heads. Following
a crude but widely-used approximation, the
compressed volume of flange material can be
assumed to be equivalent in axial stiffness to a
hollow cylindrical block extending the full
thickness of the flanges (from bolt head to bolt
head), having an inner diameter, d, , and an outer
diameter of approximately 3d, . From this it
follows that, for un-gasketed joints, the joint area
is around eight times the bolt area. Since the joint
and bolt lengths are virtually identical in this case
(see Figure 4.17(b), below), and their Young’s
moduli will be more-or-less equal, the resulting
joint stiffness, k., for an un-gasketed joint will
generally be much larger than that of its bolt, k, .

Ex 4.3 Estimating stiffness

A large bolted joint is being designed to join two
steel flanges, each of 80 mm thickness and 250 mm
inside diameter. Sixteen M32 bolts will be used.
These have the same Young's Modulus as that of
the flanges — around 210 GPa. Three alternative

gasket materials are being contemplated for use in
this joint: aluminium ( E, =70 GPa), stainless steel
(E, =195 GPa), and a special metal-jacketed,
compressed-fibre-filled gasket (E, =1.9 GPa). In all
cases, the gasket will have a mean diameter of
approximately 280 mm, and a cross-section 20 mm
wide and 3 mm thick. Estimate k, and k; for the
three gasketed cases: aluminium, stainless steel and
tibre-filled, and also for the case of no gasket.

(e) Deflection of bolt and joint: elastic
elements in paraliel

Our analysis so far has developed simple but useful
representations of the statics of bolted joints
(equilibrium of forces on cover) and the elasticity of their
major elements (bolt and joint stiffness). It now
remains to apply the requirements of compatibility
(matching the deflections of structural elements
so that their interfaces remain in contact) to
complete our mathematical model.

Consider Figure 4.18. The bolt (tensile element)
and joint (a lumped series of compression elements)

Figure 4.16(a) Relative areas of bolt and joint
(gasketed)

an
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Figure 4.17(a) Relative lengths of bolt and joint
(gasketed)

Figure 4. 16(b) Relative areas of bolt and joint (un-
gasketed)

(] .
s
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Figure 4.17(b) Relative lengths of bolt and joint (un-
gasketed)
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share a common interface at the anchor points where
the bolt connects to the cover and flange of our
idealised bolted joint. They therefore behave like
two springs connected in parallel, since they are
constrained to have the same deflection. In formal
terms:

A8, = A8, (4.4)

where A6 is the (upwards positive) extension of
the joint from its initial (pre-loaded) position, and
Ad, is likewise the (upwards positive) extension of
the bolt from the same initial position, both
extensions being due to the effect of some
externally imposed force. In the above diagram the
cover plate and lower flange are portrayed as being
rigid, but note that any elastic deformation of the
flanges is accounted for in the compound stiffness
of the joint, & .

deflected position of cover

anchor_poi_m _}%‘_ 1 isb
%%%\\k\& ]
AN
anchor point /f‘%“l

Figure 4.18 Compatibility of joint and bolt deflections

7
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4.2.4 Bolted joint design equations

(a) Derivation of bolted joint design
equations

Axial force equilibrium for the partial cover of our
idealised bolted joint (Figure 4.13) requires that:

F, =F+F,. (4.5)

In Equation (4.5), F is the external force (per
bolt) applied to the joint. We may regard it as the
independent variable — the bolt force and joint
contact force will both vary in response to changes
in the external force. A special case exists when
the external force is zero. In this situation, the bolt
force and joint contact force are at their initial values
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(that s, the initial values established when the joint
has been pre-loaded). By equating F to zero in
Equation (4.5), we obtain

k. =F

i (4.6)
where F,; and F;; are both constants.

The compatibility requirement has already been
expressed in Equation (4.4). It referred to
extensions of the bolt and joint from their initial
(pre-loaded) position due to the imposition of the
external force, F. These extensions, Ad, and Ad;,
can also be expressed in terms of the stffness of,
and change in force acting on, the bolt and joint.
Using basic stiffness definitions, we can write:

A8, =(AF, [k, ) (4.7-a)
and
Ad, :—(AFJ /kj)’

where AR = F - F, is the change in the bolt
force from its initial value, F; (at F=0), to its
new value, F (at F=F). Similarly,
AF, =F, —F,; is the change in the joint contact
force from its itial to its new value. (Recall that
F, and F, are the bolt and joint force values
obtained after application of the external force, F.
They are the dependent variables we seek to
express as functions of F.)

The negative sign in Equation (4.7-b) arises from
the particular sign conventions adopted for F; and
A$; . Joint contact forces are defined as being
positive in compression, so that a positive AF, is
an increase in compression. However A8 is
defined as being positive for an extension of the joint,
not a compression — hence the need for a sign
change.

When Equations (4.7-a) and (4.7-b) are
combined with Equation (4.4), we obtain

Fb*ﬁ)i Fj—Fji
k, koo

J

(4.7-b)

and by using Equation (4.6) to eliminate F;; from
this, we can write ’
FI‘} - E)i Fbt - F}

k, k.

J

Finally, permutations of Equation (4.5) can be
substituted successively into the above equation
to eliminate either F, or F, and obtain both of
the following results.
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k
F[) = E)i + : F (48)
k, +/ej
F, =F J F 4.9
j bi k’b +l€j ( . )

(b) Comments on equations for bolt force and
joint force

Equations (4.8) and (4.9) are the bolted joint
petformance equations. The first, (4.8), expresses how
the bolt force, F,, varies with external force. The
equation has a positive sign in front of the F term,
indicating that the bolt force increases from its
initial value in linear proportion to F, so that it is
always greater than or equal to F}; . The slope of
this linear increase is determined by the ratio
ky/(k,+k;), which is termed the relative bolt stiffness,
and is always less than unity.

The second equation, (4.9), expresses how joint
contact force, Fj , varies with external force. The
equation has a negative sign in front of the F term,
indicating that the joint contact force decreases
from its initial value in linear proportion to F, so
that it is always less than or equal to F; (=F,,). The

slope of this linear increase is determined by a
different ratio, k/(k,+k;), which is termed the
relative joint stiffness, and 1s always less than unity.
A clear comprehension of these two relationships
between the internal forces (F, and F;) of the bolted
joint and the external force upon it, is the key to
bolted joint design. The extent of increase in bolt
force, F, , with F, determines the structural
integrity of the bolt. The extent of decrease in joint
contact force, F}, with F, determines the functional
integrity of the joint as a seal or clamp. Note that
the relative bolt and joint stiffnesses are

dimensionless, and sum to unity.

(c) Graphical representation of boit force
versus external force

Graphs are an effective way to represent and
visualise the relationships in Equations (4.8) and
(4.9). Figure 4.19(a) shows the most common form
of graphical construction used for this purpose. It
is a graph of bolt force, Fy, on the vertical axis
against external force, F, along the horizontal axis.

A line of slope k/(k,+k;) corresponds to bolt
force. A second, dashed line of unity slope
(corresponding to the equation F, =F) is drawn at
a 45° angle through the origin, so that the

J E
F, ky +k, v
/
7
H) i-
External
Force,
0 F_

-

(a) General bolt force

Figure 4.19 Bolt force versus external force
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(b) Bolt force with varying joint stiffness
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difference between it and the bolt-force line can
be easily constructed. This difference corresponds
to the joint contact force, since F; = F-F. The point
of intersection between the bolt-force line and the
dotted external-force line indicates the point at
which the joint force, F;, becomes zero.

Figure 4.19(b) shows an extended version of the
earlier graph, this time with a second bolt-force
line of a lesser slope (corresponding perhaps to a
stiffer gasket, or perhaps to a more flexible bolt, but in
any case to a smaller value of relative bolt stiffness).

(d) Graphical representation of bolt force and
joint force versus deflection

Figure 4.20(a) shows an alternative form of
graphical construction used to represent the bolted
Joint performance equations (4.8) and (4.9). This
time we plot forces F, and F; on the vertical axis,
against deflection, J, along ‘the horizontal axis.
Because of the choice of axes, the slope of lines on
this graph corresponds exactly to stiffnesses, k;, and
k.. Aline of slope +k,, representing the bolt force,
Iﬂ, is drawn ﬁrst from the origin. After the joint
pre-load, Fy; (=Fj), is selected, a second line of slope
— k; can be constructed representing the joint
contact force, F;. Although constructed in the
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sequence described above, these lines are shown
in Figure 4.20(a) proceeding from the undeflected
starting points (before the joint is pre-loaded),
upwards to the intersection point corresponding
to the pre-load force, Fy; = Fj.

In Figure 4. 20(b), the above graph is extended
by projecting vertical lines with deflection
coordinates further and further to the right of the
initial pre-load point. At any deflection, Ad,
measured from this point, the corresponding
external force, F, can be found by projecting a
vertical line at the appropriate location, and
constructing the difference in vertical ordinates
between the bolt-force line and the joint-force line.
This range of external forces is shown by the
vertically shaded region of Figure 4.20(b).

{e) Failure criteria

Failure modes for bolted joints were discussed in
Section 4.2.2. They are of two kinds — functional
and structural. Both are potentially serious.

Functional failure of a bolted joint occurs when
it can no longer maintain a pressure seal or prevent
transverse slippage of the joined elements. These
failures can be predicted to occur when the joint
contact force, F, falls below certain minimum
values.

pre-load
point

(a) General joint deformation

Figure 4.20 Bolt and joint forces versus deflection

(b) Joint deformation at failure
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Ex 4.4 Graphical prediction of joint failure

How would you adapt a graph like the one shown
in Figure 4.19(a) to determine the external force,
F, that would cause joint failure at some minimum
allowable value of joint force, F; ..?

Ex 4.5 More graphical prediction of joint
failure

How would you adapt a graph like the one shown
in Figure 4.20(b) to include a more realistic
representation of functional ( F, ) and structural
( F, ) failure of the bolted joint?”

(f) Pressure sealing joints

For pressure sealing joints, the minimum required
joint contact force is that which will seat the gasket,
and is estimated on the basis of an equation like
(4.10), below.

c A

__ Ygasket seating “ *gasketeffective
jmin T " 5 (410)

Nortes on Equation (4.10):
* F, ., 1s a force per bolt, hence the n in the
denominator.

* This equation secks to hint, in a very
simplified fashion, at the approach taken to
gasket sealing design by the most commonly
used design guide: the ASME Code for Pressute
Vessels, Section VIII, Division 1, Appendix 2.
The serious designer is referred to that august
publication for study!

¢ Values for O gt searing are advised as y in Table
2-5-1 of the ASME Code (1980 edition).

* F is a factor of safety provided explicitly in
this required joint force expression for
demonstration purposes. However, the
designer should ensure that such a safety
factor is not already built in to the published
values of Ogqee scating- 1 e ASME Code uses
an m factor for this.

*  Some types of gasket are notable for havinga
zero seating stress. Such gaskets possess what
is called ‘active sealing’ characteristics, in that
the gasket itself deforms under the action of
the imposed fluid pressure. The higher the
pressure to be sealed against, the tighter the
seal. Elastomeric O-rings are the most

common form of active sealing gasket.

¢ Ajgkecefiecuve 15 used here rather than some
expression like 7D ;w; , since the ASME
design code uses a notion of effective gasket seating
width rather than actual gasket width when
calculating gasket contact area. Again, life is
complicated, and the excruciating details of
gasket facing designs (that is, the patterns of
raised nubbins, faces, grooves and scoring
that are carefully machined onto the gasket
contact area of flanges) can have a significant
effect on sealing contact. The simple
approach of Equation (4.10) presents a useful
reduction of these complexities.

(g) Friction joints

Friction joints are used to clamp two components
together so tightly in an axial direction, that friction
prevents them from slipping against each other in
a transverse direction. The axial direction referred
to here follows the axis of the tension element (bolt
or screw), and is the direction of the normal force
that is always associated with any frictional force. The
transverse direction is any direction perpendicular
to the axial direction.

The frictional force able to be developed at the
joint’s contact surface will be limited to the product
of the joint contact force, F; , and some appropriate
coefficient of friction, . Since one or more gaskets,
washers, or other friction-modifying layers
(including rust, grease and oil) might be present
at the joint contact surface, conservative design
philosophy dictates that we must use the slipperiest
pair of surfaces as the basis of design. In other
words, we select the minimum friction coefficient,

4., between any of these adjacent pairs of
surfaces. Provided there is no slipping, we may
write that

Ft'nczion < Aumm F/'

- ion 18 the frictional resisting force (per
bolt) developed within the joint to resist slippage
due to some external transverse force. Clearly, the
upper limit of this 1s

where F;

Ffrxcuon. max lLlnlln F:j .

If external transverse forces exceed this resisting
force, the joint will start to slip. If we denote the
worst total transverse, slip-inducing force likely to
be imposed on the joint as F . weres then we
require
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nF,

riction, max

2 F

transverse *

For friction joints, the minimum required joint
contact force is that which will just maintain static
(non-slipping) frictional contact between the
contact surfaces. It may be estimated on the basis
of an equation like (4.11), below.

Fransversc
By == 0 (4.11)
Nortes on Equation (4.11):
* F, ., is aforce per bolt, whereas F, . is

the total transverse force imposed externally
on the joint, hence the # in the denominator.

e Again, F, is a factor of safety provided
explicitly in this required joint force
expression for the purpose of demonstrating
our design methodology.

¢ The right-hand side of Equation (4.11)

includes the term F,_ ..., sO named to
emphasise its direction of action in relation
to the cdlamping axis of the joint. The transverse
force is in fact an external force on the joint,
but is not the same as the external force, F,
that we have formerly mentioned as tending
to separate the joint. F is an axial external force,
and must not be confused with F___ . It
1s possible to have a friction joint for which
F is always zero, although these are rather
trivial to design, since they require no exercise
of the bolted joint performance equations
(4.8) and (4.9). 1t is common for friction
Joints to have both transverse and axial forces
acting on them simultaneously.

Ex 4.6 Transverse and axial external forces
on friction joints

(Warning! Herein lies a Deep Subtlety attained by
only the most enlightened.) For all those examples
of friction joints in Figure 4.10, identify the source
of the transverse force on the joint tending to cause
it to slip. Then, separately, for all joints (both friction
and sealing) in Figure 4.10, identify the source (if
any) of an external axial force on the joint that
would tend to separate the clamped contact
surfaces. (INote that for friction joints, the axial
force will often be a consequence of the transverse
joint.) Show these forces in a neat, sectioned view
of the joint.

(h) Structural failure of bolts:

Structural failure of a bolted joint occurs when the
bolt is overstressed. These failures can be predicted
to occur when the bolt force, F | rises above some
specified maximum allowable value. This
maximum allowable value will be estimated on the
basis of an equation like (4.12), below (but see
Section 4.2.5 for a discussion of fatigue, which is a
very important issue for bolted joints).
Sq A

B =0 (4.12)
d

Nores on EQuaTioN (4.12):
K

D ITX

1s a force per bolt.

» F is a factor of safety, on this occasion
employed in the familiar role of reducing the
presumed strength of the bolt material from
Sgi to some smaller allowable value.

* S,y 1s an appropriate material strength
property {falure stress) for the particular mode
of structural failure being designed against.
In general, it will be equal to the proof stress,
Sp ., (see Section 4.2.6(a) for a definition of
proof stress), or the yield stress, S, or the
ultimate tensile stress, S . Each of these will
be associated with its own factor of safety, and
the governing mode of failure will be the one
having the  smallest value of

O igwable = S / E; . Typically, high-strength

bolting materials have very large yield stress

values in proportion to §. (that is, low
ductility), and it is not uncommon for them
to be stressed in service up to 90% of their

rated tensile strength.

* A, is the stress-area of the bolt. It is always less
than the shank cross-sectional area,
A, =nd; / 4, due to the stress-concentrating
effect of the thread form. Numerous tests
have established that the stress-area is the area
of a circle whose diameter is the mean of the
thread’s pitch diameter and minor diameter. For
metric and unified thread systems, these
diameters are given by [d,-2(3/8)p,V3/2] =
(d,-0.649519p,), and (d,~1.226869p,),
respectively, where p, is the thread pitch. For
these thread systems, the diameter of the
stress-area is therefore (d,-0.938194p,).

| 207
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(I) Design equations

Equations (4.10), (4.11) and (4.12) correspond to
bolted joints performing at the limit of functional
and structural failure. They suggest very directly
three inequalities that can be used as design rules
for bolted (clamped) joints, each of which is
essentially a statement that we require F; 2 F,
or alternatively f, < F

Jj min

max °

Require:
O gaske seatini A asketeffective
F 2% “gng - ‘F . (4.13)
Require: F; 25%1‘?1 . (4.14)
nl‘lmm
Require:
S, Al
F<Hls, efs,. s, s} 415

d

4.2.5 Fatigue of bolted joints

Equation (4.15) is not really adequate in situations
involving fatigue. For many applications the
external joint-separating force, F, is time dependent.
This causes the force experienced by the bolt to
fluctuate with time, and fatigue fracture becomes
an important design consideration. We need to use
an A-M diagram (refer Chapter 2.4.2) to design our
bolted joint.

There is nothing remarkable about applying the
A-M diagram approach to bolts, and we shall not
dwell on the details that should be familiar to the
reader. A few brief notes will suffice.

* The minimum load on the boltis F ;.

* The load amplitude is

l ky F
2\ k, +k;

* More particularly,

amplitude of bolt force k,
k, +k; |

amplitude of applied force

* Ifwecanreduce k, and increase kj ,We can

effectively reduce the fatigue effect of the
applied load. This is done in many
applications where fatigue is of great concern.

¢ One elegant way to do this is to thin down the
shank diameter of the bolt, as shown in Figure
4.21. Note that this is possible without
harmfully increasing the tensile stress in the
bolt only because standard straight-shank bolts
all have some extra meat in them to withstand
excess stresses. This is because the worst
tensile stresses (due to stress concentration in the
threads) occur within the uppermost few
threads of the nut or flange, so the peak
stresses along the bolt shank are

correspondingly lower.
)

straight shank

reduced shank

Figure 4.21 Reduced-shank bolt

Ex 4.7 Fatigue effects of shank thinning

The bolt shown in Figure 4.21 is M20X2.5 (coarse
pitch), 150 mm in length. The threaded section
extends 40 mm from the free end of the bolt. The
bolt is one of several used to join two steel flanges.
The flange faces are wide and flat, and no gasket is
used. When installed, the end 30 mm of threads
are engaged. The shmk is reduced in diameter
from 20 mm to 16 mm over a 100 mm length.
(a) Calculate the bolt stiffness, and the relative
bolt stiffness, before and after thinning.

(b) If the ratio of external force, F, to bolt pre-
load, Fj;, is 2:1, calculate the slope of the
load line, (6,/0,,) = (Fyy amplitude Emean)» fOT these
bolts before and after t{mmmg

(c) If the bolt material has §;; =1000 MPa and
S, =300 MPa, calculate the value of external
force per bolt, F, which these bolts could
sustain with a factor of safety of F, =1.5
before and after thinning. Assume that the
peak tensile stresses in the bolt are unchanged
by the thinning of the bolt shanks.
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Ex 4.8 Costs and benefits of fatigue reduction

Discuss what is gained by thinning the bolt shanks
in the previous exercise, and what might be the
‘costs’ associated with this measure. Suggest other
measures that could be taken to improve the fatigue
characteristics of these bolts.

Ex 4.9 Pre-loading for fatigue reduction

It is strongly recommended in bolting design
literature that for statically loaded (that is, non-
fatigue) joints, the bolts should be pre-tensioned
to 90% of the proof load (or roughly 80% of the
bolt’s yield stress — see next section for a
discussion of proof stress). However for dynamically
loaded joints (that is, joints subject to fatigue —
usually because the external force fluctuates from
zero to some maximum value, F, with time), it is
strongly recommended that the bolts should not
be pre-tensioned to 90% of the proof load, but

instead to some smaller value of F,; asdetermined
by the designer to ensure safe fatigue life. Explain
the stark difference between the two
recommendations.

4.2.6 Threaded fasteners for use in
bolted joints

(a) Tensile and proof strengths of bolting
materials

In bolting literature, it is common to use the terms
proof strength and tensile strength when describing bolt
material characteristics. The tensile strength, S , is
familiar enough. The proof strength of a bolt, S,
however, is defined as the maximum force (divided
by its tensile stress area, A, ) that a bolt can
withstand without acquiring a permanent set. This

Table 4.2 Metric mechanical property classes for steel bolts, screws, and studs

Property | sizes | sizes L S, S, material (t) heat
class from to MPa MPa MPa (steel) treatment
* 46 M5 M36 225 250 400 foto- or —
medinm-carbon
* 4.8 M16 | Mié 310 340 420 fotu-or —
medium-~carbon
5.8 M5 M24 380 395 520 lotw- or —
medinm-carbon
8.8 M1é6 M36 600 635 830 medium-carbon Q+T
9.8 M1.6 Mi6 650 710 900 medinm-carbon Q+T
10.9 M5 M36 830 895 1040 lotw-carbon Q+T
martensitic
12.9 M1.6 M36 970 1100 1220 alloy steel Q+T

* classes 4.6 and 4.8 are deprecated for use in structural joints

T Q+T denotes quenched and tempered
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is slightly different from — and slightly smaller (b) Thread terminology
than — the yield strength of the bolt material, Sy,
which is defined on the basis of a 0.2% permanent

set. (Across the various metric property classes for major diameter
bolt materials, the proof stress is found to range = shank diameter
from 88% to 96% of the yield stress.) = thread diameter

Representative strength data for metric property
classes of bolts is given in Table 4.2. These metric
property classes use a designation system of the pitch diameter
form “A.B”, where “A” is the nearest integer to

= |=— pitch

Sy MPa/100 and “B” is the nearest single-digit l ““““ “ ““““““ “ m“l ¥ 3
?nfé;’é{f{éf‘iﬁé‘;%;f:féfi?éé‘??Af%ffg/i;?grfﬁ; H\m\u\u\uuumm\\u“uuu '

stamped on the head of the bolt. root minor diameter
The Society of Automotive Engineers (SAE) also = root diameter

publishes a widely-used set of bolting crest
?iiiecéﬁi?t'gglsé 1}316 main grades of SAE bolting are Figure 4.22 Terms used for thread systems

Table 4.3 Tensile properties of SAE bolting

min min | max
S, S, BHN
MPa | MPa (%)

material (t) heat head
(steel) treatment | marking

SAE sizes | sizes
grade | from to

1 1/4" 1-1/2" 228 379 207 low-carbon —

" W 1 1931 3791207 - -
2 1/ 1-1/ 475 475 241 low-carbon

552 - | 689 - )
" it 7 - .
3 1/ 5/8 586 758 269 | medium-carbon

510~ | 723 - | 285 - .
" _ " - +
5 1/4 1-1/2 536 327 302 medium-carbon Q+T

QDO |00

* 6
medium-carbon Q+T
" - 7"
7 1/4 1-1/2 724 916 321 alloy steel
8 1/4" 1-1/2" 827 1034 | 352 medium-carbon Q+T

alloy steel

+ BHN is the Brinell Hardness Number — the best way of determining bolt strength in the field;
1 Q+T denotes quenched and tempered; * grade 6 is not often used
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Designers should be familiar with some of the
jargon of thread systems.

* b = pitch of the threads (axial
distance between adjacent
threads);

nominal bolt size; basic thread
diameter; major diameter;

root diameter; minor
diameter;

the pitch diameter is the
diameter at which the axial
distance measured through a
thread (from leading flank to
trailing flank) is exactly half
the pitch;

* root = smallest-diameter region of

thread form;

e crest = largest-diameter region of

thread form.
The main terms are illustrated in Figure 4.22.

(c) Bolt and screw terminology

A panoply of threaded fastener types exist. They
are described and differentiated by a large and
sometimes confusing terminology. We will not
attempt to cover the whole range here in detail,
but rather provide a few key terms to help designers
find their way.

Threaded fasteners have two main parts — a head
and a body. Furthermore, the body of a threaded
fastener has two main regions: the threads and
(optionally) the shank. Thinking philosophically
for a moment about shanks, threads and the roles
of heads will help us to clarify the distinction
between the two main classes of threaded fastener:
bolts and screws (Refer Figure 4.23).

Broadly speaking, the fasteners that we would
generically describe as bolts (this term includes studs
and cap screws as well as bolts) have a shank region
immediately beneath the head. The diameter of
the shank is equal to the outer diameter of the
threads, so it is physically impossible to screw a
bolt all the way into a threaded hole — the threads
would foul with the shank. Instead, a bolt is
designed to be inserted through a clear hole or slot,
and fastened with a nut (although on occasion it
will be convenient to screw them part-way into a
threaded hole). The main function of the head of
a bolt is to provide an anchor point for fastening.

Conversely, the fasteners that we would classify
as screws generally have no shank, but instead the
threads extend along the full length of their body
right up to the head (or run out into a reduced-
diameter, unthreaded region called the neck, just
under the head). They are designed to be screwed
into threaded holes 1 machinery (although on
occasion, it will be convenient to use them with a
nut). The main function of the head of a screw,
apart from providing an anchor point for clamping
the fastened component, is to deliver torque to the
body of the screw.

(a) the archetypal bolt
head shank threads

o

\ Ll
45° chamfer

Figure 4.23  Bolt and screw archetypes

(b) the archetypal screw
head  threads

torque {\ . ]

to headr f '\

T
|

'~ standard neck

1211
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(a) flats (b) socket
(c) conical recess (d) slot

Figure 4.24 Torque-delivery methods

The head incorporates the means for delivering
torque to the fastener, and usually has a larger
diameter than the body (but not always — consider
the case of socket set screws where the entire head
lies inside the diameter of the body; or studs, which
have no head at all). Torque delivery to the head is
always by means of flat surfaces arrayed around it,
providing contact regions for torsional driving
forces imparted from a tool of some kind (spanner,
screwdriver, hexagon key). The geometrical form
of these contact surfaces is either:

* a set of external flats around the prismatic
head, the transverse cross-section of which
is usually hexagonal or square (Figure 4.24a);

* an internal prismatic socket (usually
hexagonal) that can be driven by a prismatic
key (Figure 4.24b);

¢ a conical-type recess with locking ridges
arrayed around the central axis in astar or cross
pattern (Phillips-head screw; Figure 4.24c);

e aslot (Figure 4.24d).

(d) Available types of threaded fasteners

Many of the distinctions between threaded
fasteners are on the basis of the geometry of their
heads. Some of these are shown in Figure 4.26 for
bolts and nuts, and in Figure 4.27 for machine
screws. No attempt is made to provide dimensions
in these figures, although the sketches are drawn
generally to scale. The list portrayed 1s not
exhaustive, but sufficiently wide to provide
designers with a brief overview of types and
variations of available threaded fasteners. The sizes
of all sketches have been scaled so that they share
the same basic thread diameter.

4.2.7 Further details regarding threaded
connections

(a) Nuts, dilation

The nut will be in compression due to the applied
force F,. In addition, the nut will dilate radially as
a result of the threads attempting to force the bolt
and nut apart (indicated schematically in Figure
4.25).

- | — |

SN

Figure 4.25 Nut dilation

(b) Threads and axial force distribution

In general a large proportion of the load in the nut
is carried on the first thread. For example, in a
12mm bolt with fine pitch, the first thread
experiences about 230% of the average thread stress
(the ratio is 180% for coarse-pitch threads). In the
light of this, the designer should be aware that:

¢ asofter nut will allow more even distribution
of stresses on threads than a hard nut; and

e 3 coarse thread has better stress distribution
than a fine thread, and also causes less severe
stress concentrations.

(c) Estimation of pre-loading torque

Pre-loading bolted joints is essential if they are to
work properly. Usually (but not always) this pre-
loading is carried out by applying the right amount
of torque to the bolt head or nut so the bolts reach
their required initial tension. This torque 1s
difficult to predict since it is largely friction
dependent, but within 20% accuracy is given by

K, d
5
where d is the nominal thread diameter. For critical

applications where large bolts are involved, the pre-
loading is sometimes performed hydraulically
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hexagon head
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button-head cap screw
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fillister-head cap screw

studs

stud (full-length threads)

J
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coach bolts

coach bolt; carriage bolt; round-head bolt
(regular square-neck form is shown)
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hex flat
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Figure 4.26 Heads for threaded fasteners (bolts and nuts)
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hexagon head

“Q_

machine screw

c @ 5_

slotted and indented machine screw

socketed

D. @ :;ix }____B_

socket-head shoulder screw

E. @ 1 m—

socket-head machine screw

set screws

} flat-point

S

(00,

cup-point

oval-point
;} cone-point

_—

(protruding cylinder, used
for location in sliding slot)

Figure 4.27 Heads for threaded fasteners (machine screws)
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(pulling the bolt directly, with a more direct
measurement of axial force). Alternatively the bolt
tension can be estimated more accurately by
measuring bolt extension.

4.2.8 Summary of design rules for bolted
(clamped) joints

(a) Clamping integrity (joint force)

k.
Model:  F, =F, - L |F (4.9
k, +k;
where k, = 45 , (4.1)
2
A E
kj =7 J , (4.2)
gj
: -1
1
k; =(—+-—-+L] (4.3)
(b) Pressure sealing joints:
Require:
o t seatin A sketeffective
Fj > gaske g “ ‘gasket,effe P{} (413)
n
(c) Friction joints:

) F :
Require:  F; 2 —ieie . B (4.14)
n;umin

(d) Bolt integrity (bolt force)
Model: F =F, + , F. (4.8
k, +k;
(e) Static loading:
Require: I SM;
E
S €485 5,. 8 }- (4.15)

(f) Dynamic loading:
Model: from (4.8)
Fb mn = P;

bi»

E)m;x:E)i+ kb F
k, +k.

J

Hence calculate mean and amplitude of
fluctuation in F, and use A-M diagram to check
for adequacy of bolts to resist fatigue. Adjust F,; ,
k, | Ie,- , 1, to suit.

(o

Require: % 1 In < 1 ,
Se SL ‘Fd

which is the standard requirement of the A-M
diagram approach.

4.3 Pinned joints and shear
connectors

According to the proposed taxonomy of Figure 4.7,
pinned joints are one of the three main categories of
fastener that constitute mechanical connections. Pinned
joints always require the connected elements being
pierced in some way to provide a hole in one or
both of them. The connection is formed when
some other linking element is interposed through
the hole. The linking element is often called a shear-
pin, since it generally experiences shearing forces.
Pinned joint connections are sometimes referred
to as shear-connectors for this reason.

Fasteners are strictly distinct from kinematic
joints. The former are designed to prevent
movement, while the latter are designed to permit
it. In fact, with pinned jointed structures, if the
designer is not careful to constrain the structure
properly, it can become finitely mobile. This
feature of pin jointed structures is of particular
concern to structural engineers. However, ashear
pin provides an axis of rotation in a revolute
kinematic joint. Hence, pinned joints are often
identified within systems that are really simple
mechanisms. Nevertheless, these still fit our broad
definition of a fastener (a device that connects two solid
objects and prevents relative motion between them to some
degree — refer to the abstract-thinking assignment
in Section 4.1.3), since such fasteners restrict
relative motion in all but one degree of freedom.

' 215
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Pinned joints consist of three elements: the two
main connected parts bearing the holes, and the
pin. In this section we consider structural failures
arising from yielding or fracture along various
planes and surfaces through these three elements,
and simple design approaches for resisting such
failures.

4.3.1 Typical pinned joints

(a) typical applications

Several examples of pinned joints were presented
in Figure 4.5 (A to N), and Figure 4.6 (A to D) of
Section 4.1.2, all in relation to the joining of sheets
of paper. Some more typical engineering applications
are shown in Figure 4.28.

b) Household .w"-‘w"r

Figure 4.28 Engineering applications of pinned joints

The main features of such joints are that:

* the main connected members use plates or
eyes aligned parallel to each other at the end
connections;

* these eye-plates bear a hole for a shear-pin;

* the shear force may be exerted at a single
shear plane through the pin, or it may be
shared across several shear planes through the
pin (as in the household hinge; Figure 4.28b),
depending upon the number of eye-plates
employed,;

* there are no moments acting about the pin
axis;
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o shear forces act transversely to the pin, and
parallel to the eye-plates;

e in two-force members such as those
encountered in truss structures, forces act
along members only (i.c. along the line
joining the two points of application of force;
Figure 4.28a);

* in three-force members (Figures 4.28b and
4.28¢), a resultant direction must be found
for the joint force, although it will always act
transverse to the shear-pin.

(b) the representative pinned joint

Clevis

Figure 4.29 Representative pinned joint

Clearly, the geometrical variety of pinned joints is
wide. It will be convenient for our discussion of
common failure modes and design rules for such
systems if we can adopt a representative
configuration for pinned joints. The standard
arrangement shown in Figure 4.29 will serve this
purpose. This particular arrangement is a pinned
joint connecting two tension rods of circular cross-
section.

One rod terminates in a single eye-plate, which
fits between the twin eye-plates of the clevis at the
end of the other rod. The use of a clevis with twin
eye-plates is not mandatory, but it provides the
joint with symmetry about the vertical plane
containing both rod centrelines, this being
advantageous both for the uniform transmission
of forces through the joint, and for simpler analysis.
Other arrangements are possible, as shown
schematically in Figure 4.30.

Note that asymmetric arrangements with single
eye-plates, such as those in Figure 4.30(a), are
common due to their ease of fabrication.
Symmetric joints like 4.30(b) (which is the same
as that of the representative pinned joint in Figure
4.29) and 4.30(d) are preferred since the main
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member forces are aligned. Asymmetric joints with
multiple eye-plates as in 4.30(c) are rarely
encountered.

1) (b
4 -
(c) (d)
Figure 4.30 Alternative eye-plate arrangements

(c) key dimensions defined

The essential dimensions of our representative
pinned joint in Figure 4.29 are defined in Figure
4.31. These dimensions merely serve to establish
key sizes of components for the particular
arrangement used in our representative pinned
joint — they are not normative for all joint
arrangements. For example, rods, eyes and even
pins may be non-circular in form. The length of
the clevis eye-plates is immaterial, and is not
specified here.

Figure 4.31 Key dimensions for the standard joint
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Details of the yoke region of the clevis, whilst
important in resisting bending stresses when the
eye-plates transmit their forces back to the rod,
are too specific to any one joint design to be shown
here.

The main dimensional parameters are:

d = pin diameter (also inner eye diameter);
d, = outer eye diameter;

D = rod diameter (gives cross-sectional area of
main members);

a = outer eye-plate thickness (one of two plates
used in clevis);

b = inner eye-plate thickness (one only).

4.3.2 Modes of failure
(a) general categories

We are concerned with the various modes of failure.
The main modes are shown in Figure 4.32, and
described in general terms as follows:

* tensile failure of the rod — Figure 4.32(a);

* transverse shearing of the pin — Figure

4.32(b);

Figure 4.32 Tensile, shear and bearing failures
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* tensile failure of an eye of the joint as shown
in Figure 4.32(c);

* shear failure of an eye of the joint as shown in
Figure 4.32(d);

* compressive bearing failure between the pin
and eye — Figure 4.32(e).

In case (d), above, the shear length, L, ., is

conservatively estimated as

d —d
Lshear - OT—

where the two diameters are the outer and inner
diameters of the eye respectively.

(b) illustrated planes of failure

The modes of failure listed above can be associated
with eight distinct failure surfaces experiencing
different kinds of stress. Grouping the failure
modes according to stress type, these eight failure
surfaces are shown in Figure 4.33 as a precursor
to writing down the mathematical models that
predict failure in each.

(c) summary of failure modes and locations

1. tensile failure of the rod;

tensile failure in the eye;

tensile failure in the net area of the clevis;
shear of the pin;

shear failure in the eye;

shear failure in the clevis due to tear out;

N o e LN

compressive failure in the eye due to
excessive bearing pressure of the pin;

8. compressive failure in the clevis due to
excessive bearing pressure of the pin.

4.3.3 Simple design inequalities

Having catalogued the major modes of structural
failure of the representative pinned joint, it now
remains to develop a mathematical model and
design approach for predicting and controlling the
various stresses leading to those structural failures.
We will proceed to write down expressions for the
stress on each of the eight failure surfaces. Then
by a simple failure prediction model and the
application of suitable safety factors, design
inequalities will be presented to guide the designer
in resisting all eight modes of failure. None of this
is deep, nevertheless it provides a clear example of
the way in which the design approach proposed in
this book is apphed.

(a) Tensile sutfaces

Figure 4.33 Potentidl failure surfaces

=2

5
</

3

(b) Shear surfaces

(c) Compressive bearing surfaces
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(a) sample derivation

The technique to be followed is the same in all
cases. Therefore one sample design inequality shall
be derived, and the rest left to readers as an exercise.

Consider mode of failure number 6: shear failure
in the clevis due to tear out. Let the total axial force
exerted upon the pinned joint be P. In this mode
of failure, the force P is experienced as a shear force
distributed over the failure surface denoted 6 in
Figure 4.33. This surface divides into four equal
sub-areas, and is illustrated in Figure 4.34, below.

PR

Clevis

\;k\

Figure 4.34 Shear plane within the clevis.

The total area of the shear stress surface is
A = 4 XaXx Lshear’ Where

d —d

Ly =2
shear
2

Therefore the shear stress on this surface is given

by:

~ (P) P P
T=|— = =
A 4aL, . 24((10 _d)~

This shear stress must be limited by the designer.
It can be predicted that the joint will fail in shear
when the maximum shear stress anywhere within
it reaches value of (S,/2). Therefore the designer
will want to restrict the shear stress to be less than
this failure value by at least some acceptable factor
of safety, F; . In other words, we require

TET

allowable»
where

S,
Tollowable = o -
a. Wal
2F,

The designer will manipulate the available joint
design variables — in this case, 4, d and d) — to
satisfy the above design inequality. Here, the design
inequality can be rearranged to the following form:

a(do —d)Z I;E’ )

Y

(b) stress modelling summary

All the failure modes examined above are
summarised in Table 4 4.

Ex 4.10 Thinking conservatively

Why is the expression offered for potential failure
case (d) in Figure 4.32 a conservative estimate? [Hint:
you will need to examine the geometry of the eye. |

Ex 4.11 Stress derivations

By methods similar to that demonstrated above,
derive the stress expression for each of the seven
remaining failure surfaces shown and listed in
Sections 4.3.2(c). Confirm the results summarised
below in Table 4.4,

Ex 4.12 Design inequalities

Recast the results from Table 4.4 into the form of
design inequalities.

Ex 4.13 Adapting for alternative geometries

To generalise the approach slightly for pinned
joints with multiple eye-plates as in Figure 4.30,
let us define N, as the number of eye-plates on
the ‘eye-side’ of the joint (plate thickness = a),
and N, as the number of eye-plates on the ‘clevis-
side’ of the joint (plate thickness = b). How would
the stress expressions in Table 4.4 need to be
modified to account for N, and N ?

Ex 4.14 Governing failure modes

Study the various expressions for actual and
allowable stress in Table 4.4. Are there any failure
modes that can be discounted as being redundant
or automatically satisfied?

Ex 4.15 Geometrical proportions

By examining the expressions for actual and
allowable stress in Table 4.4, see if you can devise
any generalisations concerning suitable
proportions in the joint (that is, desirable ratios
betweena, b, d, d, and D).
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review of assumptions, approximations

and simplifications

The approach outlined above is deceptively simple,

yet

involves several assumptions and

approximations of which the designer should be
aware.

Pin contact force is assumed to be uniform.
Lineal contact force between pin and eye-
plates will be reasonably constant provided
that the pin is sufficiently stiff to avoid
appreciable transverse bending deflections. If
the pin is too flexible, its bending deflections
will lead to a highly non-uniform distribution
of contact force against the eye-plate, as
illustrated in Figure 4.35.

Pin contact pressure is assumed to be
uniform across the projected bearing area
between pin and eye-plates. This 1s not
strictly true. If there is some loose clearance
between the diameters of the pin and the hole
in the eye-plate, then contact between these
two cylindrical surfaces is of the type leading
to Hertzian contact stresses. These were
discussed in Section 2.5 (refer to case 9 of

Figure 2.40). Hertzian contact pressure is not
uniform, but rather follows a semi-ellipsoidal
distribution. Peak contact pressure occurs
along the centreline of the projected area of
contact, and can be found to be:

S

E 6

[}
4, = Ipn

RS

where p = P/dw is the projected area average
pressure (w=2a or w=b is the net thickness
of the eye-plates), and & is the relative
diametral clearance, 6 =(d,—d,;,)/d,,. For
large clearance and stft material (E 1s large
for steel), this peak value can be many times
larger than p, . However this result breaks
down in the special but common case of zero
clearance (6=0), and the approximation that
c =p = P/dw, as quoted in Table 4.4, then
leads to acceptable solutions.

Stress concentrations are ignored, such that
tensile and shear stresses exerted on imagined
potential failure planes are assumed to be
uniform over the whole area.

Table 4.4 Stresses on failure surfaces for pinned joints

Mode Stress Type in::':n Expression Limiting Stress
1 tensile rod o, = 4p/n>’ atowaric = O,/ Fy
2 tensile clevis o =P/b(d0—d) O, siorable Sy/Fd
3 tensile clevis o, =P/2a(d0—d) O, fowable Sy/Fd
4 shear pin T =2P/nd? T owable — Sy/2Fd
5 shear eye T =P/b(d0—d) T owable S),/2Fd
6 shear clevis T =P/2a(d0—d) T et — S)//ZF{,
7 compressive eye o) =DP/db O, itoratic — S)@»/Fd
8 compressive clevis S =P/2da O atonabic S),{ /F,
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Figure 4.35 Effects of pin deflection

* Bending stresses in the pin are ignored. This
1s a reasonable assumption if there is a close
tolerance fit of the pin in the eye-plate hole,
and if the gap between adjacent eye-plates is
small. Butif either of these tolerances is large,
then pin bending can be a significant issue.

4.3.4 Summary of design rules for pinned
joints and shear connectors

The design rules for pinned joints have already
been effectively summarised in Table 4.4, and the
process of rearranging them into a convenient form
is trivial. Rather than repeat the results here, it
might prove more useful to summarise the design
approach. In all cases, the approach has been:

* isolate the joint as a free body subjected to
the external joint load;

* identify a possible mode of structural failure
associated with yielding along a particular
plane or surface within the joint;

* estimate the area of that potential failure plane
or surface;
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* identify the nature of the stress (tensile, shear,
compressive, or bending) imposed on that
potential failure plane by the joint load;

¢ estimate the value of that stress
corresponding to failure (for example, S,/2
for a shear stress), and so nominate an
allowable limit to that stress by incorporating
a safety factor (for example, 7,,=S,/2F, for a
shear stress);

* estimate the stress on that failure plane or
surface, assuming a uniform distribution of
the applied load across the potential failure
plane (or a linear distribution for bending
stress);

* write down the design inequality by inserting
the appropriate expressions into the
inequation:

(actual stress) < (allowable stress) ; and

* select values of the geometrical design
variables to satisfy all such design inequalities.

This approach is quite general, and may be
extended to many simple cases in the design of
machine elements for which no standard analysis
is available.

4.4 Welded joints

Welding is a generic term describing a process for
joining metal parts through the application of a
combination of heat and pressure. Probably one
of the oldest methods for joining metal
components, it has evolved from the blacksmith’s
impact welding, through flame welding to the wide
range of production welding processes used in
industry today. The origins of impact welding date
back to the first millennium, when sword
manufacture relied on the impact welding of
alternate layers of iron and brittle carburised steel,
to form a tough blade. This process was certainly
used by sword makers of Damascus, Syria, from
whence the famed Damascene sword blades
originate.

In the early 20th century flame welding was
developed, using a combination of oxygen and
acetylene gas to produce the necessary
temperatures in the flame to melt iron welding
rods. The procedure of flame welding relied
heavily on the specialist skills of the welder and
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electric arc welding was developed to provide
acceptable mass manufacturing consistency in the
process. Originally arc welding, introduced during
the 1914-1918 war for defence production, made
use of bare welding rods, resulting in a brittle
welded joint. The highly effective arc welding
process, using shielded electrodes, was introduced
during World War II, mainly for ship building. We
have already made reference to the shipbuilding
records set by the Liberty Ship makers (Section
1.1.2d). These manufacturing achievements were
almost entirely due to the effective use of arc
welding processes. Resistance welding which predates
all other forms of electric welding processes, was
invented in the late 19th century. This process was
used for spot and seam welding and for joints in
chain links.

In 1940, a new form of arc welding was
introduced, using a non-consumable tungsten
electrode and an inert gas shield to protect the weld
bead from oxidation during production. This
tungsten-inert- gas (TIG) welding process produced
superior welds, and permitted the production
welding of a wide range of materials including
aluminium and stainless steel. In 1948 the TIG
welding process was enhanced by the introduction
of a consumable electrode for continuous machine
welding. This relatively new metal-inert-gas (MIG)
welding process is now in widespread use for all
types of continuous arc welding in manufacturing.
Its consistency of performance makes it the
welding process of choice for many automated
welding applications using robots. There are many
varieties of welding processes in industrial use,
including spot welding, resistance welding, friction

welding, flame welding, explosive welding as well as
manual and automated electric arc welding. In what
follows we model the structural integrity of generic
continuous electric arc welded joints. Modelling
the structural behaviour of other forms of welding
processes are beyond the scope of this introductory
discourse.

Continuous electric arc welding in engineering
structures employs the electric arc to achieve highly
localised melting of the metal parts being joined.
The melted parent metal, together with the molten
metal from the electrode that has been sacrificed
in producing the electric arc, coalesces in a small
pool at the arc site, where it quickly freezes to form
the finished weld bead. The weld bead is created
continuously by slowly progressing the electrode
tip and weld bead along the edge of the material to
be joined, leaving a finished welded joint in its wake.

A byproduct of many arc welding processes is
slag, a non metallic compound usually present as
the coating of the welding electrode. The electrode
coating is needed to facilitate the flow of material
into the weld seam, generally preventing
instantaneous oxidation of the bead surface, which
would prevent the clean adhesion of weld to parent
metal and weld beads to each other. The slag is
expected to float on the surface of the weld bead,
forming a brittle coating chipped off before the next
weld pass. This work 1s performed by a skilled
operator, or in some cases by automatic means, in
such a way that the finished joint can be as strong
as, or stronger than, the parent metal it joins together.

Designers of welded fabrications must consider
issues relating to the materials of the joined plates
and electrodes, and possibly to pre- and post-weld

parent metal

weld parent metal

= 7Y
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heat -affected zone (HAZ)

(a) BUTT weld

Figure 4.36 Weld types
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heat treatment for ensuring adequate material
properties. But primarily, the welded joint
designer’s task is to specify the required type and
size of the weld.

4.4.1 Types of welded joint

Continuous welded joints are of three main types:
butt, lap, and fillet joints (although one could argue
that a lap joint is really comprised of fillet welds).
Basic examples of each of these are shown in
Figure 4.36.

Butt welds are usually continuous — they are
generally intended to reproduce at least the
strength of the parent plate. Fillet and lap welds
may be made in a continuous line along the joint.
Often, however, they are discontinuous —
staggered at intervals along the joint.

This is done because:

(a) welds are expensive to make, and if the
structural or sealing requirements of a joint
do not necessitate a continuous weld, then
discontinuous welds will provide a cheaper
solution;

(b) the heat from welding tends to distort the
components being joined. Discontinuous
welds entail less heat, and so may cause less
of a thermal distortion problem.

Small welds may be laid down in a single pass of
the welding electrode. Large welds may require
several passes in order to build up the required
size, as indicated in Figure 4.37.

thick
[ plate

Figure 4.37 Multi-pass welding

In order to (a) provide a suitable region for
containing the molten weld metal, (b) allow for
good penetration of the weld through the parent
plates, and (c) minimise the likelihood of defects
(air gaps, or inclusions of nonmetallic slag) in the
weld, the edges of the plates to be joined are
carefully prepared by grinding/shaping to
controlled profiles. Some of these are shown in
Figure 4.38. All of the welds in Figure 4.38 are full-
penetration welds, in that once-molten metal fills

the joint cross-section in an unbroken region from
one side of the joint to the other. Welds are not
always of the full-penetration variety, as the extra
strength is not always needed (and the extra cost is
unwarranted).

The outer surface of a weld is often ground
(manually, using an angle-grinder), partly to re-
move traces of the slag deposited by some weld-
ing techniques, partly for cosmetic reasons, but
mainly to reduce the severity of stress concentra-
tions set up at the sharp outer edges of the weld

cross-section. Figure 4.39 illustrates this process.

wirrEas R AR

(b) V butt

(a) square butt

B THER

(d) double V butt

(c) bevel

g B

(e) U butt (f) double U butt
(g) ] joint (h) T joint

Figure 4.38 Edge preparation profiles
N —g - Q
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Figure 4.39 Weld surface ground smooth

Another commonly encountered weld type in
structural systems involving thin sheets, or pressed
components made of thin plates, is the spot weld.
Spot welds are made by using two non-sacrificing
electrodes, one on either side of the two sheets or
components to be joined. The electrodes are
clamped tightly against the work, making a small
contact-area with it. Strong electrical current is
then passed through the sheets from one electrode

o ] 223
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to the other, so that the electrically resistive
properties of the material and contact region cause
localised heating sufficient to melt the metal. By
their nature, spot welds are discontinuous.

weld sheet

metal

Figure 4.41 Robotic welding in automotive manufacture

The designer must decide on their spacing and
location to provide adequate attachment strength
with the size of spot that can be produced by a
given electrode. Figure 4.40 shows the general
form of a spot weld. Strength of this weld in shear
is based on the fused diameter of the spot, which
may be significantly smaller than the diameter
visible from outside the sheet. Figure 4.41
illustrates robotic welding processes on a car body
assembly line. In the background, several spot

Design of mechanical connections |

welding machines can be seen joining pieces of
the car frame. The development of a reliable spot
welding process permitted the almost full
automation of car body assemblies like this one at
the General Motors Southgate plant in California.

4.4.2 Design of welded joints for strength

Strict guidelines for the design of welded joints
are provided in national standards and codes of
standard practice governing structural steel design,
and sometimes also in standards for the design of
specialised equipment such as piping, storage tanks
and pressure vessels. It is wise for designers of
equipment and systems involving welded joints to
avail themselves of such documented advice,
especially since the advice often has the force of
statutory regulation. However it is also important
for designers (whether of welded joints or anything
else) to understand the simple structural concepts
that underlie code-based rules. This understanding
helps to de-mystify the rules (often turbidly and
indirectly expressed), build confidence in the
designer’s approach, and provide insight into the
focal design issues.

Perusal of a variety of structural welding design
codes will reveal that, in general, the approach
outlined here is common to them all:

* Welding electrodes of certain qualified
compositions are assigned a representative set
of structural properties (for example, Sy, in
various ranges from 430 to 620 MPa; S,
ranging from 350 to 420 MPa; and acceptable
levels of ductility in the vicinity of 20%
elongation).

* These material properties, in conjunction
with specified factors of safety for particular
cases, are used to assign an allowable stress
value for the weld.

* Calculated estimates of actual stress values
(direct or shear) in the weld metal under
design conditions are compared to
corresponding allowable stress values in order
to determine the adequacy of the weld.

¢ In certain cases, the required weld size is
determined instead by some minimum
proportion to the size of the plates being
joined, regardless of stress.
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Stated in this way, the code-based rules are found
to follow an identical approach to that adopted
throughout this book. Of the steps described
above, the key steps requiring special skill, insight,
or judgement on the part of the designer are (a)
the assigning of allowable stress values, and (b) the
estimation of actual stress values in the weld.

{a) allowable weld stresses

The strength of a full-penetration butt weld is
taken to equal or exceed that of the plates it joins.
Therefore the maximum allowable direct stress on
a butt weld is simply the minimum of the yield
strength values of the two parent plates. No special
factor of safety is applied to this allowable stress
(except in the case of incomplete penetration butt
welds, for which the allowable stress is reduced
somewhat to account for the sharp stress
concentration effects).

In fillet welds, the allowable shear stress is
limited to 0.33XS, (based on the strength of the
electrode metal), which corresponds to a safety
factor of approximately 1.5 for fracture. Depending
on the welding electrode used, this implies a value
of Tallowable Tanging from approximately 140 to 205

Pa.

Situations involving combined stresses (direct
stress combined with shear stress) on the weld throat
are discussed in Section 4.4.7.

The formulations given in welding design codes
for the allowable loads on spot welds in shear
similarly imply a safety factor of approximately 1.5
to 1.6 on the fracture stress.

If fatigue or low-temperature conditions apply,
allowable stresses may be further reduced from
those described above.

{b) calculation of actual weld stresses

Since properly tested butt welds are considered to
be merely a continuation of the parent plate,
separate calculation of weld stresses is not required
— the weld stresses are the same as the plate
stresses.

The shear stress in a spot weld is estimated
merely as the parallel load per spot divided by the
effective fused area of the spot (1d,%/4, where d, is
the effective fused diameter).
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The geometry of fillet welds 1s much more
complicated, however, and the approach in the
following sections 1s recommended as a basis for
estimating maximum actual shear stress values in
fillet welds. For the purpose of this analysis, fillet
welds are assumed to possess a simplified cross-
sectional geometry like that shown in Figure 4.42.
Note that the fillet surface is assumed to be at 45°
to the parent plates, and any reinforcing thickness
(curved weld surface above the fillet plane) is
ignored. The height, or leg length, of the weld is
denoted h, this being the dimension conventionally
used to specify the size of the weld. The dimension
t 1s often referred to as the throat of the weld, since
in some (but not all) cases it is the width of the
most critically stressed cross-section through the
weld.

The objective of any stress-estimating exercise
applied to fillet welds is to find the worst
combination of applied shear load and cross-
sectional area for imagined sectioning planes
through the weld metal. These longitudinal
sectioning planes are represented by the diagonal
line at angle 6 in Figure 4.42, and later by the
shaded faces in Figures 4.44 and 4.45. Shear stress
on such planes is found simply by dividing the
shear force component acting parallel to the plane,
by the area of the sectioned plane. The maximum
shear stress in the fillet weld is then just the
maximum value of this ratio.

sectioning plane
rd through weld
v \
45° &
¥,
J A
f i < - “.U
[ I N \
¥ L N, v

Figure 4,42 Idealised fillet weld

4.4.3 Welded fillet joints under parallel
loading

Figure 4.43 illustrates the two main kinds of load
that can be applied to fillet welds. A welded fillet
joint of unit length subjected to parallel loading (that
1s, applied forces acting parallel to the long axis of
the weld) is shown in Figure 4.43(a).
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(a) parallel loads (b} transverse loads

Figure 4.43 Loads on fillet welds

(a) mathematical model

Figure 4.44 1s a free-body diagram of the parallel-
loaded fillet joint in Figure 4.43(a), with the plane
of maximum shear stress highlighted. By
inspection, this plane corresponds to the weld
throat (6=45°), since this is clearly the
longitudinal sectioning plane of minimum area,
and all such planes carry the same shear load, W}, .

The expression for maximum (actual) shear stress
in the parallel-loaded fillet weld can now be written
down as:

WP
T=P (4.16)

(h/ V2 )Le

where L, 1s the effective length of the weld.

Figure 4.44 Parallel ioads on a fillet weld

(b) allowable parallel load per unit length

If we now let:

w
wp = (—”J (4.17)
Le allowable

denote the allowable parallel load per unit effective
length of fillet weld, then rearrangement of
Equation (4.16) leads to the following result for
parallel-loaded fillet welds:

h
Wp = (E)Tallowable g (4 18)

The value of 7,1 must be determined by
reference to the governing welding code. If a
conservative value of Tojowsble = 140 MPa is used
(at the small end of the range of values discussed
in Section 4.4.2(a), above), Equation (4.18) gives

w p = 100k (kN/m) (4.19)

as long as the size h is expressed in millimetres.
For intermittent welds, L, is the total length of full-
size fillet weld, exclusive of any end-effect regions
where the throat size might be smaller than in the
main region of the weld.

4.4.4 Welded fillet joints under
transverse loading

(a) mathematical model

The earlier Figure 4.43(b) showed a welded fillet
joint of unit length subjected to transverse loading
(that is, with the applied forces acting
perpendicular to the long axis of the weld). Figure
4.45(a) is a free-body diagram of the transverse-
loaded fillet joint in Figure 4.43(b), with an
arbitrary longitudinal sectioning plane shown
highlighted. The width of this plane is designated
X.
In this case of transversely loaded fillet welds,
the orientation of the plane of maximum shear
stress in the weld is not immediately obvious, since
all sectioning planes such as the one shown shaded
experience both shear and normal stress
components. These components are made explicit
in the sectioned free-body diagram of Figure
4.45(b).

Working now from the sketch in Figure 4.45(c),
it is evident that

x cos@=h —x sin@

due to the symmetry of the 45°fillet surface. Hence
the width, x, of the sectioning plane is given by
cos 8 +sinf

The shear stress on this arbitrary plane is the
shear force component, 7. sinf, divided by the
area of the plane, x-L, ,so



|£hapter 4

u 227
W
L <
" 5 [ = v cosO
”-', ’If} [ i,
| S S N A e N L '13 - x sinb
L i\ \8 RN ) ]
h X L\ \ h‘ N > v g A |xsinB
JxT N> hagr® normal v, P shear
1 i/L > componen[\‘y‘f component il % component
of W, of W, [Wr =W, sin®
(a) loads on weld (b) Shear and normal (c) Geometry and force analysis
components of loads
Figure 4.45 Geometry and force analysis of transversely loaded fillet weld
Wi sin@ W,
T=—T—of Tynx = ——(1.21). (4.23)
xL, hL

€

where again L, is the effective length of the weld.
Therefore, by means of Equation (4.20), we obtain

T= -I/Vi(sinecos@-f—sin2 9). (4.21)
hL,
Differentiating (4.21) with respect to 6 allows
us to find the plane on which maximum 7 acts.
ir— = ﬂ(cosz 0—sin’ 0+ 25in9c059) ,
de hL

4

= W (cos 20 + sin 29) ,
hL,
which equals zero (corresponding to a maximum shear
stress) when

cos28+sin260=0. (4.22)
Equation (4.22) is solved by

9=ML(_1) =67.5°.
2

Substituting this value of 8 back into (4.20), we
obtain the following expression for maximum
(actual) shear stress in the transversely loaded fillet
weld:

€

(b) allowable transverse load per unit length

Similar to the approach taken for parallel-loaded
welds, we define the allowable transverse load per
unit effective length of fillet weld as

" [ﬁ) (424
L" allowable

Rearranging (4.23) then leads to the following
result for transversely-loaded fillet welds:

h
wr =|— [T . 4.25
T (121) allowable ( )
Setting T wae = 140 MPa as before, (4.25)
gives
wy = 115k (kN/m) (4.26)

where h is again the weld size (expressed in millimetres).
Comparison of Equations (4.18) and (4.25) shows
clearly that fillet welds are stronger (by about 17%) under
transverse loading.
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(c) Examples of parallel & transverse welds

Figures 4.46(a) and 4.46(b) show typical examples
of practical weld applications

Oy
‘%%
j/,

9
)Y
f
ffﬁfﬁhzv
> )/

—

& 3 :
bs; \S\h /H\, - gﬁa‘ \
5

7

(

(a) Parallel loading (b) Transverse loading

Figure 4.46 Fillet weld applications

4.4.5 Welded joints subject to oblique
loads

Sometimes fillet welds are subjected to a
combination of transverse and parallel forces. This
situation is known as oblique loading. Since the
assumption of parallel loading has been found to
lead to a more conservative result, the value of w,
given in Equation (4.18) 1s also applied to obliquely
loaded joints.

4.4.6 Transverse welds subject to net
bending moments

For the purpose of calculating stresses,
transversely-loaded fillet welds have a somewhat
awkward shape. We have seen that the plane of
maximum shear stress is inclined at 67.5° for fillet
welds subjected to uniform transverse loads. In the
case where a net bending moment is exerted on a
pattern of fillet welds in a joint, the transverse loads
are non-uniform, and additional shear forces are
present as well, so the situation is even more
complex. Some simplification is in order.

One common simplifying approach is to treat
the weld throat (8 = 45°) as if it were in the plane

of the joint. We imagine the fillet welds as being
replaced by a narrow rectangular stub, as indicated in
figure 4.47(c). This stub traces a similar layout in
the plane of the joint as the original pattern of
welding, and has a thickness equal to the throat
thickness of the original fillet (that is, a thickness
of t, rather than k). The net bending moment
imposed on the joint is then regarded as being
resisted by this thin section of equivalent weld,
corresponding to the original weld throat. The
estimation of direct (bending) and shear stresses on
this section is straightforward since its planar section
properties (area and second moment of area) are
easily calculated. These stresses can then be used
as conservative estimates of the normal and shear
stresses acting on the weld throat. (Refer to the
next Section for a discussion of how to apply a
design procedure to such combined stresses.)

An example should help clarify this approach.
Figure 4.47(a) shows a bar of circular cross-section
welded to a supporting plate by a continuous fillet
weld. In Figure 4.47(b) we see the actual
longitudinal cross-section through this bar and
fillet weld, and in Figure 4.47(c) this is replaced
by the equivalent narrow section (equivalent stub
weld) of thickness t. Figure 4.47(d) shows another
view of the equivalent stub, emphasising that the
pattern of the equivalent section in the joint plane
follows the same path as the original fillet — in
this example it is a circular annulus. In essence,
the idealised stub section replacement for the weld
offers the same moment of resistance to the applied load
P as does the actual weld.

The bending and shear stresses in the equivalent
stub weld are now calculated.

(a) Bending stress

The maximum bending stress in the weld is given
by GB,"I(I.\’:MYIH(L\/IZZ7 Where Yﬂlﬂ;\'z (d/2 +t) and

I = 6%[(“ 2) —d“],

For t< <d, this is approximated by I,,~ 7d%/8,
so we obtain
4PL
= (: f, )
md”t

The symbol f, stands for the maximum normal
stress acting on the weld throat.

B max
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(b) Shear stress

The shear stress in the weld is easily found to be

P P
Tma=z = (=ﬁ).

The symbol f, stands for the maximum shear
stress acting on the weld throat.

4.4.7 Fillet welds subject to combined
stresses

Fillet welds frequently occur in locations where
both normal and shear stresses on the weld throat
are appreciable. Welding codes recommend
combining these as an equivalent stress given by

2 2
O-«rombined = ./;1 +3jx: >

and limiting this combined stress to

V3%033xsS,, -

(based on the strength of the electrode metal). This
gives rise to the following design inequality:

m3£x0.33x&,n,,
= V3 <0578,

(4.27)

where S; ;- is the nominal tensile strength of the
weld electrode. Note that this value incorporates
the same factor of safety as that introduced in
Section 4.4.2(a).

Ex 4.16 Welded cantilever bar, rectangular
cross-section

Figure 4.48 Bending of a welded rectangular bar

By a similar method to the one set out above,
estimate the maximum normal and shear stresses
(frand f,) for the welded joint shown in Figure
4.48. Length of the bar is L = 300 mm, end load is
P = 80 kN, depth of the section is d = 150 mm,
and the weld size is h = 30 mm. Fillet welds are
made down the vertical sides of the joint only.

M J(l,
~
I 4

(a) Loaded structure

0

(c) Weld replacement model

Figure 4.47 Welded cantilever bar, circular cross-section

(d) Idealised weld model
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Ex 4.17 Failure predictor for combined
stresses in welding

Show that the expression for O .. 15 based on
the distortion energy failure predictor (DEFP).

For the circular cross-section cantilever of the
previous Section, this becomes

[t6P?12  3p? 5
It —=—s < 0578y,
\ n2d*? nPd*f
P |16 .
or — f—()—}+3 < 05785 -
udt \' dc j

Ex 4.18 Design of welded cantilever bars
(a) Derive the design inequality for a welded
rectangular cantilever joint such as the one
in Figure 4.48, above. Express the weld size,
h, as a function of cantilever length L, end
load P, weld length d, and allowable stress.

(b) Derive an expression for the weld size, h,
required for a circular section bar of diameter
D, length L, welded as indicated in Figure
4.46(a). Express h as a function of D and L.

4.4.8 Summary of design rules for
welded joints

Butt welds
Allowable direct stress:

— use the minimum of the yield strength values
of the two parent plates.

Actual direct stress:

— the weld stresses are the same as the plate

stresses.
Fillet welds
Parallel loading:
Model: ‘L':——WP——. (4.16)
(h V2 )Le
Require —£-<w,,

h

where Wp =1~ Tatowable (4 18)

[ﬁ ]
and Tallowabk‘ = 033 X SUW .
Transverse loading:
Model  Tyux = %—(1.21). (4.23)
Require W Swp,
where  wy = (1—%]@“%& (4.25)
and Tallowable = 033 X SL’W .
Oblique loading:

— use parallel loading equations.
Bending of fillet welded joints, combined stresses:

— treatas equivalent weld section of thickness
(throat thickness);

— calculate f, and f, .

2

Require « f7 +3f° <

0.57Syy - (4.27)

4.5 Assignment on joints

4.5.1Background

Frequently in structural engineering, we require a
bolted joint in which the load to be supported is a
shear load (i.c. acting parallel to the plates being
joined), but in which we would prefer that the bolt
itself be subjected only to axial tension rather than
to shear. This can be achieved by pre-tensioning
the bolts sufficiently so that the friction forces
between the joint members become high enough
to prevent slip under the design load. This type of
arrangement is called a friction joint.

More rarely, the situation arises in which a
friction joint loaded in shear is also required to
sustain an external tensile load (i.e. one acting
perpendicular to the surfaces being joined, and
tending to pull them apart). The resulting tension-
loaded friction joint requires careful design because
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the applied tensile force will tend to reduce the
joint clamping force established when the bolts
were pre-tensioned. The joint clamping force
must not be permitted to fall to a point where it
no longer provides enough friction to support the
shear load. Figure 4.49 illustrates exactly this kind
of situation. It shows the arrangement of a bracket
for supporting a large horizontal water pipe from
a concrete wall in the basement of a multi-storey
building which your company is designing,.

There are a number of these brackets to be
fabricated. They will be placed at intervals of 10.0
m along the length of the pipe, and fastened to the
concrete wall by means of bolts fitted into
expanding bolt anchors. The anchors do not
perform well when the bolts are subject to lateral
forces, hence the need for a friction joint. Details
of the bolts and anchors are shown in Figure 4.50.
Notice that a fibre washer is being proposed for
insertion onto each bolt between the wall and the
plate.

Notes

* As long as a reasonable amount of
compression is maintained in the washer, it
behaves in an approximately linear elastic
fashion with a Young’s Modulus of 550 MPa.

* Compressive stress in the fibre washer may
be taken as being approximately uniform over
the minimum of the two contact areas
between the washer and its neighbours.

e The coefficient of friction between the
compressed fibre material and steel is @ =
0.6. Between the compressed fibre material
and concrete the value is greater than this.

* The plate may be taken to be rigid.

4.5.2 The design problem

(a) Calculate the vertical and horizontal support
reactions acting on this pipe bracket in
service. Describe which part of the bracket
(bolts, plate, washers) each of these external
reactions acts on, and with what type of force
(shear, tensile, bearing). Hence evaluate the
external force imposed on each bolt of this
bolted joint.

(b)Assuming that you require the vertical
friction force which can be supported by the
friction joint to be always greater than the
vertical force which is imposed on it by a
factor of at least 3.0, calculate the minimum
allowable joint force, Fyx (0n a per bolt basis).

(c) Develop an expression for the required initial
bolt force, F;, on the basis of Fjyyx -

(d) By manipulating Equation (4.8) and the
expression from (c) above, estimate the
maximum tensile force experienced by the
bolt, Fyy;4¢- Hence select an appropriate size
for the bolt from the table below, using a
factor of safety F; =4.0.

a—— L=800 —|
=T |
pgj“
2 bolts
_? [I 2

Concrete wall

502508
angle (2 off)

100x100x10
T-section

0.D.=273.05
1.D.=260.35

10 inch pipe

7 (schedule 40) f

&

s=1000 (span to next support bracket)

Figure 4.49 Sketch of Pipe Support Bracket, dimensions are mm (not to scale)
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(e) Calculate the actual stiffnesses of the boltand
the gasket. Calculate the initial bolt force, F,. Wash
Comment on the effect of the relative D, = dx3
magnitudes of k;, and k,. On the basis of these

results, do you think the inclusion of washers % il

was worthwhile?

(f) If this water pipe were to be frequently T |
emptied and filled with water (say, several /\ s
times a day), the fatigue life of the bolts might : é\/
need to be considered. What measures could eer
be used to reduce the susceptibility of these e
bolts to fatigue failure?

A
h=d

(g) Estimate (to within 20%) the torque required Figure 4.50 Detail of Bolted Joint (not to scale)
to pre-tighten the bolts. Refer to Section
4.2.7(c) for an appropriate method.

(h)Fillet welds are required in three different
locations on the pipe bracket, as shown in
Figure 4.49. Basing calculations on an
arbitrary but reasonable size for these fillets
of hy = hg = he = 4mm, decide on the
required effective length of each weld, 7 5,
¢,5,and £,.-. Use the approach given in Section
4.4 and summarised in Section 4.4.8.

Table 4.5 Data for ‘Unbrako’ socket head Cap Screws

Thl:ead Pitch B A Shank | Stress Tensile Yield
Size m i s Area Area Strength . Strength
mn’ mm’ MPa kN MPa kN

Mé 1.0 6.0 10.0 28.3 20.1 1240 24.9 1115 224
M8 1.25 8.0 13.0 350.3 36.6 1240 45.4 1115 40.8
M10 15 10.0 16.0 78.5 58.0 1240 71.9 1115 64.7
M12 175 12.0 18.0 113.0 843 1240 105 1115 94
M14 2.0 14.0 21.0 154.0 113.0 1240 143 1115 128
M16 2.0 16.0 24.0 201.0 157.0 1240 195 1115 175
M20 2.5 20.0 30.0 314.0 243.0 1240 304 1115 273
M24 3.0 24.0 36.0 452.0 353.0 1240 438 1115 394
M30 3.5 30.0 45.0 707.0 561.0 1240 696 1115 626
M36 4.0 36.0 54.0 1018.0 817.0 1240 1010 1115 910

B = shank diameter; A = Head diameter



[ﬂapter 4

| 233

Engineering Design Associates
Project Title :

Pipe support brackets

PIPE. SUPPORT BRACKET

Lf"“( C}!{UA&“M :

Aw = % D-j_z
- % (o)
- '53)236'0 mm

& = @D

W= W+ W,

Nowr

i}

= 4150

W, ~

= 1& (27’3'05“—2«@'35") =
= m's + Mw) 3

= 532"Tk5 x
= W = Wg *WN

}0'"9‘ ee«}\ows:

As
(@)

=7
Au

(ot
P10

5,320-4 mm?

C\/ $+V/>,,,>5
@‘s/% A p) 8-

%/DS $.9

5 320-4 yn® x0™¢ 2 xm-% 10 M x??{-ﬂg'

| 4 071 Nl

ky ~ 41 ka -

A pes s
mt
= 53 lxéom(x(d"';‘;a/ﬂooo% xOn kq‘g’fﬂ%

Do = 27305 mm

= 6'35-M

%"
D= 26035 mam_

g o)
(1 wlame)

G o)

M,

S,

222 N

q-%) =
= l”! 294 N |

W

=W

Hs= (%

5 LA

HA= HB

=194

W (g
(kb
&) [T

W o,

= W ke




Design of mechanical connections |

234 |

Engineering Design Associates

Date
Project Title : Pipe support brackets 12:4:98
@) T Hwee veaskions are V| Ha snd Yy Zf’—ﬁ
CFM ,— Vi isweiasashw%vuui“vj M dhe vadovs |
— My C o ewle AN e
— Wy . btA-vm:) \ }clvk, eac
Sinee WWMM S e WQ&(V\* we haresl
qpuolly betweaw. 0 bolks) we have - J@M‘*@
'miw(pm?:‘% - W - hk7 N -V
bwile | (por bf) = Yoy = WEAL _ gouq N =F
Whon JA'WM":B s with M, aou wud need to
‘aoivsirmst dhat e dhesr [nd fndhe warhors) will he uned
be dedevwine 4o iowi w e pobhs | sinee it
ey Y mmfﬂ*&:& Ej‘w%m mm%%udw
Tle dewile lnd for BlF) ot e entemal deusle free
on the W\)ﬁM CM F in W 134 &\5'55-
) Lt we demote Vi, o bethe whue of V ot
whicde s&mmzj LQS{M (f.e, Gwd\am& residancs wwwm.)
We vee[/uim Lo > 30rV
A"'&«G:M,M%dmd Eé@'}ec‘u' is;F‘;
Hon e s limted to Voo = /a’E;
Hemer /(L yF} > 30,V
- 5>
- \E\ 7 gmv whare E‘“'N = 3./?; E)'-'*‘”




| Chapter 4
Engineering Design Associates Date
Project Title : Pipe support brackets 12:4:98
' . _ ; P
’rkﬂd'g,'vdy Vakies FJ'L: F;!- @ F=o>
b = Fum F (8) (e F-F) -
K, o eac
= LF},L = Fd'mw + F(E;&T(J> X
k
& B 58 w: Fo- B+ Flaee)
TM l@'{* Vanes F},,’ CMM F =0
%%- )Q’"; ke (b F2F>
b R = Fou ¥ QEGT{D '
th\‘ms (4.8) and K (shove) we «h:‘m-.
o = P v FIER) - @20
= ﬁmw r F
We hawe FMMJ oluded  Fan = 233N
wl  F = ol s mr
= Foww = (232354 % ,069) =\31)2_?tt- N_z
Using & f ofedy Fa=40, we remire 2
boAst whicke will wdt J\‘JA woki|
F,o= 40 x R = 40x 312%¢N =125 126 N | T
Fow table we select MG Lol | wince they hwwe
x 3@1 dheagdl 4 128 kN (7= temm)
() Rt & wadesr ?“"M MA(‘ M\U
N L
74'L= ﬂ%.‘ = 1540 mm? M‘a>
b= B (D)) <% () = homewt | (e

| 235



Design of mechanical connections |
236 |

Engineering Design Associates

Date
Project Title : Pipe support brackets 12:4:98
Page
Ko, Ey = 200x08 MR i A= Romm 4 of 6
E&f 550 MP ) K = 2 mm
- kh‘ 1560 »«"»:3310;:3 Njpw 1.07¢ xI0° Q/> %
k- izt Wat - o536 0t G
Fe= o+ F Gad) is
- 23035 + 500 (T teree
= 24 BFF N
lh this come we ave W gw’ke éow)‘
maserial (4&1 hre “% w%&* ki <K
Hene éb{q - LEe L 39 T inplicashions
v? this awe

ﬂwrhdﬁ&wmtewmm — eme [y QN\N+F<ﬁ

= FMW ‘l"F’[t%)*,!]
F. is numwu?,ei\‘\jkw"zj & f»ﬁe G%) yako y e ue

dotd hwe to o the WSM much as would
bevovwveal ﬁ ké& MJM
@ww&umm — sinca = Fm‘*F(F_ES)
%wﬁwo‘}%'ww%m w KB ow Fuﬁwa&ﬁvw
zepo to F s M“P'<2><‘EFT§>

- D))
Shic s mawimized Bj ha,mus a lw%}e_ :S@-;——) vadio .
'; this were a ]deue—( situaion | tis |

]Cvn. {chwm sl e widroble .




i Chapter 4

Engineering Design Associates

Project Title :

Pipe support brackets

@) —o)

)N%{me

R =

z 31 284 N
Tlta25'7 veduchon in bL WJH' Beccf

be

qe)ol fsd\ mcﬂdp(s

2 |~ 2‘&-8‘-}‘KN xooﬁm/g

P ] et fr

Q\,) Wdo{ g\i‘;m«:

(i) for \““"Q““W"‘""L —siwee 5=y - FEHR)
%Lw?la%‘l’g g\«d«%m wF M\‘p F are veduad
by hewing 2 e (2 veio Tmlsw,o@
Www«brj fhe F@P’—U‘& v‘g ‘VAMS <\ ‘Mf{, vem‘\wo.}

“k%ﬁr) 12 F‘m{ MM umua WMW'S
hmsme%wm{jmal benafit i3 b veduse. the

The vesbueshion

tbm\{‘j ’Aﬁ\\* F\n = Z‘f'%?%'\} @W))

‘e >>k'bg

ok it/s ..\.Wam benoflitn. Hhic case).

— e faagw /vcff#s (iwd»«m——- l«l
T W“Wﬁﬁﬁ

ﬂW&%%W(%Q)%M%’D%Q/>
) Fow Lowish Gwuel p20s - T & .

5

topt dhe dermu
OF wdmw{jj

s

0 237



Design of mechanical connections |
238

Engineering Design Associates

Date
Project Title : Pipe support brackets Iz-#i8
Page

MMMF)MM. Wold @ i |oaoled 6 of 6

) welds @ e [W VML e hd

b 4 © o et - g oting (- bk o~

we apply fhe o olnale Wz,wmt Y o for
[y, since Hhis wWWvaﬁv{@%WB
TMAprw.el b b wen 2 size avddvari |
deslerming %LMW\@ reppuived %w%ﬁ{w&&
Weld ® Oww(’/{ilm Mak bﬁ"k*(botwm'
mew/se Ioaa( Fr= 16097 N (=Wbw)
m?”d’ &= S
:E— T o) A = 0 i (B

= - 6-4 kN - o
= [%*.. F/f& zeoofglzwg m)
o~ J

WL (8« Four v liss 5 eotel fond -
Fo= o = 2% 3585 N

“cosbe”

Ty 4wm Llled - ku ‘-“*’M
=’5§ ) m? b¥-h) 55 = 272 % (B, 1R
=91¢,x— B —g{’—{—:}r - 0-06% m (‘W«bé%m)

OV w;e P’T 4-m; 3) mm{(‘e lf\(ZvaQ

_Wéé.@.’_ Two weld Jinge ; Ob(\‘ e |md

F = W 9294 N Tr w« ((«5& 5 o=

Ze)c @ﬁ e > 3 =272 k% a»s w@
O.K,)um [Ae = Grm L %mj(\',f 2x20nm>




| Chapter 5

5

REVIEW: STRUCTURAL INTEGRITY OF

ENGINEERING SYSTEMS

“Isn’t it astonishing that all these secrets have been preserved for years, just so we could discover them.” Wilbur Wright,

June, 19031

5.1 Designing engineering
systems: the ‘big picture’

The ultimate objective of all design is to construct
some system to repair some dissatisfaction with
the status quo. As architect and design theorist,
Horst Rittel (1987), suggests:

“Design takes place in the world of imagination, where
one invents and manipulates ideas and concepts instead
of the real thing...”

While Rittel is referring to system design in
general terms, our concern here is to do with one
specific aspect of systems, namely their total
structural integrity. In the context of this general
discussion we define the following terminology:

Generic engineering components (GEC) are the
basic building blocks of design for structural
integrity. These are the components we deal
with in Chapter 3. It is important to
recognise that although we give several real-
life examples of the application of design rules
developed for GEC, the notion of the ideal
GEC 1s that of an engineering abstraction
from reality. We rarely (if ever) find in real
life engineering structures the broadly
idealised columns, shafts, beams and springs

described in Chapter 3.

Structural elements are the clearly identifiable
GEC in any component or assembly of complex
engineering structures. We find/identify these
GEC by the process of structural distillation
described in Section 1.3.

A component of an engineering product or
assembly is a single cohesive structure. A
component may also contain a collection of

structural elements, interconnected by one
or other of the methods described in Chapter
4. A welded truss of a bridge, or a shell and
tube heat exchanger in a chemical process
plant are both components of assemblies. The
wheel of a bicycle is an assembly of several
interconnected parts that may be taken apart
and re-assembled without damage to the
connections.

As we have already noted, we apply engineering
wisdom and judgement to make the following
determinations:

1. What are the key load-bearing components of our

structure? These are the structural elements
that ensure proper functioning of our system.

2. What are the various GEC that might be used
to adequately represent these load-bearing
components? These result from a structural
distillation of the structure.

3. What are the loads the structure and its key
components will need to sustain in a worst
credible accident ?

Design wisdom about structural integrity is best
acquired through constant practice and through
the careful study of design paradigms. Henry
Petroski refers to John Roebling as a good case in
point:

"Roebling achieved with uncommon success what other
engineers had agreed could not be done. His principal
advantage was not a more sophisticated theory or more
careful calculations. Roebling achieved his success by
concentrating his design judgernent on how his bridge might
fail. ... These were not merely design-theoretical speculations
after the fact, for in his own writings, Roebling himself
provided ample evidence that it was through studying failures

5.1 Quoted by Fred C. Kelly (Ed. 1996) in ‘Miracle at Kitty Hawk: The letters of Wilbur and Orville Wright', New York: Da Capo
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that he achieved success.” Henry Petroski: “John Roebling
as a Paradigmatic Designer”, in Design Paradigms, 1994

Once the structural integrity of the individual
structural components of the system have been
determined, we need to work through a careful
balancing of loads and stresses in the whole system
to ensure that each component takes its proper
share of the load.

American humorist, lawyer and physician,
Oliver Wendell Holmes, clearly knew a thing or
two about optimisation as evidenced by his famous
1858 work, “The One-Hoss Shay”, part of which
will suffice for our discourse:

“Have you heard of the wonderful one-hoss shay,
That was built in such a logical way

It ran a hundred years to a day,

And then, of a sudden, it — ah, but stay,

I'll tell you what happened without delay,

How it went to pieces all at once, —
All at once, and nothing first, —
Just as bubbles do when they burst.
End of the wonderful one-hoss shay,
Logic is logic. That's all | say.”

It could be argued that, ideally, just like the one-
hoss shay, we should design and build products in
such a way that all of their components reach the
end of their useful life at the same time. This
approach would guarantee that the customer got
best use out of every component. Yet the total result
would be an economic disaster. This is the real
point of Holmes’ poem, originally intended as
religious and political satire.

There seem to be two different quality measures
embedded in Holmes’ description of the magical
one hoss shay.

(a) It lasted a hundred years, which may have
been a desirable quality feature in the days of
the horse and cart, but in times of rapid
technological change, a life of this length is
excessive by at least one order of magnitude.
It must have been heavily over designed, with
concomitant excessive cost of manufacture.

(b) The designer had achieved an absolutely
uniform degree of structural integrity across
every component in the system. While this
may be a desirable condition, there may be
no prior warning of the catastrophic failure
the system will suffer at the end of its life.

In any event, both of these quality measures are
associated with excessive design and
manufacturing costs.

A more pragmatic approach to design demands
that products have some components designed for
long-term and some for limited-life. The limited-
life components get replaced or reconditioned at
maintenance intervals. These are the batteries,
tyres, windscreen wiper blades and brake pads of
automobiles, the seals on water valves, and light
globes in most appliances. The longer-term
components, such as the sealed compressor units
on refrigeration equipment, are expected to last
the full life of the product. In this context we have
no clearly defined measure, or benchmark for the
meaning of full-life. There is great variability of this
measure between products.

@dustrial desing
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( engineering science _
Y >
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Figure 5.1 Structural integrity in the wider context of design
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For most products, we regard full-life as the
period for which the value of operating it exceeds
the operating costs. In the case of automobiles, this
period used to be of the order of decades, but as
maintenance costs and insurance premiums have
increased, the full life period of automobiles has
become correspondingly much shorter.
Furthermore, the life of a product is heavily
influenced by the rate at which specific
technologies change. For computing equipment
Sull life is likely to be about three years, and for
washing machines about ten years. Bearing these
matters in mind, the style of design in which all
components last the same length of time is
economically quite unacceptable for most
consumer products. After all, “who would be
prepared to pay for a battery, a windscreen wiper
blade, or a brake pad that all lasted as long as the
engine of the automobile?” Alternately, “who
would purchase an automobile that only lasted as
long as the battery, windscreen wiper blade or brake
pads?”

In contrast to component [life in a product or
system, its total structural integrity will benefit
significantly from a one-hoss shay style of load
sharing. While this approach is not always possible,
it is certainly a desirable design goal to aim for.

Figure 5.1 places structural integrity into the
wider context of design. A cynical observer might
be tempted to suggest that, according to the
apparently pantheistic view presented here,
“everything that engineers do is design”. We
certainly do not embrace that representation of
design. However, the process of formal planning
and evaluation that constitutes design, touches all
aspects of every product. Moreover, since designers
are people who, “by ambition imagine a desirable state
of the world™?2, their eclectic wisdom needs to draw
on all the disciplines indicated in Figure 5.1.

5.1.1 The structural ‘audit’

We have already established the special
characteristics of some simple, generic engineering
components, albeit in isolation. In presenting the
discourse and problems of Chapters 3 and 4 we
have taken some care to focus on these special
characteristics in each case. Naturally, engineering
designers are rarely, if ever, confronted with
engineering structures in such a compartmentalised
way. Experienced engineers will need to be able to
dissect the structure into its elementary
substructures on the fly. We have provided some

5.2 Rittel, ibid.

simple examples of this dissection process in the
section on structural distillation. In this section we
examine some engineering systems, with the
objective of identifying within them recognisable,
simpler generic engineering components. The
objective of this process is twofold.

1. If possible, we need to establish the generic
components that constitute our engineering
system. This is an essential first step in
planning the structural analysis. Moreover,
in those cases where the dissection indicates
the presence of more complex components
than those oftered in our elementary list in
Chapters 3 and 4, we need to make reference
to standard texts on advanced structural
analysis (see for example Young, 1989).

2. We need to build engineering wisdom through
experience with familiar systems. This style
of learning is largely associative®?. The
process of associating the strange, the newly
acquired knowledge of generic engineering
component behaviour, with the familiar, the
engineering system of our personal
experience, is a powerful reinforcement of
learning,.

This approach is entirely in tune with the process
of acquiring engineering judgement through the
study of paradigms®*. We refer to the wisdom
acquired through this process as looking at systems
through the engineer’s eye. We envisage that most of
us have close and direct familiarity with some
engineering systems. This familiarity is the result
of experience with professional, household or
recreational consumer products. By carefully
examining the operation of such a product, we can
perform its structural audit. We can look at it through
the engineer’s eye and find embedded in it generic
engineering components and perhaps even
estimate the loads on them resulting from the worst
credible accident.

This process doesn’t involve synthesis, but
merely the building of experience. Ultimately, we
might use the experience thus acquired, in
synthesis through association, since all design
synthesis is evolutionary and the result of our
accumulated experience.

There is an urban legend surrounding Sir Henry
Royce (1863-1933), co-founder of Rolls-Royce
Ltd. Reputedly, he was able to run one of his
engines in his imagination, examining all the
components as they operated, and after some
period take it apart mentally and examine the

5.3 Associative learning objectives in the ‘affective domain’ have been identified by Kratwohl, Bloom and Masia (1964)

5.4 Petroski, op. cit.
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components for wear. The Florentine sculptor and
architect, Michelangelo [full name Michelangelo Di
Lodovico Buonarroti Simoni] (1475-1564), just like
many other sculptors, imagined the structure of a
sculpture before he commenced his work on a
block of marble. A symbolic representation of this
process is evidenced in his famous unfinished
sculpture four slaves, in the Galleria dell’ Accademia
in Florence. In this piece the human figures of the
slaves appear to be struggling to emerge from the
surrounding marble monolith.

What we are promoting here is a notion of the
powerful human capacities to visualise and to
imagine in the virtual world of the mind. The power
of gedankenexperiment, or thought experiment, was
used most effectively in abstract reasoning by
Einstein and other physicists. In dealing with
relativity Einstein imagined to himself what would
happen if he were to sit on a light ray and travel
with the speed of light- would time stand still?

“Would an observer stationary at a point on the earth’s
surface see a distant flash of lightning at the same instant
as a second observer travelling in a train towards the
place where the flash had occurred?” (Einstein, 1936;
Einstein and Infeld, 1938)

Ex. 5.1 Some ‘gedankenexperimente’

(a) Imagine you are in a train travelling towards
a clock set at exactly 12 noon. If the train
moves at the speed of light, how would you
expect to see the hands of the clock moving?
Would your observation of time on the clock
change? If your train were travelling at the
same speed away from the clock instead of
towards it how would you see the clock hands
move?

(b) Imagine that you are in a spacecraft in orbit
around the earth. You light a candle and
observe the flame. What shape is it?

In what follows, we make extensive use of
gedankenexperimente in the structural audit of
systems.

Figure 5.2 shows a hydraulic cylinder. This is a
device for producing axial force (and motion) along
the line AB, when pressurized fluid is introduced
through ports P and Q on either side of the piston
(shown dashed). We can identify various generic
engineering components (for example, beam,
shaft...) which are embodied within this device
during its normal operation:

* the cylinder, within which the piston

operates, 1s clearly a type of pressure vessel,

* the piston-rod, used to drive the load attached
to its end at A, can operate either as a tensile
member, when pulling on the load
(contracting), or as a column, when pushing
(extending);

* the end plates of the cylinder may be
conservatively simplified to beams, although,
in reality, they are more complex structural
elements, flat plates, beyond the scope of our
discussion here;

* the piston is a uniformly loaded circular disc. This
is not a simple structural element considered
in Chapters 3 or 4, but it can be easily analysed
by reference to Young (1989);

* the four bolts holding the end-plates on the
cylinder, act both as simple tensile members and
also, in conjunction with the end plates and
cylinder, as a bolted sealing joint;

* the connections for the load at A and B can
be analysed as shear connectors.

P

Figure 5.2 Hydraulic cylinder

We now examine two more simple engineering
systems, and tabulate the structural audit in Table

5.1.
Example 1: Rotary clothes dryers

Figure 5.3 shows a rotary clothes dryer (an icon of
Australian suburban life). It is a device for
supporting damp items of woven material after
washing, for drying in the wind and sun. To aid in
the pegging out operation, a handle (B) is provided
for winding the central support (C) down and up
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by means of a rack-and-pinion gear (not shown).
The upper frame (D) of the dryer can rotate within
the base (A).

plane. In the horizontal plane the frame is stiffened
by the wires (D,) used for hanging clothes. Since
the upper frame of the dryer is raised during
operation, the dryer is colloquially referred to as a
clothes hoist.

Example 2: Rotary mixer blades

A
P B

Figure 5.3 Rotary clothes dryer

In one embodiment of this design, the upper
frame is made up of four steel tubes (D,), held in a Figure 5.4 Rotary mixer blade
crosspiece mounted on the central support (C).
Guy-wires (D,) support the tubes in the vertical

Table 5.1 Structural audit for rotary dryer and mixer blades
Rotary clothes dryer element Mixer blade

Generic Component
[class of element]

Nature of loading
A B, |8, | c|D D, | D [A]B
3 ! 2 3
Fatigue
Impact X X
Contact
Bending Beam X X X X X| X
Tension Tensile [ rod] X X
Buckling Column X X
Torsion [ +Bending] Shaft X X
Pressure [+Bending] Vessel
Shear [+ Contact] Shear connector
[Pinned joint]
Shear or Tension Welded joint
Other
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Figure 5.4 shows one of two inserts (mixer
blades) for an electric hand mixer (a common
kitchen appliance). During normal use, each insert
is rotated at high speed about its long axis while
immersed in various kinds of viscous foodstuft.
This simple device still qualifies as a system, since
it 1s made up of several co-operating elements,
combined by welding, into a single cohestve
structure.

Table 5.1 lists all the generic engineering
components and loading characteristics considered
in Chapters 2, 3 and 4. We call these components
and loading conditions the structural varieties of our
engineering system. When a specific structural variety
1s active In our engineering system, its presence 1is
identified by an X in the relational matrix of Table
5.1.

For the two simple examples shown, some of
the structural varieties identified in Table 5.1 do not
appear to be active. This 1s as it should be, and for
most systems considered for structural audit, only
a reduced set of structural varieties will be active.
However, in all structural audits, the complete set

of structural varieties of Table 5.1 need to be
considered. This process will act as a memory jogger
in the structural audit of more complex systems.

Ex 5.2 Thought-experiments in structural
auditing

In performing a structural audit of a system, it is often
useful to imagine the system being composed of
some compliant material (say rubber) and imagine
how the system might deform under the various
loads imposed on it. In this way, the various
elements of the structure that carry the imposed
loads (the ones that suffer the most deformation
in our thought-experiment), are quickly identified.
Consequently, the subsequent identification of the
structural varieties in the system becomes simplified.

Figure 5.5 shows a series of ten artefacts. You
may be closely familiar with some of them. For
the purposes of structural auditing we will regard
these systems as engineering systems. Complete a
structural audit of all these systems by drawing up
a table similar to that of Table 5.1 for each system.

1. Towel rack

) o ! %@ ‘
|

|

St

9. Gate valve

Figure 5.5 Artefacts for structural audit
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In each case identify the various generic
engineering components of the system, as we have
done for the rotary dryer and the mixing blade
examples above.

5.1.2 Some simple insights on structural
analysis

The following set of examples require some
understanding of the basic principles involved in
structural analysis. These examples are offered in
the form of a series of searching questions. Some
of them may be answered by direct application of
ideas discussed in the relevant sections of Chapters
1 to 4, while others require some thoughtful
(insightful) extensions of these ideas. However, in
all cases the answers to these questions rely on
understanding rather than on simple recall of facts
or figures.

1. Why does a piece of chalk fail along a 45° helix
when twisted in pure torsion ? What material
characteristic does this distinctive failure of
chalk indicate?

2. Why do sausage skins split along their length
(refer to Figure 5.6) when heated during
cooking?

~

B
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Figure

3. Why is the Sydney Harbour Bridge (refer to
Figure 5.7) shaped in such a distinctive way?
Please consider structural issues only.

™~

Figure 5.7 Schematic shape of the Sydney Harbour Bridge

4. What is the purpose of an outrigger on a canoe?
(Refer to Figure 5.8 to remind you of what
an outrigger looks like.)

Canoe

Outrigger

Figure 5.8 Outrigger on a canoe

5. Why is the Eiffel Tower shaped in such a
distinctive way? Please consider structural
issues only. Refer to Figure 5.9 to remind you
what the Eiffel Tower looks like.

This renowned Paris landmark is a metal
lattice structure, designed and built for the
Centennial Exhibition of Paris in 1889, to
commemorate the French Revolution. Until
1930, at 300 m height, it was the tallest
building in the world.

Figure 5.9 Eiffel tower

Figure 5.10 Corrugated iron

| 245



Review:structural integrity of systems |

246 |

6. Corrugated sheets of iron are commonly used 9. Figure 5.13 shows a type of pressure vessel

as roof covering. Why is corrugated iron
corrugated? Please offer a structural
explanation. (Refer to Figure 5.10 to remind
you of what corrugated sheet iron looks like.)

. A pump is discharging simultaneously into a
cylindrical (4) and a spherical (B) pressure
vessel, as shown schematically in Figure 5.11.
Both vessels have the same diameter D and
shell thickness. If the pressure is allowed to
increase gradually but without limit, which
vessel will rupture first, and why?

Vessel B

Vessel A

\_D Pump

colloquially referred to as a bullet. Discuss
where the maximum shear stress occurs in
the shell of a horizontal pressure vessel such
as this. Sketch the bending moment diagram
for this vessel, assuming that it contains a
liquid of specific gravity 1.0 under pressure.

For the purposes of this simple exercise, you
may assume that the supports act as simple
supports, and therefore they do not impose any
horizontal forces on the bullet. Long vessels
on two supports always have one sliding
support, to allow for thermal expansion. In
this case the sliding support is indicated
schematically by the rollers under one
support.

Figure 5.13 Bullet

Figure 5.11 Pressure vessels pumped up simultaneously
(schematic)

Answers
8. A gear drive is a transmission device for

gaining either mechanical advantage (speed
reduction set) or velocity ratio (speed step-up
set). The nature of the transmission is
determined by the choice of input-output
direction. Figure 5.12 shows a reduction gear
set, with the smaller gear the inpur and the
larger the output.

Why is the shaft driving the input gear smaller
in diameter than the shaft driven by the
output gear?

P Qutput

Figure 5.12 Reduction gear set

1. The answer to this question is given in

Chapter 2, Ex. 2.2.

. As the sausage is heated, the contents expand

under pressure generated by the vapourised
fluid components. The sausage skin acts as a
pressure vessel and eventually fails in tension
as indicated, since the hoop stress in the
circumferential direction is the largest stress
acting.

The Sydney Harbour bridge acts as a beam
carrying a uniformly distributed load. The
shape of the truss reflects the natural bending
moment diagram for such a beam.

The outrigger of the canoe acts to provide a
restoring moment against rolling of the canoe
about its longitudinal axis.

The Eiffel Tower is essentially a cantilever
beam with a vertical axis. Its shape also reflects
the bending moments acting on it as a result
of wind loads (worst credible accident).

The corrugations of iron sheet displace
material away from the neutral plane, thereby



L Chapter 5

Increasing its second moment of area about
the mean plane of the corrugations.

7. The circumferential stress, or hoop stress, in
the cylindrical vessel A is always larger, than
the longitudinal stress in the spherical vessel
B. Hence the cylindrical vessel A fails first.

8. The power into the gear set is approximately
the same as its power output. There will be
some minor losses due to gear transmission
inefficiency. Since power transmitted is the
product of torque and angular velocity, the
slower gear (output) will have a larger torque
acting on it, and its output shaft will need to
be correspondingly larger than the input shaft
in order to cope with the larger stress.

9. Figure 5.14 shows the bending-moment

diagram for the bullet.
E D
) -
| S 5
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Figure 5.14 Bending moment diagram for bullet

Clearly, the largest shear stress acting on the
bullet is a combination of the largest and
smallest principal stresses according to

01 - 03
Tmax = 3

2

The pressure stresses are:

pD pD

Hoo, ’ axial Radial

P 4t 2’
where p, D and ¢ are the internal pressure,
the diameter and skin thickness of the vessel
respectively.

Without the bending loads, the maximum
principal stress, 0y, is the circumferential
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hoop stress, 0,=0,,,, and the minimum
principal stress, 03, is the radial stress across
the skin of the vessel, Oy =0t The axial
pressure stress, O, , does not enter into the
expression for 7, . However, the bending
stress, 0, , generated by the bending loads
in the skin of the vessel, needs to be added to

the axial stress, O -

The three possible cases depending on the
relative magnitude of the bending stress, o,
are explored thoroughly, using Mohr’s circle
diagrams in Section 3.4.6. The worst-case
locations for Oy are either at mid-span
(locations E and C) or at the supports
(locations D and F). If 0y is relatively small
(Case 0, o,<0,,) then 7, will be
unaffected f)y Oy, and will be uniform
everywhere on the cylindrical shell of the
vessel.

If, however, 0y, is relatively large (Case 2,
O,uu —Os <Oguu; which subsumes
Case 1, 0, +0;>0,,,), then the worst-
case location for 7, will be at locations C
or D, wherever the fensile bending stress is

greatest.

With these relatively simple examples of
structural insight we have tried to illustrate the
nature of design thinking. None of these examples
relies on any deep appreciation of the mathematical
theory of elasticity or mechanics. They simply
reflect the practical application of the modelling
ideas explored in Chapters 2, 3 and 4.

In most institutions where engineering design
is taught, assessment of the understanding of the
discipline 1s commonly evaluated by guided design
exercises and open book examinations. These
examinations permit reference to texts and notes
during the examination. Unfortunately, the process
is still severely time constrained, resulting in some
unexpected responses from students.

It has been conjectured that these responses are
the result of a mental regression from abstract
thinking to a more concrete mode of thinking,
brought on by the threat of the examination
environment (see for example Samuel, 1984).
Alternatively, it is possible that the unexpected
answers listed in the following section result from
the nature of competitive training experienced in
schools, where rapid, rather than thoughtful,
responses are rewarded.
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5.2 Some ‘radical new theories’
in engineering design

2 + 2 =5, but only for very large values of 2". Chris
Dowlen, Southbank University, UK, quoted at ICED99,
Munich

In an examination students were asked to evaluate
a thermodynamic formula due to Nusselt. The
following creative response from one student
indicates a mind perhaps better suited to art than
science:

“The difference between Nusselt’s expression for vapour
condensing on horizontal tubes and the correct expression
can be accounted for when examining Nusselt’s home life.

He was not a happy man. Often he would step out in
the cold morning air to go to his lab and curse the day he
ever started analyzing[sic] and experimenting with heat
transfer. He would start to think of his wife, Mrs. Nusselt,
and their unhappy marriage, that was doomed to drag on

Jor the rest of their days. He remembered the early days
when passion was sparking and the heat transfer between
their two young warm bodies was a _function of the log
mean temperature.

It was at their last night together when in frustration at
his life he uttered that famous expression

h=

thus symbolising that life was not perfect but just an
approximation of existence.”.

The following answers are categorised according
to the question to which they are radically unusual
responses. In each case, apart from minor
editorialising, the text is presented as written in
the examination script book.

Why do sausage skins split along their length
when heated ?

“because sausages can be thought of as a thin column.
We know that max. stress for longitudinal dzrect is half of
centipedal[sic]: i.e. o = /2L Co=4 L(q =
pressure) . I don’t know if these are the exact equations,
but the same theory applies.”

“because the plasticity of the skin has already yielded as
subjected to heat”

“skin is brittle: material fails in mode of maximum
tension.”

“column failure - buckles along length”

“tt will split in the length, because the skin is being
‘stretched’ to hold the meat. Thus its ‘grains’ are
longitudinal so it will split in length”

“long thin molecules have less resistance to shear than
direct strain”

“skin property: cannot resist radial expansion”

“if the sausage is considered as a column, the reason for
the longitudinal failure can be more easily explained.

The reason for the skin splitting at all is because it does
not expand at a similar rate as the sausage meat under
heat conditions. Hence, the sausage meat inside is effectively
being compressed because the outside skin is resisting its
expansion.

Hence the ‘column’ will fail in compression, under
which conditions columns fail by buckling along its[sic|
length.”

“we know that the expansion is proportional in each
side: i.e. if we have a cube it will be expanded in the same
distance in all directions after being heated up. Since the
sausage is sort of a rod, one side is longer than the other.
Thus the longer side will expand more relatively than the
shorter side. Owing to this it will split the sausage skin in
the direction of its length.”

Why is corrugated iron corrugated ?

“Corrugated iron is corrugated to distribute the force
applied to it over a greater sutface area”
“to take the loads the corrugated iron may be subject

»”

to.

“because it is able to reflect the sun-ray when used for
Y
roofing”

“so it can be used for channelling water in rain.”

“to strengthen the material. The corrugations are in fact
induced stresses in the iron. Therefore low sttresses put on
the sheet will have no effect, unless they are larger than the
induced stress.”

“because corrugated iron has a better strength since the
corrugation refers to dislocations of the structure of iron.”

“obviously to increase its strength in some way or form,
otherwise all the extra material required would be a waste
of money.”

“so that it can disperse the sunlight, because too much
heat can cause oxidation and so this leads to corrosion of
the iron.”



| Chapter 5

“so that the force exerted on the sheet is divided and
runs down the sides of the corrugations.”

“to relieve stress concentrations.”

“to prevent [water] dripping at nail holes.”
“to allow expansion when heated.”
“because cold work strengthens the steel.”

“because the corrugations act like nodes in a long column
and therefore prevent buckling of the sheet.”

“since iron is brittle, we would want iron to have
excellent wear resistance as well as high vibration damping.
By corrugating iron the iron keeps its strength, but becomes
more wear resistant and becomes a bit more ductile to
withstand more (bending) stresses.”

“so that it may be used in situations where the
corrugations benefit the task for which the material is to be
used, and iron and corrugation complement each other,
since iron can be relatively easily corrugated.”

“the material of corrugated iron is ductile and so it will
fail in shear before it fails in tension. When the iron is
loaded in tension or compression, the maximum shear stress
will occur on a plane inclined at 45° to the direction of the
applied stress. By making the iron corrugated more material
is placed along these planes of maximum shear stress. As
a result the sheet has a greater resistance to shear failure.”

“because it will enable it to elongate and contract before
failing due to tensile or compressive load.”

“because it can give a strong bonding to cement when
used in reinforcement.”

“because it is not un-corrugated iron.”

Which vessel will rupture first ?

“since the cylinder has a larger volume, the pressure can
vary and distribute itself. The sphere will fracture first.”

This answer, one of many similar ones, is
representative of the main style of
misunderstanding demonstrated by students when
answering this question.

Why is the output shaft of a reduction
gearbox thicker than the input shaft ?

“as it is a much larger shaft (i.e. has longer bearing
span)-than the input. Diameter must be increased with
length so that the chance of failure due to buckling, lateral
deflections, excessive slope at beating and excessive vibration
is not increased.”

“to reduce deflection: better for precise work.”

“This may be explained by considering Torque = lot
(I = inertia and @ = angular acceleration). "Torque is
constant through both shafts (input and output), but
angular acceleration varies due to speed reduction.
Therefore the output shaft with smaller acceleration, but
subject to the same torque, requires larger inertia, hence
larger diameter.”

“ since output shaft holds a much bigger gear than the
input shaft. Therefore the output shaft must be larger so
that fracture of the output gear will not happen.”

“input shaft suffers varying stress from different torque
applied from bending, if critical speed is reached and
vibration occurs. The output shaft encounters a constant
rotational stress (from torque) and shear stress at fixed
point.”

“because on the input side the shaft has high speed and
during speed changes the sudden changes could harm the
shaft. Therefore it is made thin to absorb the sudden torque
by twisting to some extent, which it could not do if it was
thick.”

“Since the shafts are connected by some sort of cog system,
the distance travelled by each shaft would have to be the
sae, but in order to allow the output shaft to rotate more
slowly, its circumference would need to be greater.” [this
concept is known to us from many such answers
as the law of conservation of distance, or LCD]

“if the input shaft is smaller than the output shaft, the
input is greater while the output is smaller. This is because
the greater the radius, the slower the speed.” [another
version of LCD]

“the fatigue strength of a thinner specimen is better than
a larger specimen. Since the input shafi experiences greater
fatigue stresses we need a thinner shaft.”

“The output shaft has a greater area and therefore
requires more time to turn one revolution than the input
shaft. Because it requires more time, it travels slower,
therefore reducing the speed. Therefore the input shaft is
thinner.”

“The whole idea is to reduce the speed. Therefore the
speed of the output shaft will be slower than the input
shaft by reducing the diameter of the input shaft.”

“Consider a bicycle: pedals do not have to go round
nearly as fast as the rear wheels travel. i.e. Low input to
high output. In the gearbox we have the opposite situation.
So the input should be larger than the output.”

“because the torque at the output produces greater power
out.”
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Bending moment diagrams for the bullet
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Figure 5.15 Some of the more ‘radical’ bending-moment
diagrams offered by students.

Figure 5.15 shows only some of the many
variations in answer offered by students to this
problem.

The responses quoted in this section are offered
by their authors with considerable conviction.
They are never prefaced by a statement of
uncertainty. It seems clear, that for many students
presenting for examination, the answer “I don’t
know” is totally unacceptable. These amusing
responses have been offered as a cautionary tale
for both students and educators in engineering
design.

In science we have come to accept the law of
parsimony or Occam’s razor for explaining physical
phenomena. Occam’s razor is a notion attributed
to the theologian and scholar, William of Occam
(1285-1349), who recommended that in the
explanation of physical phenomena entities are not
to be multiplied beyond necessity. Modern science
interprets this notion by ensuring that wherever
possible the explanations of physical phenomena
are based on the simplest, or least fanciful,
conjectures.

Students of engineering easily adapt to the
learning environments of the engineering sciences.
These doctrines, rich in formal procedures, have
only limited opportunities for creative synthesis

or lateral thinking. In sharp contrast to this
experience, young engineers find adapting to the
design discipline a difficult, and occasionally
paintul, process. When confronted with the almost
alien concept of applying knowledge in unfamiliar
circumstances, behaviour patterns tend to vary.
Well disciplined students easily recognise that all
the rules and doctrines of the sciences still apply to
the physical world of design. They will formulate
appropriate mathematical models even when faced
with new and unfamiliar problems. Others, less
disciplined, regard design as an opportunity for
breaking away from the narrow confines of science,
and some interpret creativity as anything goes.

In essence, design practitioners must share the
blame for some of this lack of discipline. Those
involved in the doctrines of science are well
experienced in the procedures needed to seek
solutions to problems. Moreover, they all have a
common discoursive language of communication.
No one has any doubts about the meanings of such
terms as melting temperature, heat transfer coefficient,
electro-motive force or principal stress. In design there
are no clear procedures that offer a direct route to
solving problems, and designers are yet to develop
a discoursive common language of design.

5.3 Review questions

5.3.1 Engineering Estimations

The world’s richest person has an estimated
personal wealth of $US 600 x 10° (at one time this
was J. P Getty, then it used to be the Sultan of
Brunei, but in recent times Bill Gates has assumed
this position). Using a well set-out engineering
calculation, and making any necessary
assumptions, estimate how many shipping
containers it would take to contain the wealth of
the world’s richest person, if that wealth were all
converted to $UST bills.

5.3.2 Failure

1. An accident assessor is carrying out an
investigation into the structural failure of a piece
of office furniture. The assessor’s report contains
the following statement:

“It is likely that the rear legs of the chair became
permanently deformed when the occupant rocked
backwards on the chair, causing the bending stress in the
extreme fibres to reach the yield stress.”
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(a) What is the mode of failure being discussed
in this part of the report?

(b) What is the suggested cause of failure?

(¢) Is a failure predictor (1.e. a theory of failure)
needed when assessing the bending stress in
the legs of the chair? Explain your answer.

2. Why do engineers use failure predictors (theories
of failure)?

3. A generalised element of some engineering
component has principal stresses 0,,0,,05.
According to the Maximum Shear Stress Failure
Predictor(MSFP), when this element is at the point
of ductile failure, 7, istaken to be S,/2.Usea
Mohr’s circle construction to explain why this is
$O.

4. Figure 5.16 shows a schematic A-M diagram.
The axes and various lines on the diagram need to
be labelled. Identify the quantities you would plot
on the axes and also identify the four design
parameters A, B, C, D, which determine the
specific shape of the diagram.

2 Load lines
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Ball radius r_

Py

Figure 5.17 Ball dropping onto three surfaces

5. A ball bearing drops from a height H onto the
three surfaces shown in Figure 5.17. The three
surfaces are made of the same material as the ball
bearing, and each is a surface of revolution which
is symmetrical about a vertical axis through the ball.
In which case will the contact stresses be greatest,
and why?

5.3.3 Shafts

1. Shaft A and shaft B are identical. At a particular
location, shaft A successfully withstands a 1000
Nm bending-moment while transmitting a 500
Nm torque. At a corresponding location shaft B
successfully transmits a 1000 Nm torque, while
subject to a 500 Nm bending moment. Which shaft
has the larger factor of safety according to the
Distortion Energy Failure Predictor (DEFP)?
Briefly explain why.

2. Figure 5.18 shows the plan view and side
elevation of a boom gate which is driven by a chain

to molor

o~ bearing support

boom

counter /7 |
weight \ ‘

800 dia. |
J

1200 1500

Figure 5.18 Boom gate (schematic, not to scale)
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drive connected to a gearbox and an electric motor
{(not shown). The boom gate is to be raised from
the horizontal position through 90°in 20 seconds.
The mass of the boom is 100 kg, with a similar
mass for the counterweight. The centres of mass
for the boom and counterweight lie at 1500 mm
and 1200 mm from the pivot respectively. The
drive chain is slack on its return side. Calculate
the design loads (moments and torques) on the
driven shaft of the boom.

5.3.4 Mechanical springs

Two identical helical compression springs have
coil diameter D = 50 mm, wire diameter
d =4 mm, and n = 20 coils. The springs are
made from steel with a shear modulus of
G =90 GPa. Evaluate the combined stiffness
when the two springs are connected in parallel (a)
and in series (b) indicated in Figure 5.19.
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(a) (b)

Figure 5.19 Springs in parallel (a) and in series (b)

5.3.5 Columns

1. A single slender column of length L and of
hollow circular cross section is able to carry a given
critical load. If the single column is replaced by
two geometrically similar columns, acting in
parallel, having the same total mass as the single
column, will the load carrying capacity of the two
columns be less or more than that of the single
column they replaced ?

2. A pipe has a circular cross-section with second
moment of area, [ =7x10° mm* The pipe is
100 m in length, and subjected to an axial

compressive force of 80 kN. In addition to the

simple supports at each end, how many
intermediate simple supports are needed along the
pipe to prevent it from buckling with a safety factor
of F, = 17? (Assume E = 210 GPa, and ignore

gravity)

5.3.6 Pressure vessels

Radiographic examination is a common technique
for ensuring the quality of welded joints in critical
items of equipment like pressure vessels. X-ray
photographs are taken along the weld lines to
search for any faulty welding, so that it can be
ground out and repaired. The cost of this process
is proportional to the length of welds examined.
Full radiography examines 100% of welded joints in
this manner, and so is very expensive. Describe
the circumstances in which full radiography can
nevertheless reduce the overall cost of a pressure
vessel.

5.3.7 Bolted joints

1. The cylinder head of a high pressure gas
compressor is held down by 10 equispaced bolts.
Figure 5.20 illustrates the arrangement.

The pressure varies between 0 and 22 MPa
sinusoidally in the cylinder, which has a cross
sectional area of 5x10* m?. The bolts are all pre-
loaded to 10 kIN.
bolts

“a To high pressure

receiver

L fo—
1= ]
& Gasket and
T valving
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Figure 5.20 Gas compressor (schematic)

(a) Graph the bolt forces as a function of time
when the bolt stiffness is the same as the
cylinder head joint stiffness, and

(b) graph the bolt forces as a function of time
when the cylinder head joint is ten times
stiffer than the bolt.

(c) Will the joint fail (i.e. leak gas) in either case?
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2. A bolted joint is pre-tightened to F,. and is
subjected to an external force F which fluctuates
repeatedly from zero to F, . The ratio of bolt
stiffness to joint stiffness for this Jointis k, [k, =2.
Sketch carefully a graph of force versus time,
showing the variation of external force (F ), bolt
force (F,) and joint force (F)).

amplitude of bolt force

Evaluate the ratio mean boltforce
3. A high pressure steam pipe (3.2 x 10* mm?
internal area) in a refinery is connected to a
pressure vessel by a flange with 16 high tensile
bolts. The pressure in the vessel fluctuates
sinusoidally from zero to 2 MPa. The bolts are pre-
tensioned to 3.0 kN. Show on a diagram the way
in which the load varies in one of the bolts for

both:

() the case when the flange joint is very much
stiffer than the bolt, and

(b) the case when the flange joint stiffness is
twice that for the bolt.

Will the joint “leak” in either case?

5.3.8 Welded joints

1. Figure 5.21 shows a welded bracket subject to a
vertical force W. There are two sets of welds on
this bracket, each set consisting of four separate
welds. All eight welds are identical in length, size,
material and quality of fabrication. As W is
gradually increased without limit, which set of
welds will fail first, and why?

Vertical weld j
4 places i‘_-f |

Horizontal weld ‘
4 ;l!u'rf‘\ TN | I i

Figure 5.21 Welded bracket

= e 5()

90

Figure 5.22 Welded tensile member

2. Figure 5.22 shows a fabricated tensile member
intended for use on a piece of mining equipment.
Assuming the allowable shear stress in the weld
material is 140 MPa, and the fillet size of all welds
on the component is 10 mm, calculate the
maximum allowable tensile force which the strut
can sustain, based on the strength of the welded
joints. (The dimensions shown are for the effective
lengths of each weld. Both faces of the component
are identical.)

5.4 Design assignments

5.4.1 Optimum design of tripod

This assignment is in two separate but related parts,
both concerned with optimum design — that is,
obtaining the best results from given, finite
resources. In the first part the emphasis is on
mathematical modelling and calculations, while
the second lays stress on practical insights,
experiments and skills of construction.

PART | - DESIGN OF SIMPLE STRUCTURE ( THEORETICAL)

This part of the project is concerned with the
design of a structure of minimum mass. You are
required to design a tripod capable of transmitting
to the ground a force P of 50 kN from a point 3 m
above ground level. The tripod must allow the
force P to be applied in any direction. It hasalready
been decided that the structure will be constructed
of aluminium alloy, density = 2,770 kilogram per
cubic metre. There is no restriction on the shape
of the cross-section of the members.

The axial stress in tension members is not to
exceed 85 MPa, while that in compression
members is not to exceed 40 MPa. You may
assume the weight of the tripod is small compared
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to the applied load, and that the ground is
sufficiently stable to provide reactions for pinned
supports. Figure 5.23 is a schematic view of the
tripod.

Figure 5.23 Tripod (schematic)

INSTRUCTIONS

(3) Design the tripod for the case where the
attachments at the base lie on a circle of 1.2
metres diameter.

(b)If there is no limitation on base diameter,
determine the optimum value of the base circle
diameter for the structure of minimum mass.
(A graph of tripod mass versus base circle
diameter would be helpful.)

(c) Prepare a report setting out clearly the
reasoning leading to your results. In your
report, use a flow chart to show the major
steps in the design. List all the assumptions
used in your design calculations and critically
review them. If you think that any of the
assumptions lead to over-simplified
calculations which could be seriously in error,
make this point clear in your report.

Nores

(@) The allowable stress in compression
members is less than that in tension members
to try to allow for column action (the
tendency to buckle elastically). In this case
an arbitrary reduction has been made; briefly
discuss whether the decision to make this
reduction is justified.

(b) The design of this simple structure is an
introductory exercise to illustrate features
common to all design problems. The

important ideas of allowable stress and
optimization are introduced.

(c) Beware of getting bogged down in algebraic
manipulations. Wherever possible, use a
qualitative geometric evaluation, to prevent
being enmeshed in mathematical detail.

PART 2 - DESIGN OF SIMPLE STRUCTURE (PRACTICAL)

GENERAL INSTRUCTIONS

Design and build a structure which rests on a flat,
horizontal surface (e.g. table or floor) and is capable
of supporting a copy of this text book. No part of
the base of the structure in contact with the
supporting surface may intrude into a circular
space 20 cm in diameter and 3 cm high directly
below the book being supported.

CONDITIONS TO BE SATISFIED

The structure is to be made exclusively from one
double page of a broadsheet newspaper, such as
the Melbourne Age, London Guardian, or the
New York Times (each page is about 85 cm by 60
cm), and no more than one metre of adhesive tape
(Scotch Tape or equivalent, 12 mm wide). The best
design will be that which supports the book at the
greatest height, # above the supporting surface.

The book is to be horizontal, the maximum
difference between the heights of any two points
on its upper surface is not to exceed 2 cm. The
book may not be stuck to the structure. The
structure is to be sufficiently stable so that when
the book is given a light tap it does not overbalance.
Alight tap is defined as the impact load experienced
when the lower end of a 30 cm scale, which is held
vertically and suspended from its upper end, is
withdrawn a horizontal distance of 8 cm and
released to hit the side of the book.

ipea Locs

Prepare idea logs containing sketches illustrating
ideas for a wide variety of structures, drawn neatly
and approximately to scale, together with brief
notes of the pros and cons of the alternative designs
considered. A fully dimensioned sketch of your
chosen design should be included.

For the purpose of this exercise, design means
determine the relative position of the three members making
up the structure, their lengths and cross-sectional areas.
Joints are not to be designed.
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5.4.2 Optimum design of octahedral
platform

This project is concerned with the design of a
structure of minimum mass. You are required to
design an octahedral platform capable of transmitting
to the ground a force P of 50 kN from a point O,
at some heighth above ground level. The octahedral
platform is formed by inscribing an equilateral
triangle (A, A, A,) on a horizontal base circle of
radius a centred on the origin O ;s in the ground,
and an opposed equilateral triangle (B, B, B,) on a
horizontal circle of radius b centred on O
vertically above O, with B, B, B, and O, lying in
a rigid plate (the };latform) The Vertices of these
base and upper triangles are connected with six
(6) uniform legs as shown in Figure 5.24.

B,

Figure 5.24 Octahedral platform

The structure must allow the force P to be
applied in any direction. It has already been decided
that the structure will be constructed of aluminium
alloy, density = 2,770 kilogram per cubic metre.
There is no restriction on the shape of the cross-
section of the members.

The axial stress in tension members is not to
exceed 85 MPa, while that in compression
members is not to exceed 40 MPa. You may assume
the weight of the tripod is small compared to the
applied load, and that the ground is sufficiently
stable to provide reactions for pinned supports.

INSTRUCTIONS

(a) Design the structure for the case where the
load application point O is 3 m above the
central base point O, at ground level (i.e.
h=3m),and a=25mandb = 1.0m.

(b) If there is no limitation on height h, determine
the optimum value of h for the structure of
minimum mass. (A graph of structure mass
versus base height would be helpful.)

(c) Prepare a report setting out clearly the
reasoning leading to your results. In your
report, use a flow chart to show the major steps
in the design. List all the assumptions used
in your design calculations and critically
review them. If you think that any of the
assumptions lead to over-simplified
calculations which could be seriously in error,
make this point clear in your report.

Nores

(a) The octahedral structure you are designing
in this exercise is very closely related to an
important class of robotic mechanism known
as a Stewart-Gough Platform (Stewart, 1965).
These are used widely in flight simulator
applications, and have also been employed as
manipulators in machining centres. In the
Stewart-Gough Platform, the six legs which
support the upper plate are all hydraulic or
ball-screw actuators. When these are
extended or retracted, they alter the position
and orientation of the supported plate in a
controlled fashion.

(b) For the purpose of this exercise, design means
“determine the relative position of the six members
making up the legs of the platform, their lengths
and cross-sectional areas”. Joints are not to be
designed, nor is the upper plate.

5.4.3 Determination of factors of safety

A tent-like awning is being designed to cover the
concourse of a large automobile service station.
The roof of the fent is to be fabricated from steel-
reinforced woven polypropylene fabric, and will
be constructed as several large bays, two of which
are shown in Figure 5.25. In order to secure the
edges of the roof material on adjacent bays, a large
number of hold-down ties are required. Their

| 255
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purpose 1s to maintain tension in the roof material,
and to anchor the roof to the ground.

Figure 5.25 Roof structure for proposed service station
(schematic)

|
|

Figure 5.27 Hold-down bar arrangement

Each hold-down tie consists of a long strap with
a cylindrical eye welded to each end, as shown in
Figure 5.26. The ties are attached to a hem in the
edge of the roof material by means of a continuous
rod which is threaded through both hem and eye.

The manner of their attachment to the
foundations is shown in Figure 5.27 — each tie is
retained between two M16 high-tensile anchor
bolts by a continuous clamping bar. The bolts are
carefully tightened to an axial force of 35 kN
(corresponding to approximately 20% of their
yield strength). The design value of fabric tension
in the assembled roof is 50 kIN/m. The ties are
made from stainless steel alloy 304, for which
untaxial tension tests have revealed the following
material properties:

S, =240 MPa; S, = 585 MPa; E = 210 GPa.

THE DESIGN PROBLEM

(a) List the possible modes of failure for the
major elements of the hold-down system.

(b) Why is a failure predictor required in order to
predict failure of the ties by yielding?

(c) On the basis of reasoned argument, decide
upon a suitable factor of safety to be used in
the design of the tie to resist yielding in
combined tension and compression.
Tabulate your calculation. Does the resulting
factor of safety seem reasonable?

(d) Use any necessary assumptions to estimate
the contact stress beneath the clamping bar.

(e) Using the Maximum Shear Stress Failure
Predictor (MSFP), design the tie to resist
yielding by a safety factor of 5.0. Ignore details
of the end connections.

Figure 5.26 Detail of service station roof material securing arrangements
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(f) Compare the actual factor of safety achieved
in your design with the values which would
arise if other failure predictors were used.
Comment on the significance of this
comparisort.

When using the Distortion Energy Failure
Predictor (DEFP), it is convenient to express the
stress-state of the component in terms of the von

Mises stress, o, where:

O, = \/o,2 +07+0,-0,6,-0,0,-0,0,

The distortion energy per unit volume is then
given by

1+

5

=—"0"

dist AV
" 3E

5.4.4 Assignments on fatigue

(a) Designing a better clothes peg

The Snappy Peg Company manufactures a brand of
clothes peg which relies on a helical torsion spring
to hold the two wooden body halves together and
to provide the closing force which clamps clothes
to a line. The company has been receiving reports
that some of these springs have fractured after
extended periods of service. Although the
consequences of these failures were minor, Snappy
is concerned about its product’s reputation for
quality, and has called upon your services as a
consultant to diagnose the problem.

E——

(b) Spring

Figure 5.28 Wooden clothes peg and spring

The general form of the peg and spring is shown
in Figure 5.28. Figures 5.29 and 5.30 respectively
show the spring geometry and deflections imposed
on the spring by the peg.

Figure 5.29 Spring geometry; The angle 8is defined in Figure
5.32; L= 20 mm: D=6 mm; d=1.6 mm; H,=5 mm;
=[56".

(b) Spring geometry (peg fully open)

Figure 5.30 Spring geometry; H =12 mm; =25.8°;
=18 mm; y=35.0°.

THE DESIGN PROBLEM

Your task is to check the existing spring design to
ascertain whether it is adequate to provide an
infinite fatigue life. In doing this, you should:

(a) Show that the vertical force P and separation
of the spring tips, 4y , are related by :

EI Ay

b= 2L
L’ cos® !;/[L + —3~]
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Definitions and some guidance for this proof
are given in the notes at the end of this
assignment.

(b) Sketch a graph of the stress cycle against time.

(c) Evaluate the mean and amplitude of the stress

variation experienced by the spring during
normal operation.

(d) Firstly, calculate an allowable stress in reversed

axial tension, S, for the material. Then
establish allowable limits for stress amplitude
(and/or mean stress) to ensure an infinite
fatigue life for this spring. [Hint: You will
need to construct a suitable A-M diagram in
order to show how you arrived at these
limits.] A factor of safety of F,=1.0 should
be used in this part of your caleulations —
why?

(€) Interpret the results of (c) and (d) to predict

the infinite fatigue resistance of these springs.

(f) If necessary, briefly outline the types of design

changes which could be made to improve the
spring’s fatigue life. What other effects on
the performance of the peg might these
changes have? (Note that you are not
required to determine the new value of any
design parameter.)

ADDITIONAL DATA

The spring is pre-tensioned (i.e. it exerts
some force on the peg even when the peg is
closed), as can be seen from the spring
deflection between Figures 5.30(a) and
5.30(b).

The spring is fabricated from round wire
having a diameter of d = 1.6 mm.

The coiled section of the spring consists of
five (5) full turns and a partial turn of wire
wound around the central axis of the coil ata
mean diameter of D = 6.0 mm.

The wire material is a high carbon spring
steel which has been quenched and tempered
to have the following properties:

S, =1700 MPa; S, = 1530 MPa;

S/ = 880 MPa; E = 200 X 10° MPa.

Coiled torsion springs such as this have a
non-linear distribution of bending stress
across the wire diameter from the inside to
the outside of the coil. The fibres on the

inside surface of the coil are most highly
stressed. This is usually accounted for by
multiplying the standard maximum bending
stress for a straight rod of the same diameter,
Op e = Md/2I, by a stress concentration
factor, K, where K. is derived from K and
the notch sensitivity factor, ¢, in the usual way.
For this geometry, the theoretical stress
concentration factor is approximated by:

K; = 4C-1 , where C=D/d.
4C -4
Taking notch size to be equal to the coil radius
of the spring, the notch sensitivity factor, ¢
for this material may be taken from Figure
2.32 (Chapter 2).

The surface finish factor, K, for this cold-
drawn material is given in Figure 2.34
(Chapter2).

(a) A helical torsion spring is really like a tightly

curved beam in bending. The wire of the
spring is subject to bending, not torsion. It is
called a torsion spring because the applied
loads tend to twist it about the central
torsional-axis of the coil. By implication, the
symbol I here refers to the second moment
of area of the wire about a bending axis:

1:”‘14.
64

(b) The spring shown in Figures 5.28(b) and

5.29(b) can be considered to be a system of
three springs in series, each of which
contributes to the vertical displacement of
the tips:

each straight end forms a cantilever spring
[refer to Figure 5.317 ;

-
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Figure 5.31 Deflection of a straight cantilever spring
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N coils —*

Figure 5.32 Deflection of a coiled torsion spring

* the coil forms one torsion spring
[refer to Figure 5.32].

(c) The formula in Figure 5.32 is based on the
simplifying assumptions that the bending
moment in the coil is constant, and that the
effects of tight curvature can be ignored in
the calculation of strain energy. These are
both reasonable approximations in this
problem.

(b) Detent mechanism

Leaf springs are useful in situations requiring
simple, cheap and compact spring components
with relatively small deflections. One such
application is the defent mechanism for a new model
of Dummo™ labelling gun. These guns imprint
alphanumeric characters onto coloured adhesive
tape for labelling purposes. Characters are selected
from a range of fifty letters, digits and punctuation
marks arrayed around the periphery of a plastic
print wheel, which is spun by the thumb and
forefinger in order to select a desired character.
The detent mechanism serves to locate the selected
character centrally over the tape before imprinting,
A general arrangement of the leaf spring in contact
with some of the 50 detent teeth of the plastic print
wheel is shown in Figure 5.33.

Because the detent mechanism 1s actuated fifty
times for each rotation of print wheel, and because
the print wheel is rotated many times to produce
an average label, it is necessary for the leaf spring
to withstand a large number of stress cycles during
its service life.

Your task is to design the leaf spring for infinite
fatigue life. The dimensions of the spring are up
to you to decide, except that:

(i) the angle a has been already fixed at
approximately 10°, giving a deflection of
0.5 mm each stress cycle.

(ii) for space reasons, it is suggested that the
half-length, ¢, should be about 10 mm.

80 mm diameter h
50 teeth b

Figure 5.33 Detent mechanism

THE DESIGN PROBLEM

(a) Show that for a centrally loaded beam such
as that in Figure 5.34, the relationship
between force and deflection is given by:

SE wt’

20088 1’

pP=

£l

where E = Young’s Modulus, and other
symbols are defined in Figures 5.33 and 5.34.
Note that standard formulae pertaining to
cantilever beams and rectangular cross-
sections are given in the Appendix.

beam p zero deflection datum

(E 1) E

‘ deflection

assumed small

Figure 5.34 Leaf spring geometry under load (exaggerated)

(b) On the basis of the previous expression for P
(see above), write down an expression for the
maximum bending stress in the spring.
Assume that when the plastic wheel is in the
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oricntation shown in Figure 5.33, the spring
and wheel are just lightly touching each other
(i.e. assume this corresponds to the zero
deflection datum position of the spring).

(c) Sketch the graph of stress versus time for the

spring when in use. Identify the mean stress
and the stress amplitude on this graph.

(d) Calculate an allowable stress in reversed axial

tension, S, for the material. The spring is
to be made from heat-treated medium-
carbon steel having S’ =420 MPa and
S, =820 MPa. The surface finish
corresponds to that for a ground component.
The bend in the centre of the spring is to
have a radius of r = 1 mm, on which basis a
theoretical stress concentration factor,
(uncorrected for notch sensitivity of the
material), can be estimated from the brief
table supplied®®. A factor of safety of
F; = 1.5 may be used. Briefly justify , if
possible, this low value for F,.

(e) Using the intermediate results obtained so

far, develop a design inequality for the
thickness, ¢, of the leaf spring to ensure
infinite fatigue life. This inequation should
relate ¢t to other constants and parameters
including, E, ¢, §and «.

[Hint: you will need to consider the A-M
Diagram.]

(f) Calculate a suitable thickness for the leaf

spring, using the suggested value for (.
Available sheet-metal thicknesses (based on
preferred metric sizes) are listed in Table 5.3.

(2) It can be shown that in order to rotate the

print wheel, a tangential force of
approximately

F= P(tana+,u)

must be exerted on its rim. The manufacturer
has specified that F, must lie between 0.5 N
and 1.5 N, so that the dangers of repetitive
strain injury are minimized. Given a value
of u= 0.1 for the coefficient of friction
between the steel and plastic surfaces, select
an appropriate width, w, for the leaf spring.
If necessary, you may vary your previously
selected values of 1 and 7, as long as all design
inequalities remain satisfied.

5.5 The figures in Table 5.2 are based on data from Peterson (1974)

(h)Summarize your final spring dimensions in
a table or diagram.

Table 5.2 Stress concentration factors

t/c K,

1.5 1.9

2 1.5

2.5 1.4

3.0 1.3

Table 5.3 Available ferrous sheet
Thickness mm Thickness mm
First Choice | First Chaice | First Choice | First Choice
(RIO) (R20) (RI0) (R20)
0.1 0.1

0.112 112
025 0.125 1.25 1.25
0.146 1.40
0.160 1.60
0.180 1.80
0.200 0.200 2.00 2.00
0.224 2.24
0.250 0.250 2.50 2.50
0.280 2.80
0315 0.315 315 3.15
0.355 3.55
0.400 0.400 4.00 4.00
0.450 4.50
0.500 0.500 5.00 5.00
0.560 5.60
0.630 0.630 6.30 6.30
0.710 7.10
0.800 0.800 8.00 8.00
0.900 9.00
1.000 1.60C 10.00 10.00
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Table 5.2 is based on stress concentration factor
data for curved (r = radius of curvature)
rectangular cross section beams (beam thickness
=2c in the plane of curve), subject to bending in
the plane of the curve. Table 5.3 is based on preferred
number series (refer to Appendix B for an
explanation of preferred number series).

5.4.5 Assignment on columns

A farmer intends to fabricate a large number of
steel-framed gates for a rural property. The general
layout of the gate is shown in Figure 5.35(a). F rom
prior experience, it is believed that such a gate
experiences its worst-case loading (worst credible
accident) when a heavy human operator stands on
the end of the frame to swing it open. For this
reason the design is to be based on the loading
configuration shown in Figure 5.35(b). The gates

will be welded from rectangular RHS (rolled hollow
section) chosen from Table 5.4. F or aesthetic
reasons, all seven structural members of the gate
frame will be made from the same sized section,
and oriented to have the larger cross-sectional
dimension (D) in the plane of the gate as shown
in Figure 5.34(c).
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(a) By evaluating the axial forces in this truss

system, identify which structural members
of the gate frame are subject to axial
compression and show that the axial force in
sections QS and SU 1s given by -W/tan 6,
which also equals -WL/2H.

(b) Demonstrate why the critical buckling

condition (i.e. the most likely buckling failure)
is for member QU to buckle normal to the
plane of the gate.

(¢) Design the gate (i.e. select a suitable steel section)

to resist such buckling with a factor of safety
of F, = 5.0. State any major assumptions,
including those concerning end fixity, plane
of buckling, and effective length. Justify your
choice of equation for calculating the
buckling resistance of the relevant members.

ADDITIONAL INFORMATION

For the steel to be used in these gates:

E = 210x 10° MPa;
material yield stress, S = 240 MPa.

Young’s Modulus,

e (a)Farm gate layout (not to scale)
L=60m H=12m

Figure 5.35 Farm gate
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5.4.6 Assignment on bolted joints

A piston / conn-rod assembly has failed in service.
The broken components are given to a consultant
for inspection who finds that:

the conn-rod is bent, the piston is broken,
and the big end bolts have been snapped;

upon close examination of the failure surface,
one of the big end bolts appears to have failed
in fatigue and the other in direct tension.

The general form of the reciprocating
mechanism is shown in Figure 5.36. In addition,
the following information 1s available:

Masses:
Piston = 1.0 kg; Conn-rod = 1.1 kg.

Small end and big end bearing shells
= 0.035 kg each.

Two bolts and washers = 0.065 kg total.

The big end bolts are metric property class
10.9, having S, = 830 MPa and S, =
1040 MPa. They are M10 hexagonal head
bolts with a nominal shank diameter of
10.0 mm and head size of 16.0 mm across
flats. They have rolled threads, with a pitch
of P = 1.5 mm.

The bolts were pre-loaded to a torque of
61 N.m and it may be assumed that this

represents a 32 kN bolt load when the system
1s stationary.

Table 5.4 Sectional properties of rolled rectangular hollow sections

Nominal Second Second
Size Depth Breadth Wall Thick-ness Area Moment of Moment of
Designation of Section of Section of Section Area (2-2) Area (y-y)
D B t A Izz by
mm mm mm mm* mm® x 10° mm® x 10°
50x25x25 50.8 254 2.6 357 0.108 0.0358
50x25x3 50.8 254 3.2 426 0.124 0.0405
65 x40 x 3 63.5 38.1 3.2 591 0.299 0.134
65 x40 x 4 63.5 381 4.0 747 0.348 0.154
75x 40 x 3 76.2 38.1 3.2 674 0.475 0.159
75x40 x4 76.2 38.1 4.0 820 0.588 0.184
75x50x3 76.2 50.8 32 756 0.585 0.311
75x 50 x 4 76.2 50.8 4.0 924 0.692 0.366
75x50x 5 76.2 50.8 49 1.080 0.785 0.413
75x50x6 76.2 50.8 6.3 1.350 0.919 0.479
90 x40 x 3 88.9 381 3.2 756 0.705 0.184
90 x 40 x 4 88.9 38.1 4.0 924 0.833 0.214
100 x 50 x 3 101.6 50.8 3.2 921 1.20 0.404
100 x 50 x 4 101.6 50.8 4.0 1,130 143 0.479
100 x 50 x 5 101.6 508 4.9 1,330 .64 0.544
100 x 50 x 6 101.6 508 6.3 1,670 1.95 0.640
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Figure 5.36 Reciprocating mechanism consisting of Piston,
Connecting rod (Conn-rod) and Crank; a = 52 mm,
b=137mm, w=314 rad/s

THE DESIGN PROBLEM

(a) The linear acceleration of the piston, f,, varies
with crank angle (and therefore with time)
according to (Bevan, 1955)

; z_awz(cosewcwze)

It is worthwhile deriving this simple equation
from first principles, since it clearly implies
that for long conn-rods (i.e. b>>a), the
piston acceleration may be closely
approximated by the horizontal component
of the big end’s centripetal acceleration,

Sy poa = —a@’Cos6.

rd - N 5 o
4 /,—x-&_l,,-Jr\f' -----
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Figure 5.37 linear acceleration of the piston versus crank
angle. The horizontal component of the big end’s centripetal
acceleration is also shown (dashed) for comparison.
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What would be the percentage error in
making such a simplifying assumption in this
case (refer to Figure 5.37)?

Evaluate the maximum external force, F,
experienced by each bolt during engine
operation at this speed? (Ignore pressure
effects in the cylinder.) By sketching an
appropriate graph, show the manner in which
F varies with time.

By making suitable estimates and
approximations concerning the relative
stiffness of the bolt and the clamped big end
of the conn-rod, calculate the variation in bolt
force, F, .

(c) State the likelihood of this failure being
caused by fatigue. What further information
would you need to come to a firm decision
regarding the failure mode?

(d) Describe the effect on the fatigue resistance
of the bolts of:

* usinga relatively soft gasket material (such
as copper or bronze) in the bolted joint;

* using bolts which have the same stress area
as the exasting bolts (see below), but have
their shank area reduced as shown here in
Figure 5.38.

)

Figure 5.38 Reduced-shank bolt

ADDITIONAL INFORMATION

* For metric bolts, the effective stress area (i.e.
the minimum cross-sectional area used for
calculating worst-case tensile stress at the
threads) is calculated to be :

el

b

Y/,
4=7 (4-0.9382P)

* whereas the cross-sectional area of the shank
is simply given by :
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¢ For steel bolts and conn-rod : E = 210 GPa.

* The following equations describe the effect
of a variable externally applied force F on the
two other major forces in a bolted joint:

— Bolt force variation:

k
F =F. _t
, = F,; +F b +k fequn. (4.8)]
J
— Joint force variation:

k.
F =F, -F—/—

j k, +k [equn. (4.9)]

Nores

(a) The maximum acceleration along the axis of
the conn-rod is found to be -7073 m/s2,
which occurs when the piston is at top dead
centre (crank angle 8 = 0°).

(b) You may use the simplifying assumption that
2/3 of the conn-rod mass is included in the
total reciprocating mass.

(c) Use suitable assumptions to estimate the
value of S_for the bolt.

5.5 Some cautionary notes

5.5.1 A cautionary note about sign
conventions

Throughout this book we have used consistent
sign conventions for bending moments, shear
forces and shear stresses. In Chapter 2, where we
have first introduced these sign conventions, there
was no indication that our conventions are anything
but widely accepted procedures throughout the
profession. Consequently, the unwary,
inexperienced, user of simple structural models
based on bending moment and shear force
diagrams might become concerned when
confronted with other texts or other disciplines,
where our sign conventions are no longer obeyed.
The purpose of this brief note is to explain the
rationale behind our sign conventions and to point
out that the structural world is not governed by

unassailable absolute coordinate systems and sign
conventions. As the name suggests the notion of a
convention is that of a consistent rather than some
absolute frame of reference.

(a) Bending moments and shear forces.

The long axial direction along a beam’s neutral axis
1s chosen as the x-axis. The y- and z-axis directions
are transverse to the x-axis and their orientation is
determined by the right-hand screw rule.

In the x-y plane, centrally loaded, simply
supported horizontal beams will deflect in the
direction of the load, independent of the positive
axial direction chosen for the load.

The governing moment-deflection equation

Moy
R

EI

has the sign of the right hand side (RHS) of the
equation determined by the y-axis direction chosen
for the elastic curve. When the positive y-axis is
chosen in the same direction as the radius of
curvature R of the elastic deflection curve, the RHS
of the moment equation becomes negative. This
was the sign convention chosen in some earlier
structural analysis texts (see for example
Timoshenko, 1955). Conversely, when the positive
y-axis is chosen oppostte to the radius of curvature,
R, the RHS of the moment equation becomes
positive. This is the sign convention chosen by
many current texts on structural analysis (see for
example, Young, 1989; Benham et al., 1997). We
have adopted this sign convention in our book, as
seen 1in Section 1.3.2.

The relationship between shear force, V, and
bending moment, M, is chosen to be

y=9. M = [Vix.
dx
Once we have chosen a sign convention for
bending moment, the sign convention used for
shear force is consistent with the above
relationship.

The colloquial terminology adopted in some
texts is that of positive moments for sagging beams,
where the elastic deflection curve has a negative
radius of curvature, R, and negative moments for
hogging beams, where the elastic deflection curve
has a positive radius of curvature, R.
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The sign conventions we have adopted for
bending moment and shear force are illustrated in
Figures 1.25 and 1.26 in Chapter 1.

(b) Shear stresses

Sign conventions adopted for shear stresses are
governed by several geometric constraints. In
adopting the conventions described above for shear
force, we have chosen to recognise anti-clockiwvise
shear forces as positive. Correspondingly we might
intuitively expect to find anticlockwisc acting shear
stresses on an element (as seen in Figure 2.9b) as
positive. That is indeed our choice of convention,
but not for the reason of consistency with shear
forces. Our choice of convention is based on the
notion that shear stresses acting in the positive
direction of an axis are positive.

Consider the element, illustrated in Figure 2.9
in Chapter 2, and a face of this element parallel to
the yz-plane, with its outward pointing normal in the
positive x direction. A shear stress acting on such a
face in the positive y-axis direction is the positive

T, This is the convention we have used for
descrlbmg shear stresses.

In some texts (see for example Shigley, 1986) the
convention for shear stress is taken to be positive
when acting clockwise. The rationale for this choice
of convention rests with the Mohr’s circle
construction. With this convention, the angle of
rotation necded to transform the combined-stress
axes into the principal axes (zero shear stress) is in
the same sense as on the Mohr’s circle figure as it
is in the physical element. In our convention, the
sense of this rotation on the Mohr’s circle figure
is in the opposite direction to that in the element.
The effect of our choice of convention for shear
stress is illustrated in Figure 2.10. Again we hasten
to caution readers that this convention is just as
much a matter of convenience, as long as
consistency 1s maintained, as it is for bending
moments and shear forces.

5.5.2 A cautionary note about material
selection

We have discussed material selection briefly in
Chapter 2. Novice designers might easily form a
misconception based on our brief discussion and/
or any of the myriad material selection references
available to modern engineers. This misconception
is that the science of new materials has alrcady

|

made and will continue to make great impact on
the performance and cost of engineered products.
We feel compelled to influcnce this perception by
some bricf quotations from Professor J. E.
Gordon’s wonderful book, Structures or Why Things
Don’t Fall Dowwn (Gordon, 1976,1979) .

In the section of the book dealing with “Materials,
Fuel and Energy”, Gordon explores the notions of
energy efficient materials for a great varicty of
applications. He writes:

“...Many attempts are on foot at present to collect energy
Sor technology from diffuse sources, such as the sun, the
wind or the sea. Many of these are likely to fail because
the energy investment which will be needed, using
conventional collecting structures built of steel or concrete,
can not yield an economic return. A quite different approach
t0 the whole concept of ‘efficiency’ will be needed. Nature
seeins to look at these problems in terms of her ‘metabolic
investment’, and we may have to do something of the same

kind.

It is not only that metals and concrete require a great deal
of energy, per ton, to manufacture... , but also that, for
the diffuse or lightly loaded structures which are usually
needed for systems of low energy intensity, the actual weight
of devices made from steel and concrete is likely to be very
many times higher than it would be if we used more
sensible and more civilised materials.”

Gordon goes on to explore material behaviour
using the parameter of structural efficiency. For many
high technology structures, such as those used in
the aerospace industry, this parameter of structural
efficiency translates to the specific Young’s modulus, E/p.
For columns it converts to (E/p)"* and for flat

panels, to (E/p)"". He writes about this aspect of
matcna performance
“...It happens that for the majority of traditional
materials, molybdenum, steel, titanium, aluminium,
magnesium and wood, the value of E/p is sensibly
constant. It is for this reason that, over the last fifteen or
fwenty years, governments have spent large sums of money
in developing new waterials based on exotic fibres such as
boron, carbon and silicon carbide.

Fibres of this sort may or may not be effective in
aerospace; but what seems to be certain is that not only are
they expensive but they also need large amounts of energy
to make thent. For this reason their future use is likely to
be rather limited, and, in my own view, they are not likely
to becomne the ‘people’s materials’ of the foreseeable future.”

One might argue that this last part of Gordon’s

quote is a little anachromstic in the light of kevlar
climbing ropes, carbon fibre fishing rods and golf
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Table 5.5 Comparative materil performace (After Gordon, 1976)

Material mizz;i};sre equz?;/lent Elp E%fp E%/p S;ZZ;S Sé;irgtyh
Gjfronne tonne/tonne

Steel (mild) 60 1.5 25,000 190 7.5 { {
Titanium 800 20 25,000 240 1.0 i3 9
Aluminium 250 6 25,000 310 15.0 4 2
Magnesium 24,000 380 20.5
Glass 24 0.6 25,000 360 17.5
Brick 6 0.15 7,000 150 9.0 0.4 0.1
Concrete 4 0.1 6,000 160 10.0 0.3 0.05
f(fr;i‘i)’; ,,f:’e 4,000 100 100000 700 29.0 17 17
Wood (spruce) / 0.025 25,000 750 48.0 .02 .002
Polyethylene 45 Il

Note: Stiffness energy = the energy required to ensure a given stiffness in the structure as a whofe;
Strength energy = the energy required to ensure a given strength in the structure as a whole.
The figures in the last two columns are based on mild steel being unity and they are very approximate.

clubs, and large segments of automobile bodies
making use of fibre-impregnated composites.
Nevertheless we should be very cautious in
dismissing Gordon’s views, particularly when we
consider his comparative figures offered in
Table5.5.

Professor Gordon cautions readers of his book
that the figures in the first two columns of Table
5.5 are either close approximations or informed
guesses. Our objective here is to point out that even
if these figures are of the right order of magnitude,
and they are certainly at least that reliable, there is

an opportunity to make not only more effective,
but environmentally more responsible choices in
materials of construction.
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THE EVOLUTION OF DESIGN PROBLEMS

For when the One Great Scorer comes to mark against your name,
He writes — not that you won or lost — but how you played the Game.
Grantland Rice, American sports writer in "Alumnus Football (1941)

We now focus on some general issues about the
whole process of designing. In doing so, our
presentation needs to be placed in a context of the
designer’s task mix. Almost all design is done by
humans, who take on various roles during the
management of the whole design task. This part
of our discussion makes specific reference to those
aspects of the design activity that are (currently)
still the exclusive domain of the human mind.

We are being somewhat pedantic in implying that
not all design is performed by human beings. In
the context of artificial intelligence (AI) there is a
substantial school of thought that deals with
automated design. It has long been the dream of Al
practitioners that once the requirements and design
boundaries have been determined, a computer
programme can intelligently resolve most, if not
all, conflicts in a design. In the introductory chapter
to Intelligent Design and Manufacturing (Kusiak,
1992), Kannapan and Marshek write:

“...substantial research effort in the area of engineering
design has been directed at significantly improving the
productivity of the design process.”

This statement clearly identifies the process of
design as requiring some improvement in support
tools so that the human designer may be more
productive in the delivery of design results. Some
of these tools are referred to as computer aided
design (CAD) or decision support systems (DSS).
CAD is often interpreted as the process of
preparing virtual design embodiments by solid
geometric modelling programmes (for example
AutoCAD, Pro/ENGINEER, UnigraphicsCAD,
CATIA and SolidWorks, to name just a few of the
geometric modelling products available).
However, computer support has a far wider
influence on design than that encompassed by

mere geometric modelling. Kinematic and
dynamic modelling of engineering systems,
thermo-fluid modelling of complex thermal and
flow processes, and even process modelling of
robot based manufacturing offer substantial
support for the designer beyond the embodiment
activity. Sophisticated search and logic programmes
(sometimes referred to as search engines and inference
engines) provide help with resolving complex
interactive design requirements. Yet in spite of the
available, impressive, array of tools for computer
based design, they can not be expected to replace
the most important design-front-end activity of the
human designer. What is invariably the
commencement point of any design 1s the
recognition that a need for design exists. Once the need
has been identified, many conflicts must be negotiated
through to some comprehensive statement of
objectives and requirements of the ultimate design (the
result of the design process), and the way we might
measure the succes of the result (design criteria). It
is this critically important human-directed aspect
of designing that ultimately determines the
majority of the features of the design result.
Chapter 6 briefly introduces the various
elements of the design process, and Chapter 7
presents some useful decision making tools. We
introduce the notion that design is not a science, but
a discipline, where there are no easily refutable
conjectures. As a direct result of this notion, we can
not suggest that the design approach we propose
is mandatory for best results. On the other hand,
in what follows we try to develop a disciplined way
of thinking about the general process of design,
specifically useful for inexperienced designers.
While our approach in Part 1 followed a slightly
deconstructionist approach to design for structural
integrity (structural distillation), Part 2 follows a
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strongly constructionist approach to design. We still
need to see problems through the designer’s eye.
However, here we need to see the whole as it
becomes constructed from the several parts rather than
the other way around.

6.1 Cultural development of the
designer

“Without confidence in its own culture, a nation does not
seriously exist.” Donald Horne®'

Author and academic, Professor Donald Horne,
was referring to a country’s cultural awakening,
but his comment may equally well be understood
in terms of a growing interest in the design and
development of high quality engineered products.
Almost half a century ago, media guru, Marshall
McLuhan, wrote (McLuhan and Fiore, 1967):

“Ours is a brand-new world of allatonceness. “Time’
has ceased, ‘space’ has vanished. We now live in a global
village...a simultaneous happening.”

McLuhan was referring to the psychological
effects of globalised media. Even he could not have
foreseen how globalised media would impact on
manufacturing competitiveness. Manufacturers
can directly access suppliers’ databases at the “flick
of a keyboard” anywhere in the world, day or night.
Consumers are constantly exposed to
internationally demanded standards of product
quality. Many large manufacturers can now source
manufacturing technology, and have direct access
to product quality management tools, from
anywhere in the world. These factors are largely
responsible for such products as the MDX
helicopter (see Figure 6.2), fuselage made in
Australia, engine in England, gearbox in Israel.
Also, many manufacturers of consumer products
supply parts and even whole assemblies to a wide
range of market outlets. The term for some of these
products is “badge engineering”. Fashion houses like
Calvin Klein and Gucci don’t manufacture watch
movements, yet they market watches.

In such an agressive atmosphere of marketing
no manufacturer can now afford to spend five years
in cradle-to-launch activities (typical time period
for new models of automobiles). Where products
involve computer technology, there is an even
greater urgency to deliver to market. Most
computing chips have a useful technology
advantage for relatively brief periods of the order
of one or two vears.

With many consumer products, the
manufacturer’s competitive advantage (edge) results
from agility (the capacity to rapidly respond to
market demands). For products that rely on
significant specialist engineering expertise, such as
hydraulic turbines, turbo-alternators, or aerospace
products, the competitive edge results from flexibility
(the capacity to respond to a wide range of
alternative design requirements).

Designers have significant influence in both
aspects of manufacturing, agility and flexibility. In
addition, quite apart from its marketing
significance, a well designed and manufactured
product can act as a source of national pride and a
driving force for developing a strong and vibrant
design culture. In this culture we find that the
disciplines of engineering design and industrial design
appear to have developed separately but in parallel.

The Encyclopaedia Britannica describes
industrial design as:

“...design of products made by large scale industry for
tass distribution. Designing such products means, first,
planning their structure, operation, and appearance, then
planning these to fit efficient production, distribution, and
selling processes. Clearly, appearance is but one factor in
such a complex process. Nevertheless, in consumer goods
especially, appearance design is widely accepted as the
principal virtue of industrial design; it is that portion of
the whole least subject to rational analysis and, like craft
secrets of the past, most advantageous in commercial
competition. On the other hand, design of equipment for
production, for services, and for sports is expected to
demonstrate utility, but in these products, too, appearance
design is increasingly important.”

This is a highly simplified description of what
industrial designers do, and, in essence, it is not
all that different from what we might expect that
engineering designers do. Perhaps the best way to
describe the difference and the commonality
between the two disciplines, industrial and
engineering design, is to focus on the considerable
specialist and organisational skills each discipline
needs to encompass. The industrial designer’s
specialist skills might be seen to lie in the visual,
ergonomic and material selection aspect of design.
The engineering designer specialises in technical
analysis, mathematical modelling and structural
integrity issues. In many design situations there is
significant overlap in the task mix of both types of
designers.
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6.1.1 Engineering design as wisdom

Engineering designers have been struggling with
the definition of the discipline since 1966, when
the first conference on engineering design was held
in England (Gregory, 1966). The discipline is
supported by a substantial body of literature (see
the Annotated bibliography of engineering design in our
reference list), yet most institutions teaching
engineering design do not have a prescribed text
for supporting the presentation of general design
procedures. Many institutions feel compelled to
offer their own versions of design to
undergraduates, including a combination of guided
design exercises and lecture material. It is
commonly hoped that the guidance in the design
exercises will convey and instil some elements of
the general design process.? Qur experience is that
application of the general design principles is
heavily infuenced by the technology context within
which the project is set (Samuel and Weir, 1991).
This process of building contextual or domain-
specific experience has been referred to by French
as received wisdom (French, 1988).

Gaining wisdom in engineering design, whether
domain-specific or general, is a process that is low
in procedural content and is often difficult to
articulate. We quote McLuhan again®’, whose
highly appropriate description of media is equally
applicable to the formal design process as we
proceed from need to design objectives:

“Environments are invisible. Their ground rules,
pervasive structure, and overall patterns elude easy
perception.”

This is the portion of the whole design
experience least subject to rational analysis. Broadly
speaking, the engineering design discipline is an
embodiment of current engineering culture. In
that sense, it encompasses the current practices,
ethics and linguistic character of all that exists and
all that has gone before it in engineering. The
essential objective of this book is to reveal and
highlight the key features of that culture to young
engineers.

6.1.2 Engineering design as discipline

First of all we note that engineering design is a
discipline, with disciples who follow and ultimately
disseminate the discipline to others. Consequently,

the discipline is a lifelong learning experience and
engineering design is as much about the practice
of engineering as it is about the education of
engineers to deliver that practice in the most
etfective way.

The engineering design discipline is often
sharply contrasted with the engineering sciences,
which are doctrines, rather than disciplines. These
doctrines commonly presume some model of
reality to enable them to deliver their predictions
of behaviour along the lines of their current
orthodoxies. Engineering science develops along
the rigorous paths of the well recognised scientific
method, involving model building and
experimental verification. Engineering science
looks for easily refutable (testable) rules for
predicting model behaviour. Unless a rule can be
tested, and refuted if false, it has no place in
engineering science.

Engineering design is a problem finding and
problem solving procedure. While it is strongly
based in information management, it is not science.
Nevertheless, we make consistent and substantive
use of engineering science models for problem
solving. Moreover, our problem solving methods
follow closely the procedures used for scientific
problem solving. These procedures have at various
times been identified as the design method. Using a
design method, or a prescriptive procedure for
managing design information does not constitute
design science. There is a sharp difterence between
our design discipline and the doctrinaire sciences.
While we often use the design method for problem
solving, it represents a sufficient, though not necessary,
procedure. There is no way of verifying (or
refuting) the proposition that only the design method
leads to useful design solutions. What, in fact, can we
identify as wuseful design solutions? What are the
dimensions of a good design? These and associated
issues are the subject of this second part of our
book.

Both engineering science and engineering design
are living organisms that respond to changes in
technology and philosophy. However, the lead
times for changes in the design discipline are, of
necessity, shorter than the lead times for doctrine
changes in science. As an example, the change from
Newtonian mechanics to relativistic mechanics
took several hundred years, while the change from
horse-drawn vehicles to the automobile took less
than 50 years. In printing the change from manual
typesetting has changed to electronic typesetting
in about 20 years.

6.2 A strong reminder of the older style of master-apprentice form of engineering training

6.3 MclLuhan and Fiore (1967), loc. cit.

o T 2m



2227 T

The evolution of design problems |

The culture of engineering science is rich in
procedure. Thermo-fluid science relies heavily on
the Navier-Stokes and Bernoulli’s equations, and
the various laws of thermodynamics. Mechanics
of solids makes consistent use of equations based
on energy conservation. While we have no such
well established rules in engineering design, there
are some design-support procedures that result in
credible and effective design problem
management. Clearly, the design discipline has its
origins in an artisan culture. Great engineering
designers of the last century such as Stephenson,
Watt, and Brunel had no formal training in design,
but rather acquired their considerable design skills
and engineering wisdom amidst the apprenticed
artisan culture of the day. Nowadays, maintenance
of an informal artisan character in design would
serve to relegate the discipline to one seriously
lacking in scholarship. However, the benefits of
acquiring experience and judgement through
extended association with a “master practitioner”
should not be dismissed.

It is instructive to examine the experience of
Michael Faraday (1791-1867), widely regarded as
the father of electricity. Of necessity, Faraday left
school at age 13. At age 22 he was taken on as Sir
Humphrey Davy’s bottle washer and commenced
his own experiments at age 29. Davy (1778-1829),
a chemist with a considerably more affluent
background than Faraday, was by this time the
director of the Royal Institution. Consequently,
Faraday was exposed to the substantial wisdom of
Davy for seven years before commencing his own
experiments. Faraday’s genius could be easily
mistaken for the triumph of nature over nurture,
thereby ignoring the beneficial impact of formal
training.

The Wright brothers had no more formal
schooling than did Faraday. Yet they were able to
triumph in the design and construction of flying
machines, when many formally trained engineers
and scientists failed before them (Kelly, 1996). In
fact, they conducted carefully planned experiments
and made extensive use of the received wisdom of
their trade art in bicycle manufacture.

Perhaps the most significant issue in the
development of a credible design culture is the
recognition of the need for formal training in
design discipline. Here we refer not to the practice
of design, but to the carefully controlled application
of its procedures.

6.2 Design problem solving

In his book, Invention and evolution, Michael French
(1988) describes the design requirements of a
humble clothes peg. In 1988 he claimed this to be
an unsolved problem, but his description of the
design detail in this apparently simple device we
all take for granted, is a classic example of the
richness of design studies. French in his description
of the design problem did not suggest that there
were no useful embodiments for clothes pegs, but that
all these embodiments are the result of
manufacturing compromises that leave many of the
original design needs unfulfilled.

Another example of difficult consumer product
design is the bayonet fitting on household electric
lights. The connection between the light globe and
the socket is made via two, low melting point,
metal contacts on the rear of the globe.
Unfortunately the heat from the incandescent
globe softens these contacts, and the spring loaded
socket contacts embed themselves in the soft metal.
When the globe burns out, it becomes almost
impossible to remove. To make matters worse, on
the light fitting the handedness of the screw securing
the socket to the fitting is invariably the same as
that of the bayonet fitting. Hence, when trying
unsuccessfully to unscrew burnt out globes, one
inevitably unscrews the whole socket assembly
(refer to Figure 6.1).

Figure 6.1 Household electric light globe fitting

Design involves both the intellectual and
emotional substance of the designer. Intellectual
because designing requires considerable analytical
skill. Emotional because the designer is a human,
designing for other humans, and this process
brings with it a vast grab-bag of issues the designer
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must take into account. We refer to the
environmental, social, aesthetic and economic
nature of design. The designer must be aware of
these matters to allow modification of the designed
product accordingly. A key feature of a good
designer is the ability to consider many points of
view and to arbitrate between them to the overall
benefit of the designed product. Another key
teature of good designers is their capacity for
coping with change (flexibility). In executing design,
the designer must progress through an ever
changing tableau of ideas and conflicts that bear
on the ultimate outcome. This is true even in such
simple, familiar products as the clothes peg and
the light fitting.

Petroski (1996) presents the design process
through the experiences of the inventor,
identifying no less than 10 distinctly different
patents for the simplest of engineering artefacts,
the paper clip. As French (1988) has noted, “design
is a rich study”.

As a first step in the development of design skills
we need to characterise the substance and extent
of design. There are at least three components to
this characterisation. The first of these is the designer.
We recognise that the designer is mainly human,
although, as noted earlier, there is considerable and
rapidly growing interest in artificial intelligence as
a means of automating design (Brown etal., 1992).
Hence we can argue that, at least in some situations,
the designer may be significantly aided by a machine.
Furthermore, the designer is often a group. When
group responsibility is taken for a given design,
the dynamics of team interaction come into play.
Under these circumstances the team leader must
be not only aware of the nature of these dynamic
interactions, but capable of handling conflict
negotiations.

Evaluation of psycho-social interactions involved
in team dynamics is outside the scope of this text.
Nevertheless, we need to recognise that
engineering product design is rarely the domain
of the individual. Perhaps the most challenging
feature of participating in a design team is the
individual ambition to add value to the ultimate
result. The task of the effective team leader is to
extract the best possible value from each individual
in the team.

The second, equally important, component of
design is the procedure adopted for design. Although
this procedure is not rigidly defined, many of its
steps are repeated in every design. In a formal way
this is referred to as the design method. We also refer,

among design practitoners, to the design method
as an essentially transportable property of all design
experiences. When reviewing case examples in
design, it may be very tempting simply to adapt
the procedures used for designing solutions to a
problem similar to our problem. This is a false
interpretation of the objectives of case examples,
whose intent is to focus not on the destination but
on the journey.

The third component of design is the product we
are designing. Designers are called upon to address
a vast range of products, but at this early stage of
our discussion we do not focus on any specific
product. Suffice to say that not all products are
designable by all designers. Each product must be
seen in its own context of application, since there
is a considerable range of ideas and conflicts which
are peculiar to the operating environment of a
specific product (domain-specificy. Moreover,
experience and growing expertise in the design of
specific products brings with it a kind of wisdom
not easily transported to other domains of product
design. Typically, specialist expertise in the design
of rock-crushing machinery or steam engines has
little relevance or transportability to jet engine or
electric alternator design.

6.2.1 The designer as a person

Any discussion of the human designer must
necessarily identify the skills possessed by the
designer and how these skills are to be developed.
We describe the behaviour of the human
engineering designer in the context of design. We
seek to distinguish those characteristics of the
designer that influence the process of designing.
This will enable us to recognise characteristics we
need to develop in becoming good designers.
Engineering design is a relatively young
discipline. James Watt (1736-1819), the inventor
of the condenser for steam engines, was a land
surveyor, colliery superintendent and
businessman. Eli Whitney(1765-1825), the
inventor of the cotton gin, was responsible for the
modern concepts of mass production. Isambard
Kingdom Brunel (1806-1859) designed and built
railways, bridges and ships, in addition to working
as an architect. Watt, Whitney and Brunel, among
other great engineers, clearly performed tasks that
are currently regarded the domain of engineering
design. Yet these activities in the late 18th and in
the 19th centuries were simply included into the
broad general role of engineering. With the
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evolution of a great diversity in manufacturing
technology, the artisan-engineer evolved into the
manufacturing specialist and design specialist.

Coupled with the evolution of diversity in
manufactured goods there has been a consistent
evolution and development of specialist
experimental and analytical tools in engineering,
demanding some highly specialised technical skills.
The engineering designer can not be expected to
be equally conversant with all of these various
specialties. Nevertheless, we must be sufficiently
informed about them to identify those aspects of
the design where they apply and to link the proper
technology to these aspects of the design.

As we will demonstrate, the most significant skill
of the engineering designer is the capacity for
processing large quantities of diverse information
in a well ordered way. This skill becomes especially
useful when evolving technical problems from
loosely identified needs. Often, many of the
requirements of a design are unarticulated by the
designer’s clients. In general, the designer must
identify the various functions which fulfil the
requisite need with minimum compromise.
Judgement in identifying the best (or at least a
satisfactory) set of compromises, is part of this
collection of design skills.

We add to these attributes a type of wisdom that
regards all design problems, from the apparently
trivial to the complex, as proper challenges for the
designer’s skills. This wisdom is related to the
associative skills of receiving, responding and valuing.
Designers face many challenges in their lives, and
responding successfully to problem solving is a
confidence-building experience. By receiving,
responding to, and valuing each design challenge
without fear or favour , the designer will invariably
develop this confidence.

It is hardly accidental that this introduction to
the designer as a person has the flavour of a
motivational message. Much of the emotional
makeup of the designer will develop in professional
life, sometimes years after graduation. Our
intention in dealing with it at this early stage is to
set the scene for all the learning experiences that
follow.

6.2.2 What constitutes design?

Before a discussion on how to go about designing
products or systems, we need to explore what

designers do. In other professions, such as the law
or medicine, we can easily describe the activities
of the participants. Doctors heal and lawyers
litigate. Designers on the other hand find it
singularly difficult to articulate the boundaries of
their domain of influence. A few examples might
help to illustrate, as well as deal with, this difficulty.

(a) Designing a better helicopter

Figure 6.2 is an artist’s impression of the
McDonnell-Douglas MDX twin turbine
helicopter. In order to achieve a substantial
marketing advantage, the design goal for this
passenger transport aircraft called for nearly twice
the payload-to-power ratio available from
conventional helicopters. A wise combination of
several conceptual design factors contributed to the
achievement of this ambitious design goal. The
main rotor blades have a flexible polymer
mounting at the rotor hub. This arrangement,
resulting from a French patent, significantly
reduces the mechanical components used in the
blade angle adjustment mechanism.

Figure 6.2 McDonnell-Douglas Explorer helicopter

The cabin and empennage (stabilising
arrangement of the tail section) were to be
constructed in carbon-fibre reinforced polymers.
In aircraft construction, combining polymers and
conventional aluminium panels is fraught with
considerable risk in manufacturing and
airworthiness testing. However, the weight saving
was seen as a challenging goal, but achievable given
the company’s experience in the design of military
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aircraft that had already been built using this
material combination.

The aircraft was designed without a tail-rotor.
This feature is referred to as the notar design. The
torque on the main rotor blades imposes an equal
and opposite torque on the helicopter cabin. To
overcome this problem, most conventional
helicopters are fitted with a tail-rotor whose plane
of rotation is approximately perpendicular to the
rotation plane of the main rotor. Appropriate
adjustment of the blade-angles on the tail rotor
balances out the torque component imposed on
the cabin by the main rotor.

In the notar design, the conventional tail rotor is
replaced by a fluid dynamic behaviour called the
Coanda effect, named after its discoverer, Henry
Coanda (1886-1972), a Romanian aviator. This
effect exploits the capacity of an air jet to cling to a
curved wall. Figure 6.3 shows the operation of the
Coanda effect schematically. Air jets are blown out
on the side of the tail boom, resulting in a local
low pressure region and net thrust on the boom.

oV
Residual

Tail-boom with Coanda slots outflow

Figure 6.3 Coanda effect on Notar helicopter tail boomn.
(Courtesy of Kulikov Aircraft Co.)

The notar design allows the aircraft to approach
buildings and people more closely than is possible
with conventional helicopters. Additionally, the
weight saving resulting from the absence of the
tail-rotor drive and blading is substantial.

The MDX is clearly the result of substantial
know-how (domain-specific wisdom) about helicopter
design. However, marketing staff at McDonnell -
Douglas had to establish a need, or a market
opportunity for this design. Once etablished, the
need was serviced by a creative cooperation of
experience and design skill. Experience with
composite manufacture, polymer mounted main
rotors, and the notar design, were essential elements

of this design synergy. The final result was also
critically influenced by the broad range of design
skills available to McDonnell-Douglas.
In summary then, this design problem involved:
* identification of a need to be serviced, namely
the need for a more effective civilian
helicopter service: this was the design goal,

* evolution of technical design objectives and the
technical design limits, or design requirements
within which the design embodiment should
be achieved (examples here are : maximum
cruise speed at sea level 2 278 km/hr;
maximum endurance = 4 hr);

* creation of solution alternatives from which a
final design embodiment would be chosen;

* focused decision making on the final design
choice;

* delivering clear and unambiguous design
specifications to the manufacturer: this would
include, among other things, drawings,
airworthiness testing procedures and material
testing specifications.

(b) Designing a better mousetrap

Ralph Waldo Emerson (1803-1832) American
philosopher and poet, is credited with the
following quote:

“If a man write a better book, preach a better sermon,
or make a better mouse-trap than his neighbour, tho’ he
build his house in the woods, the world will make a beaten
path to his door.”

The standard mouse-trap has been in use for a
considerable time. One current form of its
embodiment is shown in Figure 6.4. At first sight,
it may be surprising that anyone would want to
improve on such a simple and apparently effective
device. Yet, there are several design problems with
the standard mouse-trap. It was designed to be
manufactured with simple wire-forming
technology. While the manufacture is completely
automated, there are nine separate components to
be manufactured and assembled (refer to Figure
6.4). Setting of the trap is fraught with some degree
of risk to the fingers. If the spring is too strong,
the trap can almost decapitate the mouse, and
cleaning the trap subsequently can be unpleasant
and often results in simply discarding the trap
together with its victim.

Figure 6.5 shows a new design for the mouse-
trap. Made mainly from moulded polymer, it has
only four components. It is easy to set, with a single
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motion. It is also easy to clean, if necessary, by
placing it in a dishwasher. While we can not vouch
for its capturing effectiveness, it is, at least from
the manufacturing and ergonomic points of view,
a better mouse-trap. Of course, there are many other
possible embodiments for catching mice. Our
intention in this design demonstration was to
compare these two traps with similar design intent.

The summary design procedure for the mouse-
trap involved:

* identification of a need: recognising that there
were some manufacturing and ergonomic
problems with the original design, leading
directly to the design goal of creating a better
mousetrap;

* setting technical objectives, based on experience
with manufacturing processes and some
wisdom in ergonomics and kinematics: fewer
components, easier manufacturing
procedure, ergonomic improvements;

* identifying requirements within which the
embodiment design can survive successfully:
material properties and total cost are
examples;

* creating solution alternatives for the
embodiment;

Figure 6.4 Traditional mouse-trap and its component parts

Spring

Figure 6.5 New design for mouse trap

* making decisions about choice of embodiment:
based on evaluating materials, appearance,
ease of use, relative cost;

* delivering design specifications: including
drawings, and material identification and
testing.

These two examples of design, one technically
complex, the other simple, illustrate the generic
design procedure that governs all designs.

Figure 6.6 shows six further examples of
consumer product designs, all of which represent
a design response to some need. All of them were
evolved through the generic process described for
the MDX helicopter and the mouse trap. Each is
the result of considerable experience, or wisdom,
associated with some specific domain of
knowledge. Most of the designs in Figure 6.6 are
of the type we refer to as evolutionary. In these
designs, there is still considerable innovative
content, but it is usually the result of past
experience evolving into some future
improvement of an already accepted product.

By contrast, the Bishop variable ratio steering
gear, now almost commonplace in many
commercial automobiles, represents a different
type of innovation- see Figure 6.6(f). It is also the
result of a design response to some need. However,
the unusual, and completely new, technical content
makes this design inventive beyond the mere
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(¢) Light fitting (d) Industrial waste container

(e) Anamorphic printing (f) Arthur Bishop's variable ratio steering gear

Figure 6.6 Some further examples of consumer product designs
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improvement of an established product. This
steering gear renders the steering more direct and
responsive at centre lock, while driving on a straight
path. The steering ratio (turns per degree of
steering angle) increases with increasing steering
angle, allowing easier parking and manouvering
around hard corners.

Figure 6.6 (e)shows a type of printing for flat
surfaces that transform images into proper features
when the flat surface is deformed into its final
container shape. The process relies on a geometric
transformation known as anamorphic
transformation, well known to painters and artists
for some centuries (Leeman, 1975). Its application
by the container industry is the result of the
evolution of new materials and inventive new
application of an ancient art. We again see the
synergy of experience and wisdom playing key
roles in creative design.

6.3 Evolution and enformulation
of design problems

6.3.1 The nature of information and
problems

In all the examples considered so far, we have dealt
with hard information. In each case we had some
easily identified technical objectives to meet. In
all cases the designer may have retained significant
creative freedom in the choice of embodiment, but
a somewhat restricted freedom to choose a design
concept in response to a need. In the case of the
mouse-trap we didn’t consider chemical or
electronic or perhaps ultrasonic alternatives to the
real need : namely a cheap and effective eradication
of rodents. We refer to the process of establishing
a suitable design concept and establishing technical
objectives from a specific need as enformulation.
Enformulation is the result of substantial technical
information processing. It brings into play the
designers domain-specific know-how (received
wisdom), as well as a broad awareness of currently
available technology, and economic and
manufacturing imperatives. Scientists solve
problems by operating on abstract models of the
problem. Designers can benefit significantly from
enformulating problems initially at an abstract level.
Rodenacker (1970) notes that the most significant
creative impact on a design occurs at the highest
level of abstraction. A simple and easy-

to-understand need requiring design enformulation
is illustrated by the following example.

At the entrance to some public buildings the
presence of birds (mostly pigeons) on the parapet
over the entrance can cause a minor hazard to
health and clothing (refer to Figure 6.7). This
situation represents a problem, which is a state
wherein we can perceive a goal but not the means
of attaining it.

Wia

Figure 6.7 Bird hazard at building entrance

Designers (in this case we can think of them as
problem solvers) respond to problems. Designers
(problem solvers) make plans and act on them in
ways which they predict will achieve the desired
goal.

We identify two categories of problem-solving
activity:

(1) planning actions to achieve a goal: we call

this design;

(2) correcting deviations from desired
performance: we call this trouble-shooting.

Some engineering texts treat both of these
problem solving procedures under the heading of
design. Both involve technical problem solving,
however, trouble-shooting is more focused on
correcting specific, and well-defined, technical
problems. Design on the other hand, retains a large
element of problem evolution. In what follows,
we focus mostly on design problem solving.

As we have noted, the design goals for the
products described in the previous section were
the result of hard information. In contrast, the
design goals we might develop for the bird hazard
would be based on soft information. We have no
data to tell us how serious the bird-hazard is in terms
of its impact on eye injuries or dry-cleaning bills.
If we had this type of data, we could estimate the
comparative value of design effort that could be
effectively devoted to solving this problem. After
all, there are many, possibly more worthy, design
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problems making calls on our design capacity. Part
of the design enformulation involves the hardening of
information.

The following are some examples of problem
statements. Some contain soft and others contain
hard information. Unfortunately, designers are
occasionally also confronted with what appear to
be problem statements, but contain no information
at all. One of the many skills that designers need
to develop is the capacity to distinguish between
these types of problem statements.

“There ate too many road deaths” — soft information

“The road deaths per passenger kilometre on Victorian
roads is 5% higher than in all other states” — hard
information;

“Students need large desks” — soft information;

“The average student desk top measures Im x 2m” —
hard information;

“Our cities are ugly” — content-free, contains no
useful information;

“Our public transport system is inefficient” — content-
free, contains no useful information;

“Nobody thinks about the hardships a paraplegic
endures” — content-free, contains no useful
information;

“Clean air is essential for modern society” —
content-free, contains no useful information.

Motherhood statements was the old-fashioned way
of referring to content-free problem statements. We
prefer to use the more expressive, gender-neutral,
version to indicate that these type of problem
statements carry no useful information and in
general they are to be avoided.

6.3.2 Problem evolution

In an ideal world we could imagine design
proceeding, in some nice serial fashion, from
problem to solution. We could also idealise the role
of the designer as some external agent to the problem,
who, once advised of the problem, could be relied
upon to generate the solution, almost without
interference from the originator of the problem.
This is the model of problem solving to which we
have become accustomed in solving scientific
problems. Additionally we have come to expect
that some problems, specifically those in
mathematics, have unique solutions.
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Real design proceeds through a sometimes
protracted series of negotiations between designer
and client. This is also the case when the designer
and client (originator of the problem) are the same
person, perhaps wearing different hats. Clearly, when
the designer and client reside in the same body,
these negotiations may take place with less
articulation than otherwise. Nevertheless, the
negotiations remains an integral part of the design
process.

The first negotiation to be managed is the clear
identification of a design goal. Most commonly,
problems in design are stated in a solution-oriented
way. Examples are: build a better mouse-trap; design a
new refrigerator.

In these example problem-statements a specific style
of outcome is embedded by the world-experience
of the problem’s originator. She/he has already
experienced mouse-traps and refrigerators, but
found some disagreeable features that might be
overcome by a new design solution. We will allude to
this type of mental delimitation of the problem
later in the chapter, but it is important to realise
that this type of delimitation imposes the most
severe restrictions on our problem solving process.

There are many clichés and aphorisms in the
design repertoire that arise from experience with
this type of delimited problem statement :

“we need to think outside the square” - a variant on
de Bono’s notion of lateral thinking;

“polishing the bullock-cart will never lead to the
automobile or aeroplane”,

“what you want is not necessarily what you need”;

“designers are always asked to ‘fix it, but don’t

"

change a thing’”.
A useful way of thinking about problems is to
regard them as need-directed, or goal-directed. A need-
directed problem description represents a vague,
general, dissatisfaction with some aspect of the
current world. Additionally, in general, a need-
directed problem description has goals which are
implicit, or unarticulated. The design process
resulting from a neced-directed problem
description is, in general, open-ended. The designer
and problem originator must evolve, through some
form of negotiated procedure, clearly articulated
design goals. No design work can proceed without
these design goals.
In contrast to need-directed problem
descriptions, the goal-directed problem statement
has a specific goal (or goals) which is (are) more
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clearly articulated. Both types of problem
statement are valid, and have different advantages.
While we strongly advise avoiding problem
descriptions bound up with some imagined
solution embodiment, we recognise that these
types of problem descriptions are common.
Consequently, the process of negotiation from
problem description to manageable design goals
can be regarded as either a forward-chaining or
backward-chaining problem solving procedure.
Figure 6.8 shows a generic flow-diagram for
evolving design goals from need-directed problem
descriptions. We can negotiate with our client to
develop acceptable and achievable alternative
design goals. This is indicated by the Level 1 boxes
in Figure 6.8. Each design goal will evolve its own
set of technical objectives, indicated by the Level 2
boxes. The sets of technical objectives will lead on
to some set of embodiments at Level 3 of our
problem solving process. We could move on to
Level 4 (not shown), representing detailed design
specifications, eventually followed by
manufacturing specifications, and so on.

A simple, familiar, example will illustrate the
procedure. Suppose that we are concerned with
purchasing an automobile. The two choices under
consideration are:

* a two seater convertible sports coupé: for

speed and personal image;

* a medium size, four seater sedan: for

conservative urban transport.

At this stage of the decision making process, we
have already forward-chained to the embodiment
stage of our problem solving. We began with a
problem description of the form:

my transport arrangements are unsatisfactory.

After some negotiation and evaluation of the
various transport alternatives, we have identified
the design goal as:

I need to select an automobile best suited to my needs.

Our technical objectives may have included some
specification of the maximum cost, or the
minimum passenger accommodation. It is unlikely
that we would have considered such matters as
minimum rate of acceleration, fuel economy or
other such technical performance characteristics.
In the current climate of automobile marketing
these performance characteristics are very similar
for automobiles in similar price brackets.

Hence, we come to the choice of embodiment.
Our decision problem is embedded in our
perception of what each alternative choice might
offer as excitement quality to our purchase. The sports
coupé will provide excitement and a special personal
image, while the sedan will provide conservative
urban transport to an eventual family. If we now
submit our whole problem evolution process to a
design-review and ask ourselves:

‘what is it I really want out of this purchase?: what is
the real essence of the problem?’,

then we are essentially backward chaining in the
problem evolution process.

The result of the design-review might lead to our
recognising that our strategic needs are best served
by the conservative sedan, and we can still get the
image and excitement aspects by joining a sports racing
club. Naturally there may be other design
alternatives. Whatever the outcome, however, the

'Need-directed’ problem description

Figure 6.8 Evolving the design probler

Backward
Level 1 chaining

design goals

Level 2

- technical objectives

Level 3
embodiment specifications
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chaining
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essence of this backward-chaining process 1is that
design reviews are absolutely essential to the overall
health of the problem evolution process.

Before moving on to discuss the enformulation
process, we note that problem descriptions can
cover a spectrum of styles, ranging from the
completely need-directed to the completely focused
goal-directed form. Table 6.1 lists some examples of
problem descriptions.

Ex 6.1 The 'bug-list’
An exercise for design teams of two to six people.

In every walk of life we find problem situations
that become irksome and eventually grate on our
consciousness. We might hear people referring to
such situations as:

“this X really bugs me!”,

where X represents some irksome problem. Typical
examples are:

“I hate to get up on cold mornings”,
“there are some really bad smells in my refrigerator”;

“there is never enough space on notice boards - nobody
clears off old notices”;

“I hate looking for parking space at the supermarket”.

Historically, the term if bugs me is probably derived
from the technical vocabulary suggesting there is a
bug in the system. Radio and other communication
systems, relying on early forms of electromagnetic
relays, would sufer loss of contact, particularly in
the tropics, when small mites, bugs, became lodged
between the relay contacts. In these cases there
really were bugs in the system, preventing it from
functioning. Nowadays, “there’s a bug in my system”
has become associated with any difficult-to-

identify problem that makes a system malfunction.
Hence, we have such terms as the “Y2k bug”, a
reference to malfunctions expected when
computer clocks showed two zeroes in the date at
the end of the 9th decade of the 20th century.

(a) Make a list of twenty problems that bug you.
When completed, present your list to your
design team, perhaps expanding on each item
in your bug-list. In essence, you will be
expected to defend your bug-list within your
peer-group of designers.

(b) The design team should jointly agree on a
suitable problem-statement, selected from the
several bug-lists, to be developed into a
sustainable design goal. The team should then
negotiate their way through to some
reasonable technical objectives. In each case, the
owner/proposer of the chosen problem will act
as design client to the rest of the design team.

(c) Prepare a poster presentation of your chosen
problem, to be viewed by other design teams.
The poster must identify the problem-statemnent
and the bug from which it was derived, and
the resulting design goal, in the form of a series
of sketches. Your design team should plan the
poster presentation to be, as far as possible,
self-explanatory.

Notes:

1. In generating the bug list, and its distilled design
goal, your team should keep a record of ideas
explored during the design negotiation process, as
well as notes and sketches. (We call this an idea-
log: refer to McKim, 1972. In general, the idea-log
represents a series of snap-shots of the designer’s

Table 6.1 Some typical problem descriptions

Problem type

Problem description

Completely need-directed

Order of increasing
specific goal focus

Specific goal-directed

— emergency vehicle access in the central business district needs to be improved

— people suffering from arthritis find it difficult to open packaged food: a solution is needed
— design specifications are needed for an apple harvester

— design specifications are needed for a domestic washing machine

— design a horn for an automobile

— design an antenna for a geo-stationary communication satellite
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thinking process during problem evolution. Figure
6.9 shows a typical idea-log.)

2. To help you generate your bug-list, we offer a
list of problem areas you may wish to explore. The
list is intended only as a memory-jogger, and you
need not adhere to problem areas offered. In each
category we note some examples of design goals
generated in past bug exercises:

Food (production, preparation, distribution): keeping
hospital food warmn; making buttered toast; improved
handling of eggs (to reduce breakage);

Shelter (mass produced housing or household
items):keyless homes; toothpaste dispenser; improved
bathroom fixtures; quiet toilet cistern; auto dog food
dispenser;

Clothing (cleaning devices, disposable items): home
dry-cleaner; auto ironing system;

Transportation (public or private transport, highways,
freeways, rapid transit, congestion): campus/ urban
congestion; car escape system; braking-rate indicator; quick
windshield de-icer; improved car jack; improved spark
plug remover;

Communications (written, spoken, telephone,
electronic, radio television): improved notice board
managenient; braille communication aid; device to awaken
the hearing-impaired; television advertising avoider (to
skip over advertising during entertainment broadcasts);

Recreation (children's toys, games, sports items,
camping/hiking gear): spherical rolling toy (roll in any
direction); anti-loss golf ball; improved design for harp
funing;

Education (lecture theatres, multi-media, libraries):
distributed libraries and learning aids; quiet lecture theatres
(means of controlling noise in large classes);

Environmental (deforestation, pollution, waterways,
urban environment): reduced urban noise; portable
pollution meter; trip planner (ineans of avoiding congested
traffic areas);

Human support (aids for aged and disabled, access to
buildings, hospitals, health and emergency services): anti-
damage thermometer case; optical support for micro-
surgery; therapeutic exerciser for weakened muscles; special
aids for arthritic people (opening packages, turning on
faucets etc.);

3. For reasons that remain a mystery, we find
that some student groups engaged in the bug-list
exercise become obsessed with scatological
concerns — typically: loud toilet flush, cold toilet

seats, smelly toilet, seat too low; seat too high and
similar. These may be valid design concerns, but
try not to limit your thinking in this way.

Ex. 6.2

Figure 6.6 shows several products that had
significant design input. In each case, write down
a problem-statement to which the various design
embodiments, shown in Figure 6.6, could be the
design responses. Also write down what you
consider to be appropriate design goal, that might
follow from each suggested problem-statement. Do
your design goals match the design outcomes
shown in Figure 6.67 Do you think some other
design goals might have better served your problem
statements?
Note: The review procedure suggested by this
exercise is a preliminary design audit. We will
refer to design audits later in this chapter.

6.3.3 Problem enformulation

Part of the designer’s enformulation task is to
process soft information into harder information,
by identifying islands of certainty associated with the
problem. Figure 6.10 shows an abstracted model
of the design enformulation process.

In the model of the design enformulation shown
in Figure 6.10, we see the vaguely stated problem
mapped onto several sets of technical objectives.
As a matter of course, there will be considerable
overlap between these sets of technical objectives.
Nevertheless, each of these sets of objectives
commonly represent distinctly different design
alternatives. It is in the nature of design that there
is no unique one-to-one mapping between problem
and technical objectives. We have avoided calling these
sets of technical objectives solutions to the problem
since, in general, a solution implies some form of
embodiment. Considerable creative design work
is involved in moving from sets of technical
objectives to the final embodiment. Each of the
samples of product design shown in Figure 6.6
represents only one of many possible
embodiments that will all satisfy some given set of
technical objectives.

We call the process of mapping from problem to
technical objectives enformulation. Enformulation
imposes a structure on a problem. Additionally, in
the enformulation/structuring process we identify
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design parameters that, in general, represent the value
measures we use for evaluating the goodness of fit of
the design solution to our problem. In Figure 6.10
we have used a curved boundary to represent the
initial problem-statement, indicating its relative
softness. The angular boundaries of the islands of
certainty within the soft boundary of the original
problem-statement represent established, hard,
information about the problem. These may be
limitations, or requirements that bound the problem,
or constraints imposed by some statutory authority,
or even some special window of opportunity, that
delimits the time-scale or completion time of the
enformulation process.

Technical

objective sets

Islands of

certatnty
i r=\TO set 1

/ Le="=

Mapping ,

Problem TO set 2

TO set 3

Figure 6.10 Abstraced model of the enformulation process

An example will clarify our terminology.

1. Problem statement (soft) : “Too many bicycles
are stolen from the university campus”

2. Islands of certainty : The University of Smallville
has 30,000 students, of whom 15% travel to
the campus by bicycle. Of these,
approximately 4,500 cyclists, two third
(3,000) rely on some form of outdoor security
for their cycles. The average value of these
cycles is $ 500, and approximately 600 to 700
are stolen during the spring term. The total
annual loss is approximately $ 325,000. This
cost, spread over the cycling population,
represents $ 73 annually. If we compare this
cost to the $ 400 for car parking annually, or
other forms of transport costs, we can see that
charging a fee in the vicinity of $ 73 for
guaranteed secure parking of cycles is quite
reasonable. Moreover, we can consider a

three year amortisation of the cost of
installation, which is normal business practice
for small capital expenditure. Hence we can
afford to spend approximately $ 975,000 on
installing secure parking for bicycles on the
Smallville campus.

3. The layout of the campus is being reviewed,
and the buildings administration is preparing
a brief for consideration by the finance
comumnittee of the university. Plans for minor
works on campus will be considered during
August this year. This presents a window of
opportunity for the submission of design
recommendations for the provision of secure
bicycle parking on campus. A suitable design
evaluation must be completed by the end of

July.
4. The requirements on the design of secure bicycle
parking system are:

— it must accommodate at least 1000 cycles —
an associated desirable design objective is to
deliver a modular design, so that, should the
need arise, the ultimate solution may be
extended to accomodate up to 4000 cycles;

— itmust not cost more than $325,000 per 1000
cycle module to build and install,

— the design plan must match the spread of
cycle usage on campus (to be established by
survey);

~ the design must meet the requirement o f
the Metropolis Standard on Bicycle Parking
Facilities. This a mandatory constraint on the
design.

CASE EXAMPLE 6.1: LEVEL CROSSING
PROBLEM

Level crossings are used where two forms of
transport systems, usually road and rail, intersect
each other. In sparsely populated Australia, level
crossings between road and rail are much more
common than viaducts or tunnels. In the early 80’s
there were several traffic incidents involving
property damage, injury, and even deaths at level
crossings. Figure 6.11 is an extract from a news
article that appeared in the Melbourne Herald in
1981. There was a public outcry for an inquiry to
be conducted. What follows is the enformulation
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Melbourne Herald - 1981

TRAIN DRIVERS STARE DEATH IN THE FACE

HAUNTED BY
THOSE

Trais driver Lae O'Fallly . . . 1 brisl deley and e pressre

Figure 6.1 Extracts from the Melbourne Herald in 1981

of this problem, together with the identification
of its design parameters.

‘NEED-DIRECTED PROBLEM STATEMENT !

“There are too many deaths and injuries at level
crossings.”

Note : Major concern was expressed in the press
about this problem in 1981. This had the effect of
raising public awareness, which in itself may have
reduced the problem.

EVOLVING THE PROBLEM ! QUANTIFYING ISLANDS OF CERTAINTY:

* how serious is this problem?
*  how much is it costing us?

* how much can we spend fixing it?

* where do we put our design effort
(and hence expenditure) most effectively?

Table 6.2 shows accident data collected for the years
1982 to 1985.

There are three different types of level crossings,
identified by the style of barrier or warning signal
used to divide rail traffic from road traffic. Gates
and booms are movable barriers, operated either
by railway staff, or by automated signals. Flashing
lights and bells are used with level crossings
without barriers. They provide warning for road
traffic users about approaching trains.

The majority of level crossings have no warning
signals or barriers, as shown in Table 6.3. However,
since these types of crossings are mostly in sparsely
populated rural areas, we need to find an
appropriate measure for the seriousness of the problem
in terms of its social or economic impact.
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Table 6.2 Consolidated accident data The measure, or parameter, we have chosen, to
compare the accident performance of these

Type of crossing | Incidents different types of level crossing, is the number of
accidents incurred per 1000 crossings per annum.
Gates/Booms 5 This data is shown in Table 6.4
Type of loss: ]
Deaths Flashing lights/Bells 8 Table 6.4 Degree of seriousness of problem
(Summary 1982-1985)
No autonatic signals 0 Rate of incidents/! 000 crossingslyear
Total 13 Type of crossing Deaths | Property damage
Gates/Boorns 58 Gates/Boomns 6.9 80.1
Type of loss: Flashing lights/Bells 16 .
Property damage Flashing lights/Bells 4.8 2.6
- No agutornat l 1
(Summary 1982-1985) Ic Sgnas No automatic signals 0 I
Total 85
Figure 6.12 shows the accident data over the

period 1978 to 1985. Possibly, the overwhelming
publicity given to this prioblem in 1981 has

Table 6.3 Level crossings ice, by t - X
Ssings In service, by type significantly influenced the results.

Type of crossing No. in service
PROBLEM ELEMENTS FOR EXPLORATION
Gates/Booms 181
Flashing lights/Bells 416 This is a very complex problem and it deserves
further exploration before settling on some specific
No automatic signals 258 design goals. The following range of problem
elements could be further explored by the
Total 3,178 designer/design teamn:
e
’ 2
©

-
<o

< (A
b

Figure 6.12 Level crossing accident data
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Factors concerning the car driver

* possible over-familiarity with crossing ~
particularly in the case of local users?
* concentration/arousal - long straight bitumen
roads?
* predicted response to signals:
visual — passive, active;
tactile — for example via the road surface;
auditory.

Factors concerning the crossing

* presence/influence of side roads near
crossing?

* influence of sunlight in morning/evening?

* illumination — of crossings, trains, cars.

Other factors

* health of train drivers?

¢ institutional barriers to concerted action —
need to involve the service providers and local
authorities.

RESOLUTION AND POSSIBLE DESIGN GOALS

1. advertising/public education campaign.

2. separation of traffic streams.

3. design of an early warning device.
Notes:

Goals 1., 2., and 3. are not mutually exclusive;

Goals 2. and 3. are infrastructural solutions,
requiring resolution by statutory authorities.

From the above we could now specify the
following goal-directed technical problem statement:

DESIGN GOAL:

Design an early warning device for level
crossings.

TECHNICAL OBJECTIVES:
* suitable for crossings serviced by Gates/
Booms;
* cheap;
* reliable;
* easy to maintain;

¢ fail-safe.

The evolution of design problems |

CASE EXAMPLE 6.2: PORTABLE WATER
HEATER

This is an already highly evolved, goal-directed
problem, stated in specific terms.
DesioN GoAL:

A new type of portable electric water heater is
required: to be used for hot water supply at family
outings, and picnics.

TECHNICAL OBJECTIVES:

¢ small enough to fit into the luggage space of
a family automobile;

* itshould operate from a 12 volt D.C. supply.

INFORMATION NEEDED:
The designer needs to gather information, to make
it possible to intelligently negotiate the
enformulation process, from the technical objectives
to specific design parameters. These parameters will
eventually allow us (the designer) to evaluate
competing alternative designs.
SizE:

* luggage space size?

* how much water do I need at a picnic?

» what are currently available portable hot-
water storage (thermos) sizes?

PoOwER suppLY:
* what types of heating elements are available
now?
* should we use conventional or exotic
materials?

* is there a standard size?

* can they work with 12 volt? Is there some
alternative form of power supply we couild
adapt to 12 volt D.C.? Does this suit all
automobile battery supply voltages?

* power? current drain?

OPERATIONAL MATTERS:
* how will 1t operate? controls?
e water in / water out?

allowable skin temperature?
* safety cut-outs?
The above issues need to be evaluated before we
can settle on the technical specification for this
design problem.
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(e) Negotiating with Research & Development (k) Presentation to management

Figure é.13 A lighthearted view of the design process®*

6.4 These wonderfully perceptive sketches are due to A. E. Beard , reproduced by permission from Clarke, R.L. and Beard AE.
(1973) Lighter Engineering, London: The Institution of Mechanical Engineers.
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6.3.6 Problem intensity parameters

We have explored generic problem evolution, as
well as two case examples, representing the two
ends of the problem description spectrum. The
level-crossing problem was an open-ended, ill-
defined, need-directed problem, while the portable
water heater problem was a relatively, well-defined,
specific goal-directed problem. The most common
questions raised by young designers when
exploring such case examples are: “How will this
help me with my problems?”; “What aspect of this, or
that, case can I apply directly to other problems, that I am
likely to face in my design career?”

As we have already noted earlier, design is a life-
long learning experience. No engineer designs
always and no engineer designs never. As Rittel
suggests (Rittel, 1987):

All designers intend to intervene into the expected course
of events by premeditated action. All of them want to avoid
mistakes through ignorance and spontaneity. They want
to think before they act. Instead of immediately and directly
manipulating their surroundings by trial and error until
these assutne the desired shape, designers want to think
up a course of action thoroughly before they commit
themselves to its execution.”

The descriptive form of the design process that
emerges from these and other case examples only
serves to illuminate the most general aspects of the
problem solving processes involved in design.
Experienced designers will probably target
solutions rather quicker than inexperienced
designers. These design experts make use of their
developed, domain-specific, wisdom in reducing
their search for a solution. The formal description
for this process is called making use of heuristics. The
Oxford English dictionary offers the following
definition:

“heuristic (adjective): serving to find out or discover;
using trial and error”.

The experienced designer will make best use of
received wisdom to select trials, that might lead to
a solution with least likelihood of error. A parallel
can be found in the game of chess. The rules of
the game are defined by the permissible moves of
the several pieces. It would seem reasonable that
anyone could play like an expert if we had the
mental capacity to evaluate the consequences of
all legal moves remaining after every move during
the game. The vast number of available possibilities
that would need to be explored makes this process
prohibitive, even for electronic computers. It has

been estimated that the number of possible legal
combinations of moves, to a depth of three moves,
is of the order of 10'. Chess playing has been
extensively studied as a generic, complex, problem-
solving process. Chase and Simon (1973) report
on the perception of solutions in chess by novices
and masters. Based on their studies they note that:

“Masters [of chess playing] search through about the
same number of possibilities as weaker players — perhaps
even fewer, certainly not more — but they are very good at
coming up with the ‘right’ moves for further consideration,
whereas weaker players spend considerable time analyzing
the consequences of bad moves.”

Chase and Simon go on to suggest that chess
masters develop heuristic strategies that help them
find the right moves more quickly than novices.

We can regard highly experienced, wise, design
problem-solvers, as the masters of their game. They
will have developed problem-solving tactics in
their knowledge domain to enable them to target
rapidly on substantially useful solution alternatives.
Experience with problem-solving also allows
expert designers to develop heuristic strategies for
tackling the problem evolution and enformulation
process. In what follows, we list some guidelines
to be adopted when experience fails to offer better
heuristics.

First of all, we identify some generic measures
associated with design problems. We call these
measures problem intensity parameters (Samuel and
Weir, 1997). Secondly, we offer a general strategy
for employing these parameters in negotiating our
way through to problem enformulation.

Probiem-boundary

We need to be aware of the limits within which
the problem is being explored. When dealing with
specific products, we need to identify the sphere
of application for which our designed product
might be used. For example a light fitting might
be intended to serve as a street light, a freeway light, a
household light, a design-office light or a mood-light for
adiscotheque. All of these applications have special
constraints and design requirements. Each set of
constraints and design requirements in turn
represents the problem-boundary which delimits our
solution space.

Novelty

This measure is associated with the technical
novelty of the problem. Typically problems may
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be evolutionary, where previous technical solutions
exist, or innovative, where radically new information
needs to be generated for their solution. Of the
products shown in Figure 6.6, the light fitting and
waste bin are evolutionary problems, while the
anamorphic printing and the Bishop steering gear
are highly innovative, and technically novel.

Novelty is a subjective measure, depending on
who is addressing the problem. If the designer
involved needs to explore a new or infrequently
experienced knowledge domain, the novelty, and
the consequent cognitive load imposed by the
problem, will be high.

Complexity

Problem complexity is a measure associated with:

* the number of knowledge domains spanned
by the problem;

* the number of concepts (for example,
structural integrity rules, thermo-fluids rules,
electro-mechanical rules) involved;

* the degree of interconnectedness and number
of links between the various concepts
involved in the problem.

In total, this is a quantity that measures the
cognitive load on the designer. A useful way of
evaluating complexity is to draw a concept-map of
the problem (see for example Buzan, 1974; Klein
and Cooper, 1984; Samuel and Weir, 1995)

Discordance

Discordance measures the conflict between
constraint values and physical reality in a problem
(such as material property limitations —“required
yield strength = 1 GPa; required operating temperature
= 2000°C”), or between key objectives (competing
objectives). As a degenerate example of discordance,
the perpetual-motion machine is a very
(intractably) difficult problem, because of the
irreconcilable discordance between its constraints
(that the system is closed and energy is to be
continuously extracted from it), and physical reality
(the first and second laws of thermodynamics;
Ord-Hume, 1977). Locating a power-generating
station is a socially discordant problem due to the
high level of conflict between competing
objectives. Everyone wants access to electrical
power, cheaply and reliably, at the plug in the
home. Yet, nobody is prepared to accept a power-
generating station in my backyard.

Modelability

In general, all design problems involve some
modelling, or abstraction. The scale of resources
needed to generate an acceptable model is a
measure of modelability. The power distribution
system (Assignment 1.6) 1s relatively inexpensive
to model, since a believable explicit model may be
generated for this problem. In contrast, the level
crossing problem, or the bicycle parking problem
are intractably difficult to odel.

Seriousness

This measure identifies the social, economic and
environmental impact of the problem. Finding an
alternative fuel for automobiles that might result
in reduced air pollution, or finding the appropriate
site for a power generating station, are problems
with a high level of seriousness. The level crossing
problem had a high social impact, but relatively
small economic impact. In its time, it might have
been regarded as a very seious problem. Clearly,
that is no longer the case, even though a technical
solution has not been found. The portable water
heater is a problem of relatively low level of
serioysness, even if its economic impact on the
manufacturer might be substantial.

A strategy for problem enformulation

Novelty, complexity, discordance, and modelability are
cost dimensions which collectively represent the drain
on resources or obstacles to solving a design
problem. Seriousness, on the other hand, represents
the driving force to develop a solution to the problem.
It is the measure of the value of the opportunity to
influence the social, economic and environmental
status quo. The problesn boundary serves to deliit
our problem to a manageable sphere of influence.
In general, designers need to be clear about the
bounds on their problem to permit enformulation
within reasonable time and economic scales. It
would be unreasonable to expect a single design
teamn to address such problems as world famine or
global warming.

Developing a pollution-free alternative fuel (for
example nuclear fusion) has high levels of
complexity, discordance, novelty and modeling
costs. Yet it is worthwhile to expend considerable
resources world wide on this problem, due to the
large benefit to be gained from its high degree of
seriousness.
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We can apply these qualitative problem intensity
parameters to a diverse range of problems. Typically,
a problem of high problem intensity has a high
risk associated with seeking a solution. Hence such
aproblem needs to be one of correspondingly high
seriousness measure to make this high solution risk
worthwhile.

Ex. 6.3
In exercise 6.2 you were asked to carry out an initial
design audit for the product design examples shown
in Figure 6.6. In each case, arry out a problem intensity
analysis. Estimate the problem intensity parameters
for each example and draw up a table of
comparative problem intensities for the six product
items shown in Figure 6.6.

Clearly state all assumptions, particularly those
needed to identify the problem boundary for each
product.

6.4 The design process

In this section we present a formal procedure for
engineering design. We have already alluded to the
fact that engineering design can proceed informally,
where experience and heuristics point the way to
a more rapid isolation of solution alternatives.
However, in general, we need to regard the design
process as a formal, contractual arrangement
between client and designer. In what follows we
identify the operational rules of this arrangement.
The rationale for employing this formal procedure
is based on these assertions:

* enginering problem solving generally engages
client and designer in a complex negotiation
where 1t 1s easy to lose sight of the original
objectives;

* client and designer act in both cooperative
and adversarial roles at various times
throughout the problem solving process;

* we need to keep a clear record of our
trajectory through the problem-solving
process. This can safeguard against back-
tracking over previously covered ground and
the inadvertant overlooking of some
important design issue;

* there can be, and often is, significant
discordance between a client’s and designer’s
perception of the problem to be tackled,;

The evolution of design problems

e there can be, and often is, significant
discordance between a client’s and designer’s
perception of what can be delivered in
response to the client’s stated and perceived
needs. We need to be certain that the problem
solving process delivers exactly what has been
agreed to.

6.4.1 The components of the process

1. Problem recognition: This is usually achieved
through a recognised or articulated need.

Problems can come to the designer from many
sources. They can be the result of a larger problem
solving programme (for example, developing a
new photocopying process), part of the day-to-day
operation of a product manufacturer (for example,
planning and design of new model automobile),
or even self-generated (for example, “I can desig a
better mouse-trap”). As a cautionary note, beware the
colleague or friend who approaches you
with:“Have I got a great design problem for you!”.
Unless there is a clear statement of the problem,
its boundaries and its restrictions fully agreed to
by client and designer, preferably in writing, the
problem doesn’t really exist at all.

2. Problem evolution and enformulation: Evolution
establishes the problem boundaries and the
nature of the problem. Enformulation
develops the several design parameters that
allow the designers to make comparative
judgement about competing design
proposals.

Pahl and Beitz (1995) refer to this aspect of the
design process as problem clarification. While this may
be a useful, simplified, description of what takes
place during prolem evolution, there s considerably
more value added to the problem during this phase
than the notion of mere clarification implies.

3. Solution generation: This is a divergent phase
of the problem-solving process, closely
coupled to problem evolution. This phase of
the design relies on many skills and talents
embodied in te designer (or the design team).
Experienced designers use a great variety of
aids to promote idea generation (see for
example French, 1985, 1988; deBono, 1976;
McKim, 1972).
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4. Prediction of outcomes: This phase of the design
relies most onmathematical modelling and
estimation. The outcomes from alternative
design proposals need to be predicted in
terms of operating parameters developed
during the enformulation phase.

5. Evaluation of feasible alternatives: Selection of
those proposals that meet the agreed design
objectives and restrictions within the
problem boundaries.

Steps 4 and 5 constitute the covergent design
phase of decision making: during this phase the
designer (or team) develops the most favoured
design proposal to match all the problem
requirements restrictions and constraints.

6. Specification of the solution: This aspect of the
deign process is the most crucial in terms of
delivering the promised/hoped-for
performance of the chosen solution
alternative.

I. Recognise problem

General

criteria

2. Evolve and
enformulate problem

S Yes Search fo
ion > ;
o Injormation |

Specific
criteria

al feasible 7

! Yes

5.2 Evaluate outcomes from
feasible alternatives

Figure 6.14 Flow diagram for the generic formal design process
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The specification communicates, In
unambiguous, precise detail, the elements of the
solution that determine successful function of the
solution. In practice, during this phase, further
serious negotiation takes place between the
designer (team), and the client

7. Implementation: This phase includes prototype
testing and evaluation.

In the past much of the implementation aspect
of design was devolved to manufacturing. Current
ideas of quality planning and management
(concurrent or simultaneous engineering) make it
mandatory to include the designer in this phase.

Of course, after implementation comes
maintenance, servicing in use, and, eventually,
product retirement. Product retirement is urrently
receiving considerable attention, due to its impact
on environmental issues in product design (see for
example Sivaloganathan and Shahin, 1998). All
these downstream issues of design invariably esult
in the ientification of further needs and the
initiation of another cycle of the design process.
Figure 6.14 shows two typical flow diagrams for
the formal design process.

Figure 6.14(a) indicates te acyclic interconnected
nature of the process, while figure 6.14(b) shows
a simplified linear-serial version of the same
process. Both types of diagram are useful for
describing the several stages of design. The acyclic
flow diagram is useful for keeping track of all the
necessary steps and interconnections when
preparing a design review. The linear-serial
diagram is a useful simple abstraction of the whole
process. It draws particular attention to the
divergent-convergent nature of problem solving.
Moreover, it clearly identifies the need for
separating the idea-generation phase of the process
from the evaluative-judgemental phase. This
separation, referred to as deferred-judgement, is
especially important when generating ideas, since
judging on the fly tends to inhibit the free flow of
ideas, particularly when working in a group.

6.4.2 The Initial Appreciation

To continue our discourse on formal design
methods we need to introduce and define some
key terms which allow us to formally describe the
design problem.

* Design goal is the overall intent of the design:

It needs to be stated in one sentence, without
reference to the means of achieving it.

*  Design boundary delimits the design search and
investigation. The design boundary usually
focuses on some specific application or locale,
that the proposed design seeks to address.

* Design objectives (sometimes referred to as
technical objectives) are the desired features of the
design. Design ojectives are the expressions
of major aspects of performance we seek to
deliver with the design.

e Design criteria are the scales for easuring the
success of a design proposal in meeting
specific design objectives. Each objective
must be associated with at least one criterion
(otherwise the objective is unmeasurableand
therefore pointless). Note that criteria are not
specific values of perfrmance — they are merely
the scales on which such values can be
measured. Criteria usually have units of
measurement.

o Design parameters are frmalised expressions of
the operating performance characteristics.
They allow comparative evaluation of
alternative designs. They are special kinds of
criteria that the designer will commonly try
to optimise to achieve the most favourable
design outcome. All design parameters are
criteria, but not all criteria are design
parameters. For example, a criterion for alow
cost design objective is the unit of cost ($),
while an associated design parameter might
be cost per unit mass or cost per unit power.

* Design requirements are relaxable constraints.

e Design constraints are the mandatory
requirements of the design. A constraint may
be expressed as either a required maximum
or minimum value on some criterion-scale,
or possibly as an allowable range of such
values. For example to say that “my india-
rubber ball must rebound to at least 50% of its drop-
height”, is a constraint based on the criterion
of rebound-height to drop-height ratio

These seven formal problem descriptors need
to be cmpiled by the designer and client
cooperatively during the initial negotiation through
the problem evolution phase of the design. The
resulting information is set out in a document we
call the Initial Appreciation of the design problem.
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Pahl and Beitz (1995) use a requirements list to
formally articulate the design problem. However,
their list is less formal than the Initial Appreciation,
and it is intended only as internal communication
between members of the design team.

The Initial Appreciation:

* attempts to formalise the definition of the
problem;

* records the designer’s first responses to a
problem,;

* helps the designer make a start;

* is the first formal communication about the
design problem between designer and client.

The Initial Appreciation contains:

* design objectives, and corresponding

criteria;

* identification of the design-boundary;

* design requirements and constraints;

*  ratings o priorities to be given to the

several technical objectives;

* information required by the designer;

*  alist of foreseen subproblems;

¢ aproposed design strategy.

To illustrate the application of these ideas, and
how engineers plan their approach to a desin
problem, we look at a particular example where
some decisions have alredy been taken about the
nature of he solution.

Design of wheelchair

Suppose then, it hasbeen decided to design a self
propelled heelchair for people who are unable to
walk because of their injury or disease, ut who
retain almost full se of their mental faculties and
their upper bodies, including their arms.

Table 6.5 shows the Initial Appreciation for this
design problem. The design has been delimited to
involve self-propelled chairs suited to 95% of
traumatic quadriplegics and some cerebral palsy
victims. The only mandatory requirement is
conformance to an International Standards Office
(ISO) Draft International Standard (DIS) on
wheelchairs No. 7176. The ISO have been
working on wheelchair standards for a number of
years, and adherence to even a draf standard is a
useful way of ensuring consistent design
performance.

Defining an appropriate design parameter to
allow ranking of competing alternative wheelchair
designs is not an easy task. This process involves

defining some utility parameter that can be
minimised (or maximised) to achieve an optimal
design choice. In the wheelchair design we seek
to have a versatile, easily adjustable design. This 1s
necessary to allow matching the chair to a wide
range of possible users. We could argue that this
implies a large number o adjustable components
in the chair. If the number of available useful
adjustments is N (we want this to be large), the
total cost is C (we want this to be low) the weight
is W (we want this to be low fo portability), then,
all other things being equal, we would want N/CW
to be as large as possible.

Clearly, the utility parameter N/CIW is only one
of several such utility parameters we could define
for the wheelchair. Defining the utility parameters
in a design is part of the enformulation process
and it needs consistent negotiation with the design
client. The above example is only offered as a
demonstration of the type of reasoning that may
be applied when developing these performance
parameters. We recommend the use of a
convenient document template for the Initial
Appreciation, called Engineering Design - Project
Analysis Document (ED-PAD). A typical ED-
PAD is shown in Figure 6.15.

Ex 6.4

. Write an Initial Appreciation for one of the
products shown in Figure 6.6.

[Note that you will need to imagine what might
have been in the designer’s mind when the original
problem was enformulated, since the Initial
Appreciation is usually generated for problems that
have yet to be solved. Hence in essence this is a
Design Audit. |

* Prepare an Initial Appreciatin for a can
opener.

6.5 Generating ideas (solutions)

Perhaps we have given the impression so far that
engineering design is a terribly serious activity and
rich in procedure, bound up with structure, rules
and definitions. This emphasis derives from the
nature of the enformulation task. As the designer
moves on from enformulation to the divergent,
idea-generation phase of design evolution, we find
a more creative — even playful - dimension
emerging in the design process. This section deals
with the third major activity in the Design Process,

| 295



The evolution of design problems

296 |

Table 6.5 Initial Appreciation for the wheelchair design problem

OBJECTIVES [ CRITERIA
I. EASE OF OPERATION BY INVALID
i ease of propufsion . forces/torques exerted (N; N.m)
. manoeuvrability . turning circle (m)
. ease of control . forces/torques exerted (N; N.m)
. steering, accelerating, braking, stability . response time (sec.)
. chair to ascend/descend ramps steps, gutters ) slope of ramp; size of steps, gutters (deg.)
. ease of entering/leaving chair comfort d forces exerted; time taken, subjective rating;
numberfsize of bedsores (N; sec.;~)
. range of operation . distance travelled without attention required

to power source (km)

2. RELIABILITY AND MAINTENANCE

. operation . mean time to breakdown (days)
. cleaning and repair . mean time to clean and repair (min.)
3. DURABLE CONSTRUCTION
d long life, no parts easily broken due to . forecast life of chair and components  (years)
manoeuvring
4, WEIGHT
. chair to be light to assist portability and propulsion I‘ weight (kg)
5. SIZE
. passage of chair through doorways transport of d width, overall dimension, weight (mm; kg)
chair in automobiles and public transport
6. SAFETY
. emergency braking . braking distance, slope (m; deg.)
. protection of invalid in crash overturn . forecast injuries (# per annum)

7. PROPER USE OF RESOURCES

. ease of production . number and complexity of components (#; —)
. low cost . manufacturing cost ($)

8. AESTHETICS

i appearance { . subjective rating (-)

PRIORITIES : difficult to set priorities until criteria are expressed quantitatively. Objectives | to 6 seem to be the most
important ones.

REQUIREMENTS/CONSTRAINTS
* chair must have adjustments to alfow taiforing to 95% of traumatic quadriplegics (C4 to C7 range);
. chair design should suit some cerebral palsy victims also;

o chair design and testing procedure must conform to ISO/DIS 7176
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Table 6.5 (continued) Initial Appreciation for the wheelchair design problem

INFORMATION REQUIRED

—  number of invalids {(population)
—  anthropometry (shape and size)

—  mentalfphysical capability, disability and the effect of these on the control and operation of chair

—  physical environment in which the chair is to be used; indoorsjoutdoors, home, hospital, street, transport
—  geometry of the environment and surface properties

—  range of actions to be performed; are urinating, excreting, eating included

—  existing power sources and construction materials

SUBPROBLEMS FORSEEN

—  diversity of people to be catered for

—  difficulty of matching chair to existing environment; steps,doorways, toilets, vehicles

—  difficulty of keeping weight of chair within acceptable limits

DESIGN STRATEGY

1. collect information
2. design chair around invalid
3. check design
* does it match the physical environment
* js it light/portable?
* is it likely to be cheap to produce?
* does it satisfy the other criteria?

* if the answer to any of these questions is no, iterate untl a compromise solution is _found

as typefied in Figure 6.14. During this divergent
phase several (possibly many) alternative proposals
are generated for solving the design problem. In
this phase the designer must initially defer
judgement and let the mind go and perhaps dream
of things that never were and ask: “why not?”.

6.5.1 Mind games

Some authors in design recommend various
procedures for freeing the mind from the inhibitions
of our past experience. McKim (1972) suggests,
among other mind-freeing experiments, a game
called Barnyard. In this game, members of the
design team take on the role of various animals
(sheep, goat, chicken etc.) and, while facing other
members of the design team, loudly emit the
appropriate animal sounds. If this experience
makes the designers feel slightly ridiculous, then
it has achieved its aim. One of the overwhelming
barriers to offering new ideas 1s the fear of ridicule.
Barnyard attempts to overcome this fear. McKim

even goes so far as to suggest standing at a busy
intersection, or in some public transport, and
emitting the sound of some barnyard animal, as a
daring form of training in feeling ridiculous.
Another mind game, called breathing, referred to
by Adams (1987), asks designers to conjure up
strong mental images of familiar things in
unfamiliar circumstances. Adams writes

“Let us imagine we have a goldfish in front of us. Have
the fish swim around. /Have the fish swim into your
mouth. / Take deep breath and have the fish go down into
your lungs, into your chest. / Have the fish swim around
in there. / Let out your breath and have the fish swim out
into the room again. /”

The breathing game goes on to include further
items, such as rose petals, and sand. Adams
suggests, that the mental imagery is good training
for making the familiar strange,and the strange familiar,
as further mental joggers for free flow of ideas.

Concept building and creative combinatorial
design have received substantial study in artificial
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ENGINEERING DESIGN PROJECT ANALYSIS DOCUMENT | Date
Project Title: Sheet -of-..
Project Goal: Designer:
RESTRICTIONS
OBJECTIVES CRITERIA (CONSTRAINTS)

Figure 6.15 ED-PAD template to be used for Initial Appreciation
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intelligence (AI). Still, in 1993 Marvin Minsky

wrote®? ;

“The mind ... is a tractor-trailer, rolling on many wheels,
but Al workers keep designing unicycles.”

Both McKim and Adams have exerted significant
influence on creative design thinking. In 1972
McKim noted:

“Education that develops skill in thinking by the vehicle
of sensory imagery has several advantages. First, it
revitalises the sensory and imaginative abilities that are
often allowed to atrophy by contemporary education.
Secondly, it provides vehicles that are frequently more
appropriate to the thinker than are language symbols.”

While McKim’s proposition may well be correct,
thinking processes used to generate novel ideas are
the result of many sensory inputs, not merely visual
thinking. Moreover, as suggested by many studies
of thinking, including Adams and de Bono, people
communicate their thoughts most effectively by
processes that are comfortable to them. Some do
this in abstract mathematical form, while others
might use sketches or words. As Adams remarked
in 1987:

“... there is no complete and scientifically verified
explanation of thinking which can result in universal rules

for conceptualizing more productively, nor is there likely
to be until a much more complete understanding of the
mind is available.”

We are still unable to point to any generic ways
of thinking that might be most appropriate to
solving design problems. Instead, our plan is to
tackle the problem by exploring the known major
barriers to creative thinking. In this way we hope
to develop a self~awareness that may open the floodgate
of ideas necessary in design problem solving,.

6.5.2 Deferred judgement

The human mind is certainly capable of
suspending judgement under certain
circumstances. We are regularly prepared to make-
believe in the entertainment industry, with such
fanciful ideas as superheroes (Superman, Batman,
Hercules), and science-fiction (Star Trek, Jurassic
Park). We are even prepared to suspend judgement
when several of our senses are involved in
combination. It is precisely this suspension of
judgemet that makes the whole notion of virtual-
reality possible (see for example Rheingold, 1991;
Thalmann and Thalmann, 1994; Clarke, 1996).

Yet for problem solving, in almost any technical
sphere, fantasy and imagination are actively
discouraged as wasteful, undisciplined forms of
thinking.

THE WHEELBARROW

The following exercise is due to de Bono (1986).
Consider a new design for the familiar wheelbarrow,
shown in Figure 6.16.

N

77777

Figure 6.16 ‘New design idea’ for wheelbarrow

When this design is shown to experienced
engineers, or engineering students, the responses
are almost invariably negative. Typical examples
are :

“it will be hard on your back, the leverage is
unfavourable”,

“it’s too high off the ground” [we don’t show any
scale with the sketch];

“it will be hard to balance”,

“handle is too thin, it might break easily”.
In contrast to the above conservative/negative

responses, the following were the responses of a
group of naive designers:

“easy to kick mud off wheel”;
“easy to go round corners”;
“pushing down easter on back”,
“easier to tip into hole, over wall”;

“can add spring on wheel strut for automatic
weighing”.

Figure 6.17 shows some proposed improvements
to the design offered by the naive designers (they
were a group of kindergarten children).

The weheelbarrow design experience is an
example of deferred judgement. In “Six Thinking Hats”
de Bono (1986) identifies negative thinking with a

6.5 Marvin L. Minsky, in PROFILE, Scientific American, 269(3). November 1993
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black hat and positive, non-judgemental thinking with
a yellow hat. In the wheelbarrow example we see
both examples of conservative/negative black hat
and youthfully aftirmative, non-judgemental, yellow
hat thinking.

(a) (b)

Figure 6.17 Some proposed improvements to the
wheelbarrow design

Young children learn about the world by
experimentingwith sensory images. No baby is
initially afraid to touch or feel fire. Soon however,
guided by adults/parents, children larn to create
sensory limitation on the world around them. In
addition, they soon learn to “look before you leap”.
In scence, judgement is the very core of most
doctrines. Even Karl Popper’s (paraphrased)
admonishment unrefutable conjectures are not in the
best interest of science, is a clear signpost to the early
acquisition of judgement. In design, under the
weight of student or professional peer scrutiny, this
tendency towards “kill-the-idea” thinking becomes
almost paralysing.

Personal awareness of the need for clear
differentiation and separation of yellow hat and black
hat thinking, and of our own inner leaning towards
negativity, can help in the free flow of ideas that is
so essential in generating design solutions.

Ex 6.5

Consider the following new inventions :

1. Pool ideator: a special writing pad and pen to
be used for recording ideas while in a
swimming pool;

2. Reflectaroads: addition of a specially prepared
glass to bitumen for creating a highly
reflective road surfac;

3. Paperfashon: paper as a replacement for cloth

in the fashion garment industry.

Prepare a list of five positive, yellow hat
evaluations of each invention. Exchange these
cvaluations with a design partner and, where
possible, expand on the ideas and evaluations
proposed by your partner. Be sure to retain these
lists. They will be useful in exercises on evaluation
and decision making.

A cautionary tale about corporate judgement

A cautionary tale of how agressive black hat thinking
cost one corporation substantially, is the story of
the Alto’ personal computer (Smith and Alexander,
1988). In 1970, Xerox, a successful plain paper
copying machine manufacturer, established the
Palo Alto Research Center (PARC). The intention
of Xerox for PARC was to “invent systems that could
support executives, secretaries, salesmen, and production
wanagers, in what was to become known as ‘the office
of the future’”. One outcome of this plan was the
Alto’, a new personal computer, developed by the
Information Systems Group at PARC. In 1979,
predating both Apple and IBM, Xerox PARC
comissioned a television commercial, based on the
Alto. In the words of Smith and Alexander:

“The commercial highlights many parts of the Xerox
system including the graphics-rich Alto screen, the mouse,
the word processing program, the laser printer, and most
prominently, the systems communication capabilities. ...
Other than the Xerox name, nothing about it would
surprise a television audience even if it were shown today.”

However, after some financial difficulties
experienced by Xerox, in 1975 they chose to shelve
the Alto. One of the several reasons offered for
this decision by management was :

“The strategic relevance of this product line is less than
that of other programs for which we also need funding.”

Xerox management might well have defended
such a decision at the time, but in the light of
subsequent events, the decision must rank among
the biggies in black hat corporate errors of judgement.

The moral of this as with any early judgement
black hat decision error is that, in generating novel
ideas, it is far cheaper to waste consideration on
ten crazy, way-out proposals, than to allow one
unexpectedly clever possibility to slip away. A
common technical cliché for this moral is “don’t
let’s throw out the baby with the bathwater!”.
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6.5.3 Flexibility and Fluency

Idea generation is a skill that can be developed and
improved with practice. Fluency is the generation
of 1deas rapidly, while flexibility is the capacity to
generate many distinctly different ideas. These two
aspects of idea generation are almost, though not
completely, independent of one another. Our
experience indicates that fluent idea generators
tend to be capable of generating many distinctly
different ideas, while inflexible idea generators
tend to be less fluent.

‘Uses for X': a test for fluency nd flexibility

The following exercise is due t Adams (1987). The
Red Brick Manufacturing Co. has engaged you as a
technical consultant for expanding its market for
red house bricks. Your task is to generate as many
as possible new uses to which the brick might be
put. As a precursor to discussing this exercise and
its influence on developing fluency and flexibility,
it is useful to ask designers to write down idea on
a single sheet of paper in about five minutes.

If you came up with ten or more ideas in the
allotted time (our experience with this exercise is
in the range of between 10 and 15 ideas) you can
regard yourself as a fluent generator of ideas. If these
ideas were of the type :

build a fence/ build a house/ build a garage/
build a playhouse for children/ build a
barbecue;

then you must regard yourself as a somewhat
inflexible idea generator. In any case, the Red Brick
Company has already developed markets for red
bricks in the building industry.

A considerably more productive way of
approaching such problems is to focus on the
product’s various distinct attributes, as an
alternative to considering the product itself.

Attribute list for a red house brick:
* size,

* weight, mass;

* colour;

* rectangularity;

* geometry;

* porosity;

* strength;

¢ surface texture;

¢ thermal capacity;

* insulating properties;

* hardness.

Once these attributes are identified, we can
associate possible uses which employ one or more
of them. Adams notes that once we have
recognised weight as an attribute, it’s an easy step
to think up new, non-conventional, uses such as:
anchor, ballast, doorstop, counterweight, holding
down tarpaulins, or waste newspapers, projectiles
in wars, riots. Other creative uses are: storing

water/ bed warmers/ book shelf supports/ colour
gauges/ the element of a new sporting event —
brick putting.

Ex 6.6

Shopping at supermarkets for food, or in
department stores for household goods, or clothes,
always results in some disposable packaging, Fast-
food outlets also tend to generate disposable
containers and packaging. Also, at sporting venues
or during holiday periods, the city’s waste baskets
overtlow with empty plastic bottles, polystyrene
containers and empty beverage cans. What
particularly bugs us is the terrible waste of the
following:

plastic shopping bags/ empty beverage containers/ plastic
bottles/ bubble packaging/ used automobile tyres/ used
batteries.

Prepare an attribute list for one of these items
and generate a list of possible unconventional uses
for your chosen item.

Further aids to fluency and flexibility: ‘shape
doodles’

Shape doodling is yet another exercise in self-
awareness of creative blocks due to inflexible or
restricted thinking styles. Figure 6.18 shows a set
of 30 shapes (10 each of circles, squares, triangles).
Each shape may be thought of as an uncompleted
sketch of some familiar object. These shapes
should be about 30mm across, with 10mm spacing
between them.

On a clean sheet of A4 size paper, sketch a
selection from these shapes, and complte each toa
clearly recognisable form. Do this for as many
shapes as you are able in five minutes. Figure 6.28
in Section 6.6.5 shows a selection of finished shapes.
If you used all the circles to make different faces,
for example, then you are alittle less than flexible
in idea generation. Because of its apparent child-
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like simplicity, this exercise is often seen by
engineering students as wasteful, and of little
relevance to hard technical matters.
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Figure 6.18 "Shape doodle’: starting figures

It is useful to present this exercise as yet another
opportunity to apply the yellow-hat deferred
judgement to the outcome.

6.6 Generic barriers to idea
generation

The free flow of ideas is the essence of creative
problem solving. We have already alluded to fear
of ridicule, black-hat early judgement and ingrained
suspicion of fantasy and wasteful doodling as serious
barrier to this free flow of ideas. Adams (1987) lists
four major barriers to fluent and flexible idea
generation. He calls the process of becoming self-
aware of these barriers, and the personal attempts
to overcome them, conceptual blockbusting.

While the notion of self-analysis may appear
foreign to formal problem solving, there is
considerable value in being fully aware of our
bedevilment with black-hat avoidance of fantasy and
imagination. The following is a brief review of the
barriers to ideation explored by Adams.

6.6.1 Perceptual barriers

Inability to see the whole picture or to view problems
in ways that present a clear vision of the
information needed to solve them represent
perceptual barriers. The often quoted cliché

describing this type of barrier is: not seeing the wood
for the trees. Some examples will serve to elaborate
these perceptual barriers to problem solving.

Information overload or underload

Problems can be embedded in substantial
information, much of which may be unnecessary
to the problem evolution process. The problem
solver may become confused with too much
information (cognitive overload), or insufficient
information (not seeing the whole picture). In
problems of structural integrity we use generic
models of structural elements such as beams,
columns, and shafts, to deconstruct complex
problems. In need-directed problem solving, we
must find similar deconstructions to get to the very
essence of the problem.

ExampLE | . THE MEDITATING MONK {THIS PROBLEM, IS DUE TO ADAMS)

A Buddhist monk is known to pend some days
each year on a small mountain near his monastery.
On the first day he starts early in the morning and
climbs the mountain, stopping to rest several times
along the way. By mightfall he reaches the mountain
top, where he spnds several days in meditation.
Finally, the monk commences his descent along
the same route he took to ascend the mountain.
Again, he starts in the morning and spends the
whole day in his journey to the bottom of the
mountain. Naturally, his descent is slightly faster
than his ascent, since he finds it easier to walk
downhill. By nightfall he reaches his monastery. It
is conjectured that there is one specific location
on his path up and down the mountain, where he
would be at precisely the same time of the day
during both ascent and descent. Can you prove or
refute the conjecture?

ExampLe 2. TWO UNI-PARAMETRIC PROBLEMS

Figure 6.19 The sphere and the annulus
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Figure 6.19(a) is a section through a sphere which
has a cylindrical hole drilled through it, along a
diameter. The remaining ring has a height of 2k as
indicated. What is the volume of the ring?

Figure 6.19(b) is a regular annulus. The line
segment shown touches the outer circle at two
points and is tangent to the inner circle. What is
the area of the annulus?

Delimitation

Perceiving boundaries and restrictions to problem
solving, represents a common form of perceptual
barrier known as delimitation. Two well known
problems will exemplify this type of barrier.

ExampLE 3. THE NINE-DOTS PROBLEM

Figure 6.20 shows nine dots arranged in a
rectangular shape. Can you draw four straight lines,
that pass through each of the nine dots only once,
without lifting the pen from the paper?

Figure 6.20 Nine dots problem

In solving this problem, you must assume thet
the nine dots are mathematically infinitessimal
points.

EXAMPLE 4. HE SIX MATCHES PROBLEM

Figure 6.21shows six matches arranged in a
hexagon. Can you use these matches, without
breaking them, to form four equilateral triangles?

Figure 6.21 The six matches problem

Saturation

Our senses get dulled to information we see or
feel continuously. If we press our fingertip to a
moderately sharp object for any length of time,
after some time, our haptic senses fail to register
the object. We see familiar things in our everyday
life which don’t register in our consciousness. These
are images such as the fine details of our front door,
the precise features on the front of a bus or a train.
This time-dependent dulling of senses is called
saturation. Given all the information to which we
are regularly exposed, we simply filter out some
we regard as inessential. In a tenuous way,
saturation is the result of information overload.
Some of it simply slips through the cracks of our
consciousness. In dealing with technical problems,
we can not afford to let any information slip us by.
As a useful exercise, cover the image in figure 6.22
and then show it for five seconds to someone, who
has not seen it previously. Ask your subject to recall
the text. Our general experience is, that the
majority of first-time viewers will fail to see the
repeated word.

PARIS
IN THE
THE SPRING

Ex 6.7

Sketch the detail of your front door/ your television
set/ the dashboard of your automobile/ the
keyboard of your mobile phone.

Stereotyping

When we fail to utilise information from all of our
senses, we fall into the trap of stereotyping, or seeing
what we have been conditioned to see. This notion was
astutely exploited by several graphic artists
including Escher and Vasarely. Figure 6.23 shows
the well known Waterfall image of the Dutch
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Figure 6.23 Waterfall, by M. C. Escher
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graphic artist Maurits Escher (1898-1972). This
image, as many others of Escher, exploits improper
use of perspective. The result is that our visual
senses are fooled into accepting the image of the
self-driven waterwheel.

ictor Vasarely (Visdrhelyi) is a Hungaro-French
graphic artist, who is regarded as the father of op-
art. He uses graphic imagery that exploits errors in
visual perception. The resulting images again
deceive the visual senses into seeing a degree of
three-dimensionality that is not really there in the
image.
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Figure 6.24 Op-art by Victor Vasarely

Figure 6.24 is a typical example of Vasarely’s art.
Other well-known exploiters of improper
perspective are the engineer’s security key and the
mystic triangle. Both of these impossible objects are
shown in Figure 6.25.

(a) Engineer's
security key

(b) Mystic triangle

Figure 6.25 Impossible geometric objects
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6.6.2 Cultural and environmental barriers
to idea generation

Cultural barriers are the result of developed forms
of thinking, particularly influenced by one’s
upbringing and environment. Typically, children
explore the world around them with all their
senses. However, once in formal schooling, they
soon learn that (in Adams’ words):

“Fantasy and reflection are a waste of time, lazy, even
crazy;

Playfulness is for children only;

Reason, logic, numbers, utility, practicality are good;
Seeling, intuiton, qualitative judgements, pleasure are bad.”

Examples of cultural barriers are:

* authoritarian behaviour: “do what I tell you”;

* reluctance to share knowledge, resources, or
information: “this is my turf”;

* corporate monoculture: “this is the way we do
things here”;

* organisational hierarchy: “management must not
fraternise with technical staff”;

* xenophobia: “that idea was not invented here —
it can’t be used” (the dreaded NIH complex).

Tunnel vision

Tunnel vision 1s the conceptual block caused by
approaching a problem from only one point of view.
The person suffering from tunnel vision may be
an enthusiast for a particular technology, or skilled
in a narrow sub-discipline of engineering. Perhaps
they are subconsciously inclined to make their own
responsibilities easier at the expense of other
aspects of the problem — an attitude exacerbated
by organisations that split designers into spcialist
groups. In any case the result is an unbalanced
focus on the elements of the problem, and a
tendency to concentrate on one’s own interests and
sphere of expertise.

Consider the concept sketches shown in Figure
6.26, allegedly deriving from several engineeirng
groups working on the design of a 1942 military
aircraft.

Notes:

— the production engineering group is
responsible for manufacturing the product
efficiently;
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Figure 6.26 ‘Tunnel vision” in aircraft design

— the loft group specifies all the complex curved
surfaces of the aircraft;

— the power plant group is clearly full of mechanical
engineers (escapees from the racing car industry).

Environmental barriers

Environmental barriers are, unfortunately, all too
common in engineering. Creative idea generation
requires a supportive environment. We need the
support of colleagues, design team members, as
well as management.

MCGOWAN'S ‘Laws ¢

Peter McGowan is a senior mechanical engineer
in a large multi-national chemical company. The
majority of his work involves trouble-shooting (recall
that this is a form of focused problem solving). In
his experience with major engineering projects, he
has been able to formulate ‘laws’ (working
hypotheses) about two significant environmental
barriers to creative problem solving.

Law 1: Employee trust of management is directly
proportional to management’s trust of
employees. This rule is easily extended to the
work of design teams, their members and
their tea leaders;

Law 2: The person nearest to the problem always
knows more than they are given credit for.
Therefore, ask the worker, the installer, the
operator, the maintenance technician.

CLOSING THE BARN DOOR AFTER THE HORSES HAVE BOLTED

Potential Failure Mode and Effects Analysis
(PFMEA) is a formalised design evaluation tool
used by many large consumer product
manufacturers. The procedure ranks the parts of
the design requiring special attention to ensure its
eventual safe and reliable operation. Although
inportant, the procedure can be tedious and time
consuming. Consequently, some organisations
invoke PFMEA, not prior to releasing a design,
but when “time is available”.

6.6.3 Emotional barriers

e have already referred to the Barnyard game of Bob
McKim, as a means of overcoming fear of ridicule.
Within any group, fear of rejection, and that of
making a fool of oneself, are strong barriers to creative
idea generation. As a simple exercise in any
problem solving situation, each member of a team

6.6 McGowan, P (1998) Design Tensions, Paper presented at the 10" Annual Conference on Engineering Education, Gladstone,

September
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writes down on a piece of paper up to five ideas
for solving the problem, clearly numbering each
suggestion. These lists of ideas are then taped onto
a display board or the wall of the design office, so
that all members of the team can see them. At this
point each team member considers the proposed
ideas with a yellow hat on, and writes down up to
five positive or favourable outcomes that might
result from each proposal. In this way, the
encouragement to think positively heightens the
team’s awareness of its own emotional response
to the problem under consideration.

6.6.4 Intellectual and expressive barriers

Problem solving and idea generation are highly
personal procedures. Each individual will use
different forms of communication of the problem
and its solutions. Idea logs represent one form of
communication, particularly useful for generating
graphic snap-shots of our thinking processes. Yet,
some people find it easier to think in verbal or
symbolic languages.

THE "CAT-IN-THE-BAG  EXERCISE

Figure 6.27 The ‘cat-in-the-bag’

In this exercise, we take a relatively simple object,
shaped as shown in Figure 6.27. This simple shape
is placed in a brown paper bag. A student is asked
to “feel” the object in the bag and describe its shape
in word only. No arm or hand movements are
permitted. Also excluded are references to trade
names or non-generic shapes. The rest of the
student group are then asked to sketch the object
on a sheet of paper, based on the verbal description.
In general, people find this exercise quite
challenging, and the resulting sketches can be quite
amusing when compared to the real object.

THE CYcusTs AND THE FLY

Two cyclists A and B start off from two towns
twenty kilometers apart and head towards each
other in a straight line at an average speed of 5 km/
hr. At the instant when cyclist A starts out, a fly
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takes off from the front of his bicycle and flies to
wards the other cyclist at an average speed of 7
km/hr. When the fly reaches cyclist B it
immediately reverses its path and flys on at the
same 7 km/hr back towards cyclist A. The fly
continues to switch back and forth between cyclists
until they meet, somewhere between towns A and
B. How far did the fly travel?

This problem can be easily enformulated as an
infinite series, which can be summed for the
solution. But there is a much simpler approach to
the problem, which most of us would pursue first.
In their anthology of science stories, Weber and
Mendosa (1973) recount how a young scientist
colleague posed the problem to John von
Neumann (1903-1957), the Hungarian born
mathematician, popularly regarded as one of the
originators of programmed computers. Von
Neumann was supposed to have incredible skills
in mental computation. When faced with the above
problem, he almost immediately gave the correct
answer (14 km). The young scientist’s face fell,
“vou have heard this problem already”, he remarked.
“No”, said von Neumann, “I simply summed the
infinite series.”

Was von Neumann unwise for adopting such an
unwieldy procedure to solve this otherwise easy
problem (the cyclists travel for 2 hours before they
meet, in which time the fly has flown 2 hrs. @ 7
km/hr = 14 km)? Not necessarily — he was merely
using the enformulation that suited his thinking
style best. As a general rule it is useful to express
and communicate problems in a way most suited
to productive solution opportunities.

6.6.5 Answers to problems on conceptual
barriers to creative problem solving

THE MEDITATING MONK:

In this problem it is useful to consider the monk
and his alter-ego travelling the same path up and
down the mountain. Where the fwo meet is the
location correponding to the precise time of day
when the original monk was at the same place and
time on each trip.

UNi-PARAMETRIC GEOMETRY PROBLEMS:

Since in each case the geometry is described in
terms of a single parameter (h), we must assume
the problems to be independent of the size of the
hole in the sphere, or the inner circle in the
annulus. Consequently, we can imagine the cutting
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holes in each problem to be of zero radius, resulting
in a sphere and a circle respectively, both of
diameter 2h. Hence, the volume of the ring is
47h*/3 and the area of the annulus is wh2.

SHAPE DOODLE EXERTCISE

Seyme
2 S0 Ok
LTVEAR

CYARa¥ o

Figure 6.29 ‘Shape doodle’: some completed examples

THE NINE DOTS PROBLEM

The solutions to this problem is indicated in Figure
6.28.

Figure 6.28 Solution to the nine dots problem

This is only one of many possible solutions, but
all others are dependent on the dots having finite
size. In this case, it was good to heed the
admonition of lateral thinkers to think outside the
square.

THE SIX MATCHES PROBLEM

This is a very entertaining problem, particularly
among groups who have not seen the problem
previously. This is a three-dimensional analogue

of the nine dots problem. Most people delimit this
exercise to the plane, when the simple solution is
a regular tetrahedron.

Ex 6.8 Spanning a chasm

We continue to refer to the thought experiment as a
powerful problem solving tool, especially in
problems where we intentionally introduce what
appears to be an artificial delimitation to the
solution space. As a final exercise in this type of
artificially delimited problem, imagine a chasm to
be spanned by a kind of bridge. The supports of the
bridge are two drinking glasses, placed on two
desks, separated by the chasm. Your task is to take a
single A4 sheet of paper and construct your bridge
from it, such that it spans the chasm between the
supports. Your single sheet of paper is the only
permitted material of construction and no other
material may be used. The best design is the bridge
of the longest span. The bridge need only carry its
own weight, and its midspan sag must not exceed
1/300 of the span.

Ex 6.9 Sharps disposal container

Hospitals make use of injection needles, scalpel
blades and other sharp objects in their day-to-day
operation. Disposal of these sharps is a serious waste
management problem, particularly in the current
climate of blood related transmission of diseases
such as AIDS and Hepatitis-B.

Your client is a manufacturer of disposable plastic
products and wants to explore the possibility of
developing a new market in sharps disposal
containers. There are severe constraints and
restrictions on this design. The container must be
capable of withstanding a specified drop test
without leaking. The top cover should accept a
wide range of sharp implements, needles and
disposable syringes of various types. It should not
be necessary to touch the container, and the lid
must be designed to prevent the entry of fingers —
this is to avoid needle-stick injuries.

There are International Standards relating to safe
handling and hazard evaluation that must be
adhered to.

The following pages show some extracts from
an idea log of one group of professional designers
faced with the above problem. The idea log 1s
presented as an indication of the degree of detail
to be included in generating ideas for product
design. We are particularly grateful to Leong Weng
Yue for permission to reproduce his wonderful
sketches.
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6.7 Evaluating designs and
decision support systems

“Now for the evidence”, said the King, “and then the
sentence.”

“No!” said the Queen, “first the sentence, and then the
evidence!”

Lewis Carroll, Alice’s adventures in Wonderland, 1865
Decision-making in the design process is often
difficult because problems have conflicting objectives:
objectives A and B are in conflict (competition) if an
improvement towards A tends to cause a
worsening of B. Common examples could include:

— “high strength” and “low weight”;

— “low cost” and “long life”.

When faced with conflicting objectives, the
designer must exercise judgement to achieve a
compromise. Conflicting objectives are traded-off
against each other to achieve a balance

We begin thinking about decision-making in
engineering design by considering a case example.

CASE EXAMPLE 6.3:
SITE FOR A POWER STATION.

FACTORS INFLUENCING THE SITING OF ELECTRIC POWER GENERATING
STATIONS

* access to consumers

* access to fuel (15,000 tons/day)
* access to cooling water (250,000 litres/hr)
* disposal of ash (3,500 tons/day)
* space for stockpiling coal

* stability of site:

— building foundations

— coastal erosion

* construction:

— transport of heavy equipment
— heavy construction vehicles
— cost of construction

* community:

— attitudes of people

— local trade; employment

— supply of skilled operators

— local community services

-] 323

* environmental:

— pollution via exhaust gases

— dust; noise

—  coping with warm water (thermal load)

—  loss of habitat

* aesthetics:

—  buildings

-— power lines

This problem is notable since there are a large
number of factors to be considered, and so many
of them are in conflict (typically, access to cooling
water and large scale ash disposal versus
environmental impact; access to consumers and
cheap distribution system versus aesthetic impact).

Moreover, the range of alternatives (power station
sites) is likely to be small.

DECISION FACTORS IN LARGE SCALE INFRASTRUCTURE PROJECTS

— load prediction
— effectiveness
— design life
— cost
— environmental issues
— political feasibility
These must be considered in relation to:
— construction phase
— operation during life of project
— decommissioning
It is interesting that engineering emphasis has
traditionally been directed towards the first two of
these, whereas the third issue (decommissioning)
has been largely ignored at the design stage. One
of the reasons for regarding nuclear energy in the
1950s and 60s such an economical option for the
future, was that the as yet inestimably large cost of
decommissioning a nuclear fission plant was not
considered.
The power station example is typical of a generic
decision making problem that we characterise asa
flow system. Flow systems, in general, accept
purposeful inputs, and transform them into desired
outputs. Along the way the transformation process
generates some uncontrolled, often undesirable,
outputs. Some typical examples of flow systems
are:
* electric power generating stations;
* urban transport systems;

*  economic systems;
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* chemical processing industries and any
processing plant;

* schools and universities, libraries, museumns,
movie theatres, supermarkets;

* coffee grinders, washing machines, lawn

mowers.

When facing a problem of designing, locating,
or simply evaluating such a flow system, the
procedure we use is an input/output analysis. The
system is represented on an input/output diagram,
as shown in Figure 6.29. Input/output analysis,
corresponds to the problem evolution and
enformulation phase of the design. As the name
implies, the procedure focuses particular attention
on the flow of materials in and out of the plant,
without reference to the processing that occurs in
the transformation of material from input to
output. In general, with flow systems, the processing
embodiment has already been determined.

In establishing performance parameters for our
flow system, we often focus on the measure of
efficiency. The term is commonly misused to
describe another measure, effectiveness. While the
confusion is a result of both words originating from
the same root (to have an effect), we must be
absolutely clear about the credible use of both
terms 1n the engineering context.

Efficiency, 7, is a ratio between useful outputs
available from a system and the inputs required to
produce the outputs. Typically

useful output

1 input required to produce output
Generally, but not always, efficiency is a
dimensionless ratio. In contrast to efficiency, which
is a precise technical measure, effectiveness is a
subjective measure of fitness for purpose. The
automobile is a very effective personal transport

ENVIRONMENTAL INPUTS

(uncontrollable or unpredictable)

PURPOSEFUL R
INPUTS FLOW DESIRED
(controllable —» SYSTEM QUTPUTS
or ;*m!r. table) —»
AR UNCONTROLLABLE OUTPUTS
(d) l‘f."l \"”\ i :'H;’:‘l‘;F m‘fl""n.“ ln‘ihfl\‘i i
ENVIRONMENTAL INPUTS*
Electricity
Fuel s " DESIRED
e QUTPUTS
PURPOSEFUL |
INPUTS Au POWER A Exhaust Qas
L STATION X Adh
Cooling water . .
ey Nois¢ UNCONTROLILABLE
Vibration OUTPUTS
. lesthetics

Warm water

(b) Input-output diagram for power station example

Figure 6.29 Input-output diagrams (* for the power station example, environmental inputs may be unseasonable
weather conditions, forcing possible power restrictions; unpredictable fluctuations in demand; equipment breakdowns;

variations in cooling water temperature or availability)
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system, but it is a highly inefficient people mover
when compared to public transport systems. By
contrast, a coal powered power station is most
effective for delivering base-load electric power. Yet,
it is a quite inefficient converter of thermal energy into
electrical energy. In fact, the measure of
effectiveness in a design is a direct function of the
design parameters (criteria) used for comparing
alternative design options. In the case of the
automobile, if our criterion of performance were
convenience (a somewhat subjective measure, but
we could use for it average time to reach destination),
then, in general, an automobile would be a more
effective personal transport system than a train. By
contrast, if we used number of people per unit trip as a
criterion of performance, the train would be a far
more effective transporter than the automobile.

Ex 6.10

Public transport systems use trains, buses, trams
and trolley buses, as people movers. Enformulate
efficiency measures for those people movers
familiar to you. Compare the efficiency measure
with similar measures for an automobile, a bicycle,
a pogo stick, a horse, and a motor bike.

Draw up a table of comparative energy
efficiencies for all of these people movers.

6.8 Decision making strategies

Having explored the divergent, creative, entirely
yellow-hat, aspects of the design process, we now
focus attention on the convergent, evaluative, black-
hat aspects. The generic term for evaluation
procedures in design is decision making. While we
advocated the use of fantasy and playfulness in idea
generation, in evaluating competing design
proposals, we must become entirely ruthless in our
comparative value judgement.

There is a legend about a farmer whose hired
labourer was required to dig up a field of potatoes
and then sort them into three categories of size,
small, medium, and large. At the end of the day
the farmer visited the potato patch to find that the
labourer had dug up the whole crop. However,
the potato sorting was not going so well. There
were two small mounds of potatoes in the large
and small categories. The remainder of the crop
was in a huge mound, with the labourer standing
next to it, scratching his head. “What’s the problem?”

asked the farmer. “Ah, decisions, decisions”, replied
the unhappy labourer.

Designers use a range of evaluative tools for
decision making. These decision support tools
allow comparative evaluation of competing
alternative designs. In general, all the evaluative
procedures presuppose the existence of the design
embodiment. There are no known, formal,
evaluative tools for conceptual design.

In what follows we briefly review some of these
decision support tools, and their spheres of

application.

6.8.1 Input-output analysis (I/0)

I/O analysis aids in the identification of:
* constraints, restrictions;

* performance criteria;

* design objectives.
We have already seen a case example of a flow
system in selecting a site for a power station. In
that example we explored the several sources of
information to be consulted. In the following,
smaller scale, example we specity hardware
requirements.

CASE EXAMPLE 6.4 :
DESIGN OF A WASHING MACHINE.

* Input: Soiled fabrics
* Input variables:

— size of load (£ 0.5 m?)
— mass of load (£ 6 kg)
— type of fabric (all)
— type of dirt (all)
— mass of dirt (£ 0.3 kg)
* Output: Clean fabrics
* Output variables:
— amount of dirt (£ 1%)
— shrinkage (£ 0.05%)
* System: Washing machine
* System vartables:
— size
— shape
— method of freeing dirt
— source of power
— materials of construction

* Requirements:

| 325
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Attribute Choices
Plan shape round square triangle trapezoid oval
Leg material @W _-wmd
Height (m) _‘*E-—_._ 11 12 adjustable
Support 2 legs @ box
Storage 1draw 2draw Slip-lid -«
End square circular angled \
= N
_—
<A1
U

Figure 6.30 Morphological matrix for an office desk

—_ sizemustbe £ Imx Imx Im
— cost must be < $250
— must be foolproof in operation

¢ Constraints:

— must be approved by statutory
Health and Safety Authority

6.8.2 Benefit-Cost-analysis

This type of analysis deals with comparative
evaluation of various utility values associated with
the design. A Benefit-Cost analysis:

* identifies all benefits to be gained from
proposed solution (yellow-hat)

* assigns values to benefits on specific value
scales (identifies criteria, usually $)

* identifies all costs and drains on resources
generated by proposed solution (black-hat)

* assigns values to costs on specific value scales
(identifies criteria, usually $)

* draws attention to the total value of the
proposal in comparison to alternative ways
of assigning resources: this is the ultimate
outcome of the evaluation and it often
involves some subjective evaluation. While

this evaluation is probably the domain of
business analysts, it is always useful to recall
the experience of Xerox-PARC and the Alto’
(refer back to 6.5.1: our cautionary tale about
deferred judgement). This is the part of the
evaluation most subject to the risk of throwing
the baby out with the bathwater.

Benefit-Cost analysis is further explored in
Section 7.2.

6.8.3 Morphological analysis

Morphology is the study of form and structure of
things. We use morphological analysis when there
is already an established form of embodiment for
our design problem. In general, morphological
analysis allows us to generate a wide range of
alternative embodiments. The process focuses on
the attributes of the solution that already match
the problem’s requirements: recall the “uses for-X”
exercise in idea generation; see also Marples 1961.
Morphological analysis requires that:

* the mechanism of the product’s operation is
already understood, and

* the major attributes, or the major functional
parts, of the solution can be listed.
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Figure 6.30 shows a partial morphological matrix
for an office desk, with two of the many alternative
embodiments indicated.

6.8.4 Fishbone diagrams

Designers involved in trouble-shooting or fault/
failure analysis make use of formalised procedures
for depicting potential cause-effect relationships. The
fishbone diagram, also called “Ishikawa diagram”,
after its developer, Kaoru Ishikawa (Ishikawa,
1985), provides a useful form of representation for
such relationships. The main value of the fishbone
diagram is that it draws attention to all those
elements in the system that might contribute to
some specific outcome. Itis a first step in preparing
amore detailed study of cause-effect investigations.

This type of diagram also provides a useful
medium for representing product attributes, and
their relationship to design requirements. Figure
6.31 is a type of fishbone diagram relating product
attributes to customer requirements. Although the
attribute list is based on our accepted notion of
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what constitutes a “can opener”, many possible
embodiments might result from this description.

A can may be cut, sheared, rolled open (sardine
cans), pierced or ring pulled (beverage cans), or
levered open (paint cans). In each case, there is a
specific embodiment that springs to mind during
problem evolution.

6.8.5 The design tree

Earlier we referred to forward and backward
chaining during problem evolution. The design tree
provides a medium for forward chaining from
technical objective to embodiment. Design trees
are particularly useful when there are many
alternative forms of embodiment to be considered.

In many parts of rural Australia (and no doubt
in other parts of the world) electrified fences are
used to control livestock in paddocks. The fences
keep livestock in, and keep threatening wildlife out.
Farmers make use of wooden fence-posts to string
the bare electric conductors. Specially designed
insulators are used to attach the wire to the fence-

Operation

opens all shapes
ambidextrous '\ and types of cans
1se easy to use

opens hot portable

cans

Appearance

attractive

silent
colorful
COrrosion

proof

comparct

Design

easy to clean
J ‘ Ho
1ygenic

sharp
edges

durable

holds lid

safe

Maintenance

Figure 6.3 Fishbone diagram for a ‘can opener’

dishwasher

retains requirements

bottle

opener

('t‘ft\’('

Extra
features
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posts. Some of these insulators are of moulded
polymer and others of a ceramic/metal
construction. There are many possible
embodiments. Figure 6.32(a) shows a partial design
tree for the electric fence insulators. The photo in
Figure 6.32(b) shows a small selection from the
alternative embodiments available for this design.

6.8.6 Decision tables and other scaled
check lists

Project evaluation often calls for comparative
evaluation of two or more alternative proposals.
The designer needs to predict the outcomes of
these alternative proposals, in order to make a
reasoned evaluation. Some outcomes may be
predicted in terms of cost (§), but often these
predictions are estimates only. Moreover, some
estimated outcomes can only be expressed on a
subjective scale such as preferred or not preferred. For
these types of evaluation, decision tables provide a
useful comparative procedure.

CASE EXAMPLE 6.5:
PROPOSAL FOR A PROCESSING PLANT.

In this example we are considering a new capital
project to build a processing plant. Other
embodiments already exist and we use a decision
table to compare the two alternative proposals, by
relating the predicted outcomes to those from
existing plants. This is a first order qualitative

decision process, where we only consider scaled
positive (+1 = better; to +5 = best), negative (-1
= worse to -5 = the worst) or neutral (similar)
performances.

In the scaled decision table, Table 6.6, we have
compared two proposals for the new processing
plant. Taking Alternative A, we note that itis slightly
more expensive to construct than the old plant
(inflation and increased cost of labour might be
the reason for this assessment). Hence this factor is
regarded as worse (denoted by a -1) than the old
plant. However, the new plant is estimated to
outperform the old plant in almost all other areas.
Similarly, the engineering staff have predicted
performance estimates for Alternative B. Interesting
to note that, based on raw performance estimates,
Alternative A is a better risk than Alternative B.
However, when the weightings are taken into
consideration, Alternative B is estimated to
outperform Alternative A.

Scaled decision tables are helpful in formalising
the evaluation of design alternatives, and in
focusing attention on the factors to be considered
in the evaluation. However, we caution against
placing too much stock in the aggregate results
from such an analysis. Recall, we started with the
objective of performing a qualitative evaluation only.
While the performance estimates might be near
enough to the mark, the weightings are, at best,
speculative only.

Insulator

Figure 6.32 Partial design tree for electric fence insulators
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Table 6.6 : Scaled decision table (After Holick, 1993}
Alternative A Alternative B
Factor Importance
(weight) Raur‘ Weighted Raw‘ Weighted
evaluation evaluation
Construction cost 4 -1 4 -2 -8
Return on 4 +2 +8 +6 +24
investiient
Noise 2 +1 +2 -3 -6
Emission 5 +2 +10 +1 +5
Soil erosion 2 -2 -4 -1 -2
Aggregate +2 +12 +1 +15

Yet another form of qualitative decision table is
the “Pugh matrix”, attributed to Stuart Pugh, who
was Professor of Engineering Design at University
of Strathclyde. Pugh evolved a simple, but useful,
qualitative decision matrix as a means of evaluating
competing design concepts.

To make use of the Pugh matrix approach, we
need to have access to a datum embodiment of the
proposed design. All the competing concepts are
then compared to this datum embodiment. The
comparison invokes several performance factors

and assigns only positive (better), negative (worse),
or zero {the same) values to each performance
factor, relative to the datum, in the matrix.

CASE EXAMPLE 6.6: AUTOMOBILE HORN.

Figure 6.33 shows eight alternative embodiments
for an automobile horn. There are many other
possibilities, but these few will suffice for a
demonstration applying the Pugh matrix.

The datum concept is number 1 in the figure,
and all other concepts are evaluated relative to this

Diaphragm

I

Rubber coated

aisc

Figure 6.33 Some alternative embodiments for an automobile horn
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Table 6.7: Pugh matrix for automobile horn concept evaluation (After Pugh, 1981)

Concept
Technical objective 1 2 3 4 5 6 7 8
Ease of producing 105-125 dB s + - + - - +
Ease of producing 2-5 kHz D s + s + s - s
Corrosion, erosion A - 5 - s - B _
Shock, vibration qu s s - - - s s
Temperature sensitiyity M s + - - _ B _
Aggregate score -1 +3 -4 0 -4 -2 -1

conventional, well known, embodiment of the
automobile horn.
The technical objectives for the horn are :

* sound level = 105 to 125dB (sound pressure
level is measured on a logarithmic scale of
bels, relating sound energy to a datum energy
level. The usual sound level scale is calibrated
in tenth of bels or decibels, denoted dB);

¢ frequency = 2 to 5 kHz,
¢ corrosion and erosion proof;
* impervious to shock and vibration;

* operation in wide range of temperatures.

Table 6.7 shows the evaluation matrix for the
eight design concepts considered. A useful way of
comparing competing design concepts is to
compare aggregate results from such a table. The
various concepts may be developed using a
morphological analysis of the design in the first
place.

6.8.7 Mathematical modelling

In chapters 1 to 5 we have explored mathematical
modelling for evaluating structural integrity of
engineering components. In essence, the substance
of those chapters was to make reasoned decisions
about the likelihood of failure. Our reasoning was
based on mathematical modelling of the behaviour
of engineering components. Complex engineering
systems can be the subject of mathematical
modelling. The formal procedures used in such
decision making are multi-objective optimisation
and search methods.

Multi-objective techniques attempt to reconcile,
trade-off, conflicting requirements, by developing
suitable utility functions that place proper priorities
on the design objectives. When the number of
design objectives and the factors influencing them
are large, computer search procedures are used for
evaluating best fitness for purpose. Here we only draw
attention to the existence of these advanced
decision making tools, as they are outside the scope
of a general design text. For an introduction to
these specialist search procedures see, for example,

Wilde (1978), Goldberg (1989) and Parmee (1997).

CASE EXAMPLE 6.7:

ELECTRIC POWER DISTRIBUTION.

In this example we consider the choice of a suitable
conductor in an electric power distribution systerm.
The two available alternatives are copper and
aluminium.

* Copper (Cu) : remstmty = 1.7241
microhms per cm? per cm; specific gravity
= 8.99;

e Aluminium (Al) : resistivity = 2.828
microhms per cm? per cm; specific gravity
= 2.70.

The choice of conductor will determine the
distribution losses and the structural character of
supporting pylons. Cu is a 64% better conductor,
but weighs 3.3 times as much as Al

This is a simple deterministic problem with a
single parameter utility function (total cost over
the life of the installation). We can easily optimise
for each material as shown on Figure 6.34.
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Resistive losses are a function of conductor area
and length. Hence, we can plot distribution losses
as a function of conductor cross section. The
conductor size will also determine the cost of
installation, in terms of support structures and
conductor material cost. This too can be plotted
on the same diagram. The aggregate of the two
cost curves is the total installation cost, and this
curve identifies the lowest cost. As seen on Figure
6.34, the minimum cost is not very sensitive to
conductor diameter. Hence we are able to choose
a suitable ‘preferred size’ without the need to
manufacture a special batch of conductor sizes. A
similar figure can be drawn for the aluminium
conductor and the minimum costs compared for
a decision between the two alternatives.

Cost $§

Figure 6.34 Choice of optimum conductor diameter

CASE EXAMPLE 6.8
WIND LOAD ON CHIMNEY.
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Figure 6.35 Incinerator chimney under wind loading
(schematic)
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In some process industries incinerators are used
to burn hazardous substances. The resulting
discharge must be released and dispersed into the
free-stream air, well above ground level.
Consequently, the chimneys of these incinerators
can be quite high. Wind loading on the chimney
becomes a significant design consideration. Figure
6.35 is a schematic sketch of such a chimney
installation.

It is easy to show that the two governing
equations for safe structural behaviour of the
chimney are

kD?
——I—Sl,and
D*-d*

allowable stress:

allowable deflection: D <1,

D*-d*
where k, and k, are constants for a given
installation. We can plot these two inequalities on
the same diagram, as seen in Figure 6.36. Note,
that the stress inequality increases more rapidly
(governed by D?) than the deflection inequality
(governed by D).
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Figure 6.36 Design plot for chimney problem

At first sight, it may seem reasonable to select
the dimensions of the chimney so that the two
design inequalities correspond. This would appear
to make the most effective use of the construction
material. However, in practice, there are many
other aspects of the design that will determine the
best choice of dimensions.
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I,

Figure 6.37 Heat exchanger detail, indicating design variables and two alternative tube configurations (Field, 1970)

Ex 6.11

Assuming that total installed cost of the chimney
is proportional to its mass, determine the form of
a curve of constant cost on the (D, d) plane of
Figure 6.36. Hence propose a method of selecting
a safe design for minimum cost.

CASE EXAMPLE 6.9:

HEAT EXCHANGER DESIGN.

We have just looked at two small-scale problems
with relatively few design variables to be
determined for the best, or at least the most
favourable, design choice. Most design problems
have many more variables than we saw in these
problems. It s specifically for large-scale mulu-
variable problems that search and response surface
methods are designed to provide decision support
(see for example Box, Hunter and Hunter, 1978).

In this case example we consider a relatively
common cross-flow heat exchanger. A schematic
cross section and tube detail for such a heat
exchanger are shown in Figure 6.37. On the face
of it, the problem has only five variables: tube
diameter {d), fin height (1), fin pitch (s), fin
thickness (f), and overall face width (). However,
the configuration of tubes within the exchanger
has considerable influence on performance. Only
two of the many possible alternative arrangements
are shown in Figure 6.37.

In this type of problem, the appropriate
decision support system is a response surface
approach. We first determine the overall
sensitivity of the heat exchanger’s
performance to changes in variables. Output
variables are pumping energy (E,, - we want
this to be low), fluid temperature change
( DT - we want this to be large), and total mass
of copper (m,, - we want this to be small).
Hence, a suitable technical objective might
be to

AT
EP ey .

maximise D =

Setting design variable limits, we examine
the changes in p,,. as a function of each
variable alone, keeping the others fixed at one
or other limit. Following this evaluation, we
choose the two variables that exert most
influence on p,,; and plot these as a surface
(the response surface) to find the best
combination of values for design variables.

Figure 6.38(a) shows one of the many
typical sensitivity analyses used in this
problem, and Figure 6.38(b) shows the
chosen response surface. The approach can
certainly be used for virtually any number of
design variables, but the resulting response
liyper-surface needs to be searched for global
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maxima or minima, using one of the many
computer based search engines available.

|PHE

(a) Sensitivity

(b) Response surface

Figure 6.38 Sensitivity analysis and response surface for the
heat exchanger problem (not to scafe)

6.8.8 A comparative evaluation of case
examples

We have examined a series of case examples in
engineering problem solving. These case problems
are now classified according to our problem-
intensity parameters identified in Section 6.3.6.
Table 6.8 shows a brief qualitative classification of
the case examples we presented in this chapter. It
is extremely useful to prepare a problem intensity
evaluation of design problems as part of the Initial
Appreciation. This will alert both client and designer
to the degree of effort to be spent in later stages of
problem development. Well-defined, clearly
articulated problems of high seriousness, deserve
focused attention. Ill-defined, poorly bounded,
problems of low seriousness should not be
allocated valuable design resources.

Table 6.8 Qualitative classification of the case examples
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/ /E: / § «’j Q‘? & / f"-@ / C":‘ /| § -‘/ ff rl:f r':
f.O/nﬁ'E » L ,’-.5‘/::"’81 |
§ /@ & facl S g RS
WISI51215). 1§/ 8] &/3/8/8)
S/o/8/¢/5/x/85/85/5/</8/s/
/515 &E/5/E/8/2/8/85/35/&/8/
B / I‘\"fi /Q?/ [ Q "‘S][’T!’ ’\.J/G/OI-‘I//
| I
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e — — —e e | W S —_— e
| |
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Modelability
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Seriousness H| L|H

L

L|L|L|L|H|H|H

Solution type

Ev|N |Ev|Ev|Ex|Ex| N | N |Opt|Opt| Is

Legend
()

Problem intensity parameters: VL= very low; L=low;M=mediurn; H=high; VH=very high;

[Note that for a problem boundary to be ‘high’ (H) implies a broadly based problem with wide implications,
whife a ‘low’ (L) problem boundary indicates a narrowly based problem. ]

()

Is = iterative search.

Solution type: N = novel; Ex = exploratory; Ev = evolutionary; Opt = mathematical optimisation;
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Ex 6.12

A wealthy explorer wishes to make a
stratospheric solo balloon flight around the world.
He has sold the rights to his experiences to
National Geographic and he has contracted to take
considerable numbers of photographs of his
journey. It has been estimated that the total journey
should take approximately 25 days. Figure 6.39 is
a page from a designer’s workbook, showing the
notes taken during preliminary discussion with the
client. Write a formal initial appreciation for this
problem, and identify the technical objectives.

6.9 Assignment on bicycle
security

(Suitable for teams of 4 to 6 designers)

SCENARIO

[This scenario reflects the situation in [ 994. Since that time,
several commendable measures to improve campus bicycle
security have been implemented, largely arising from a design
study conducted along the lines of this exercise]

The University of Melbourne has a serious
problem with the theft of bicycles from campus,
and with the congestion of current bicycle parking
facilities. The existing facilities for bicycle parking
are well below modern standards. The University
only provides facilities that enable the front wheel
of the bicycle to be locked, whereas modern
bicycles require that the frame and both wheels
are to be locked securely. By introducing parking
facilities with a higher level of security the number
of bicycles stolen from the university will be
reduced, and by situating these facilities at
appropriate locations the level of convenience
provided to both riders and pedestrians will be
improved.

In an effort to encourage a greater proportion of
students to travel to university by bicycle, the
administration has decided to spend funds on
upgrading the bicycle parking infrastructure at the
Parkville campus. Your design team has been given
the task of writing a detailed recommendation for
the proposed facilities. This recommendation is
to include the type, number and location of the
new bicycle parking facilities, particularly as they
relate to the Faculty of Engineering.
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BACKGROUND DATA

* Recent data (the 1993 student enrolment
survey) indicates that 11% of people enrolled
at the university nominated cycling as their
main mode of transport to the university.
Currently the number of student enrolment
is about 25,000;

* The average value of a bicycle that is being
ridden to the university is over $500;

* Bicycle theft on campus approaches 70 cycles
each year (1992 data);

* A survey of university bicycle riders on 31st
March 1994 (114 responses to questionnaires
tied to 280 parked bicycles) indicated that
75% of respondents rode to university every
day, and parked their bicycles for more than
5 hours;

* Security is the major concern of these riders
— most wanted parking facilities where they
can lock both the frame and the wheels of
the bicycle. Many believe that the
introduction of even higher security facilities
is most important, and just over 50% of the
riders are prepared to pay for the privilege of
using a locker-type facility (in the vicinity of
$15 — $20 per semester);

* A significant number of these cyclists stated
that they are not prepared to walk further than
20m from their bike to their destination.
When using high security facilities cyclists
were prepared to walk further, indicating a
limiting distance of about 200m;

* A site survey on 26th April 1994 (12:00 -
2:00pm) counted 590 bicycles on campus, of
which 373 were parked at existing facilities,
and 217 were locked to other facilities such
as fences;

* The Australian Standard on Bicycle Parking
Facilities (AS 2890.3-1993) nominates
acceptable varieties of parking facility, and
divides them into three defined levels of
security, as follows:

— Class 1 — bicycle lockers (see Figure 6.40);

— Class 2 — lockup cages and no-go compounds
(see Figure 6.41);

— Class 3 — inverted U-bars and leaning rails
(see Figure 6.42). The best method of
attaching bicycles to Class 3 facilities is to use
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a commercially available D-lock (see Figure
6.43);

* Only class 1,2 or 3 type of security are to be
considered here.

PRELIMINARY COST ESTIMATES

Capital cost of bicycle lockers is $1,100 for a double
locker (not including site preparation). Capital cost
of inverted U-bars is $90 each (not including site
preparation).

Site preparation (paving/installation) will cost
around $150 per square metre. The cost of a D-
lock is approximately $30, paid by the user. The
major issues to be considered in selecting suitable
locations for facilities are:

— proximity to cyclists’ destination;

accessibility;

— security  (Note: visibility by passing

pedestrians is good; well lit areas are also

desirable);
— weather protection (especially a roof);

— pedestrian safety (avoiding protrusion onto
footpaths);

— protection from other vehicles.

Figure 6.40 ‘Bicycle locker” for two bikes

Desion Task

1. Discuss the advantages and disadvantages of
each type of facility listed above. Summarise
your evaluations in a Decision Table (scaled

check list).

2. Make a decision about the type of facility
which should be adopted for the University
of Melbourne. Justify your choice with a
brief statement.

3. Make a decision concerning the number of
units of bicycle parking which should be
installed around the campus. Again, briefly
document the reasons for your choice.

4. List and estimate the costs and benefits of your

proposal.
25001 5000

100 -

=No-

(a) Lockup cage

See through
Roof mesh
may be
required
Standard Z
bike rails

(b) ‘No-go compound

Figure 6.41 ‘Lockup cages’ and ‘no-go' compounds

Figure 6.42 'Lean-to’ rails
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Figure 6.43 D-lock

6.10 A brief note about
technical reporting

Note: The Lord's Prayer comprises 56 words, the 23rd
Psalm |18 words, the Gettysburg address 226 words
and the Ten Commandments 297 words. By comparison,
the U.S. Department of Agriculture’s order on the
recommended price of cabbages has 15,629 words.

Design projects may result in a working model, a
set of drawings and sketches, an equation, or
whatever is acceptable to the client. Since technical
reports are the main form of communication used
by professional engineers, it is essential that a clear
and accessible presentation style is adopted. The
design report is the culmination of many hours of
work, and represents the sum total of current
knowledge of a particular topic, leading to plans
for alternative courses of action and selection of
the best plan and recommendations for its
implementation. Reporting is to engineering as
language is to communication, and competence
in report writing is mandatory for the successful
designer. The skilful selection and management
of words and phrases is essential for conveying
appropriate messages to colleagues, clients and the
general public. Even more importantly, the
substance of technical reports often represents the
detailed specification for design action.
Consequently, the report must contain not only
the desired criteria, but also the acceptance limits
of performance. Useful guidance on the
preparation of design specifications is provided by
BS7373:1998 “Guide to the Preparation of
Specifications”, published by the British Standards
Institution.

When planning a report perhaps the most
important aspect is the way we organise the
information contained in it. A good approach to
achieving a well organised information structure
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is to map out the report’s contents list — generally
to two levels of headings and subheadings — at an
early stage of the report writing process. The
following is a list of items to be included, arranged
in order:

(a) Title and workers — the title must reflect the
main mission of the project and the workers
list must identify all participants in the
project, together with their respective roles
and contributions;

(b) Contents list — must clearly identify contents
and pagination;

(c) Executive summary — design reports invariably
commence with a brief summary, clearly
enunciating the major findings and
recommendations of the report. In all reports,
the executive summary should set the scene and
command the attention of the reader,

(d) Acknowledgment — any associates who may
have helped with the project must be properly
acknowledged,

(e) Objectives — reports must begin with a clear
statement of objectives and end with an
assessment of how well these objectives have
been met;

(f) The body — the main substance of the report
should be presented in a clear, concise section
including a statement of major results of
technical analyses used. This section must
also include well prepared, neat sketches or
drawings or plots, all sized to fit into the
report. This part of the report must be
sufficiently self-contained to provide a good
understanding of the work in the project. The
details of the analyses and any supporting
calculations should be included in an
Appendix;

(g) References — References may be cited in any
of the standard formats recognised by archival
journals. They should be referred to in the
text according to one of the following styles.

* Name/Date system (sometimes called the
Cambridge style):

..when the spinnaker rattled free, Clancy lower’d
the boom (Clancy, 1987). ...” Complete titles
of references must be supplied in the
reference list, listed alphabetically, attached
to the report. For example :



338 |

The evolution of design problems |

Clancy, Seamus H. (1987), Boom lowering under
stress, Proceedings of the IEEE 4th
International Marine  Computing
Conference on Microfiche and Silicon
Chips, V/3(1):226-234

*Numbered references as end notes:

“...The prod fusillator was bent experimentally
through an angle of 90 degrees [52]...”: where
the number in brackets identifies the fifty-
second reference listed. Complete titles of
references must be supplied in the reference
list listed in numerical order, corresponding
to the order in which they were cited in the
text.

* Numbered references as footnotes:

“...When the fuel consumption reached 37 litres per
kilometre, Clancy® lowered the boom ...”: where
the superscript identifies a footnote at the
bottom of the same page. This style is often
used when a reference is used many times
throughout a long report. The reference list
at the end of the report should still contain
the complete reference.

The same method of citation should be used
consistently for all references in a report.

Some important issues about report writing
PRESENTATION AND STYLE

An organised report reflects a well planned project.
Formalising the structure of the report will aid
thinking about the project and the nature of its
achievements. Point form summaries are often
acceptable in technical reporting. Remember;
“Omit needless words” (Strunk and White, 1979).

THE MISCONCEPTION THAT QUALITY AND QUANTITY ARE TRANSMUTABLE

On an occasion when admonished for verbosity,
Sir Winston Churchill is credited with the
comment, “ I don’t seem to find time to write short
reports.” Short reports are a distillation of thought
and skill with a dash of experience and flair for
choosing the telling components of a story.

CREDIBILITY IS OUR BUSINESS

In the progress towards a solution to engineering
problems the most effective weapon in the
designer’s armoury is credibility.

The printed word commands authority. Its very
existence derives from the fact that somebody has
gone to the trouble of preparing an article.
Inevitably the reader assumes that all the work has
not been in vain, that the words so presented have
intrinsic significance.

There is a spectrum of credibility ranging from
well-established facts (the speed of light is 300,000
km per second), through believable anecdotes
based on personal interviews (“I slipped on the soap
while having a cold shower this morning”), to
unsupported generalizations (usually prefaced with
hopeful phrases like “as generally agreed”).
Designers, of necessity, plan for uncertain futures.
It is their responsibility to delineate clearly the
credence to be given to all statements in their
reports. The reader must be given every
opportunity to follow the thread of an argument,
indeed to retrace the steps in the designer’s
thinking and reveal the foundations on which it is
constructed.
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ECONOMIC, SOCIAL AND ENVIRONMENTAL

Rational decisions need not be based upon quantitative evaluations— indeed, some forms of rationality can not be
quantified. VWhen individuals and groups disagree on the interpretation of evaluation data, this is usually not a sign of
irrationdlity, but rather an indication of differing values and objectives.

Malcolm Hollick, An Introduction to Project Evaluation, 1993, Longman Cheshire

7.1 Economic imperatives in
design

Engineers propose; managers dispose. This little
aphorism sums up the process of decision making
in the planning of engineering projects. Often, the
project manager will be an engineer wearing a different
hat. This notion of wearing different hats, also
described by de Bono (1986), suggests the different
views project engineers take of project proposals.
The two extreme views are the optimistic, creative,
yellow hat view, and the pragmatic, bottom-line
oriented, black hat view. In the context of making
economic decisions, project managers are faced
with the unenviable task of choosing to support
those projects that are more likely to yield better
returns on investment, than those that are rejected.
The process is unenviable because, often, the
rejected projects may have received significant
creative engineering design input.

In this section we review some simple economic
evaluations of project investment opportunities.
Clearly, by investing in a specific project, one loses
the opportunity of using the investment in some
alternative, perhaps more profitable, or less
financially risky way. Consequently, all the early
economic decision processes involved in project
engineering rely on the criteria of greatest utility or
least loss of opportunity.

Greatest utility of a project is often determined
by the contribution of the project outcome to the
whole operation of a specific organisation. For
example, investing in an expensive foundry, as
opposed to out-sourcing casting requirements, may
seem a costly decision for an automobile engine

manufacturer. However, the utility of maintaining
control on the workflow through the foundry may
compensate for the investment, in terms of
improved production scheduling. These utility
issues are organisation-specific and we don’t deal
with them, beyond cautioning decision makers
about over-commitment to the least loss of
opportunity view. The cautionary tale offered in
section 6.5.1, about the Xerox-PARC Alto, should
serve to further underscore this warning.

7.1.1 The components of projects cost.

Figure 7.1 shows a simple example of evaluating
the cost of a project.

e ansmission cost

Diameter —

Figure 7.1 Cost of a natural gas pipeline

Here the total cost is a function of one single
parameter, pipe diameter. In most practical
situations, the total cost of a project will be a
complex function of many factors.
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Figure 7.2 The components of project cost
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The following is a list of generic project cost
components:

* overall cost of a plant: must include the initial
cost and the recurrent costs;

* initial cost of a plant consists of capital
equipment cost and the installation costs;

* recurrent (annual) costs consist of operating
costs and maintenance costs;

* operating (running) costs can be further
subdivided into:
— fixed costs (for example rent,
labour), and
—  variable costs (for example raw
materials.

Note:

* fixed costs are those operating costs which are
incurred regardless of how much product is
made;

* variable costs are those operating costs which
are incurred roughly in proportion to the
amount of product made.

Figure 7.2 shows the schematic relationships
between these various cost components.

7.1.2 Opportunity loss: a simple
approach to evaluating project costs

Evaluating least loss of opportunity is based on
the general idea that money invested in a capital
project represents an annual cost to the investor.
There are two factors which influence this cost.
The first is the cost of borrowing money from
lending institutions. Banks and other money

lending institutions use the terms interest-rate, or
occasionally lending-rate, to describe this cost. The
second factor is the rate at which money loses its
value over time. This rate of loss, called inflation,
effects the cost of goods and services over time. In
times of war, revolution or other major national
upheavals, inflation rates tend to become extreme.
In the instability following the end of World War
I1, some European countries experienced inflation
rates of several hundred percent. Currently, many
underdeveloped countries still experience double
digit inflation rates. In the developed countries,
the ten year average inflation rate has been
estimated at around 5%. The real cost of money,
when considering its investment in an engineering
project, is determined by the difference between
lending rate and inflation rate. We call this difference
the real interest rate, denoted by the symbol r. Table
7.1 shows the way interest rate affects the value of
money. To simplify our discussion, we have
assumed a real interest rate of 10%.

Interest rate, r is the real cost of borrowing
money for capital projects. As indicated in Table
7.1, due to the influence of interest rate, the value
of a sum of money S in the future is worth
somewhat less in the present. We refer to value P
of a sum of money S, n years in the future, as the
present worth of S. The following equations indicate
the relationship.

P=s/(1+r)".
p = g - 1/(1+r)".
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Table 7.1 Effect of interest rate on the value of sums of money {assume r=10%)

Value in Value in Value in Value in . Value in
Year 0 Year | Year 2 Year 3 Year n
$ 1 $0.909 $0.826 $0.75] . $1L Ly
$ 1.1 $1 $0.909 $0.826 . L)y
$ 121 $ 1 $ 1 $ 0.909 . 121001y
$1.331 $ 1.21 $ 1.1 $ 1 . $1.331/1.10)y
P=$Y(I+rp {P=SSI+r)" | P=SSH i+ 2 | P=S S+ ]| » $S

The ratio p is referred to as the present worth factor.
This is the factor that is used to multiply S to get
1ts present worth.

In accounting terminology, we refer to the real
cost of a capital project as its recovery. This is the
sum of money we need to recover, in order to break
even on our initial investment. To measure the cost
of a capital investment over some period of time,
say n years, we consider the cash flow during the
life of the project. As an example we consider the
capital recovery for a project with an estimated life
of n years into the future, and an initial investment
$I. The cash flow during the life of this project
will be taken as n equal payments of $R at the end
of each year. Figure 7.3 shows the procedure
schematically.

Based on the assumed regular annual payment,
we can calculate the present worth of the total
stream (or series) of payments over the life of the
project.

Figure 7.3 Cash flow during a project (schematic only)

From Figure 7.3

po_ R R R R

oo (]

P (1+r)" =R [1+(1+r).--+(1+r)"_1}

Summing the geometric series on the right hand
side of this equation we get

N (1+7] 1 (147) =1
( ) (1+r)—1 roo

We define the capital recovery factor, c as

( RJ r (1 + f)
P

The capital recovery factor, ¢, expresses the
proportion of the invested sum I that needs to be
recovered annually as benefits, to break even in
the project (so that P is at least equal to I). The

following example will clarify the terminology
used.

CASE EXAMPLE 7.1:
PROPOSED WIDGET PLANT

A news widget plant is contemplated by
management. The following islands of certainty exist
in relation to the proposed plant:

* capital works: $100,000 (estimated);
* projected life of plant: 10 years;

* prime lending rate (for this size capital): 10%;
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* expected inflation rate over the life of the
plant: 4%.

The real interest rate for the life of the project is
(10% - 4% = ) 6%. Hence the capital recovery
factor, ¢, is found to be

10
0.06 (1 + 0.06)

¢ =0.136

(1 + 0.06)m ~1

The interpretation of this result is that in each
year of he widget plant’s life it needs to return at
least 0.136 x $100,000, or $13,600 in order to break
even on the investment within the life of the
project. Put another way, an investment of
$100,000 in a 10-year project represents an
opportunity loss (under the assumed real interest rate
of 6%) equivalent to $13,600 per year, and this must
be at least recovered from the project to make it
worthwhile.

7.1.3 The annual cost equivalent

A common way of expressing the cost of a project
is in terms of its annualised cost to the investor.
This cost is called the annual cost equivalent, denoted
A. The annual cost equivalent is only slightly
different from the annual capital recovery found
in the previous section. For a plant installed cost
of I, where the eventual salvage value of the plant
is V, and the capital recovery factor is ,
A=I-pl),

where p 1s the present worth factor. In general, it
is difficult to estimate the salvage value for a plant
unless it is similar to already existing plants. In that
case, an estimate of its worth after some years of
use may be available.

As an example consider a $1 million capital
investment. Let us assume that the salvage value
of the plant is $ 200,000 after an operating life of
25 years. The real interest rate (ie. lending -
inflation rate) is 6%.

Capital recovery factor,

0.06 {1+0.06)
¢ =1 00782
(1+0.06) -1 '

Present worth factor,

1

1.06%
Annual cost equivalent,

p= =0233

A= (10" —0.233><2x105)><0.0782
= § 74,556

As before, we interpret this last figure as the
benefits to be returned from the investment in
order to break even. Alternatively we can also
interpret the result as the total lifetime cost of our
investment:

25x$ 74,556 = $ 1.864x10°

This method of evaluating the total cost of a
project, allowing for “time-value” of money, leads
to a measure of the economic effectiveness of a
project known as the discounted payback period. With
a total cost of T=nA and annual return, or benefit,
R, the discounted payback period is defined as
DPBP=T/R. Contrast this with the simple payback
period, SPBP=I/R, which takes no account of
opportunity loss.

CASE EXAMPLE 7.2 :
RELAMPING A FACTORY

We consider two alternative options.
(a) Incandescent globes:
— $1 per globe;
— 100 W (1200 Lumen);
— L, life = 1000 hours.

(b) Fluorescent globes (fit into same bayonet
socket):

— $30 per globe;

— 20 W (1200 Lumens);

— L, life = 6000 hours.
Factory requires 200 lights:

— average usage = 8 hours/day;
— 250 working days/year;

— ie. 2000 hours/year;

— electricity costs (say) 6 cents/ kW hour (for
domestic use it costs 12 cents/ kW hour), and
is paid quarterly;

— real interest rate r = 8%.
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Note: L., life is a measure of reliability. This is
the length of time after which, on average, 10% of
the globes have expired.

OrtioN A

Cost to light factory for three years with
incandescent globes (i.e. six generations of globes).

Installation:
— 200 globes x $1 x 6 (globes are bought
annually in lots of 400);

Payments:

— 400 x $1 (now) = $400;

— 400 x $1 (after 1 year) = $400/1.08 = $370;

— 400 x $1 (after 2 years( = $400/(1.08)* = $343;

Present worth of capital cost = $400 + $370 +
$343 = $1,113.

Running costs:

200 globes x( 2000 hr/ year 100 o.os]

4 quarters [ year 1000

= $600/quarter.

For this example we need to calculate the capital
recovery factor over three years: i.e. 12 quarters, with
the interest rate @ 8% pa = 2% /quarter.

12
0.02 (1 + 0.02)

¢ =0.00946 .

12
(1+0.02) 1

The present worth of the running cost over three
years is $600/c = $6,345.

Total cost for option A
$1,113 + $6,343
$7,458.

Ortion B

Cost to light factory with fluorescent globes (i.e.
one generation of globes).

Installation:
— 200 globes @ $30 = $6,000 now;

Running costs:

200 globes x

2000 hr / year » 20x0.06
4 quarters / year 1000

= $120/quarter.

The capital recovery factor is the same for both
options. Hence, the present worth of the running
cost over three years is $120/c = $1,269.

Total cost for option B
= $6,000 + $1,269
= $7,269.
Clearly, there is little to choose between these
two alternatives. However, with different power
costs the results might well turn out to be difterent.

Ex 7.1

Work out the comparisons in case example 7.2,
with a power cost of 12 cents/kW hour.

Ex 7.2

Your employer is considering the installation of a
new widget machine. The cost of installation is
expected to be $50,000 with an estimated operating
life of ten years. A ten-year old machine costs
approximately $10,000. Widget sales estimate is
$10,000 in the first year with inflation-indexed
income increasing in each subsequent year at a rate
of 15% per annum. Current bank lending rate for
investment is 12% p.a., and inflation rate is
estimated at 5% p.a. Estimate the discounted payback
period (DPBP)(the time needed to break even on
the investment, taking account of the time-value of
money).

Ex 7.3
Expansions to a petrochemical plant require the
purchase of a special 200 kW electric motor to drive
a new gas compressor, the rated motor output
being 200 kW.

Three motor manufacturers have submitted
tenders as shown in Table 7.2:

Table 7.2 Motor manufacturer’s costing

Manufacturer A B C

Cost of mator
delivered to site | 28.875 | 34.870 | 36.520
($.000)

Guaranteed
minimum motor 0.21 0.92 0.93
efficiency %

The plant will be operated for 100 hours a week,
50 weeks a year, for ten years. At the start of the
10 year period it is predicted that electrical power
will be available at a cost of 5.0 cents per kWh,
increasing by equal annual increments to 6.8 cents
per kWh at the start of the tenth year. Electricity
bills are paid quarterly.

(a) On the basis of the information given which

motor would you recommend be purchased?
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(b) Is your answer to (a) sensitive to variations
in the cost of power, for example, if power
costs were to double over the ten year period
to 10 cents per kWh, would this affect your
recommendation?

(c) What additional information would you seek
in order to reach a final decision in this
matter?

Ex 7.4

An extract is given below from a consultant’s report
in which an economic evaluation is made of a
proposal to reduce energy and maintenance costs
in a university building by replacing existing hot
and cold water pipelines. The estimated cost 'of
the installation is $85,000.

Derive the following equation which is quoted
without proof in the extract.

n

P= AS—].'.:_I 1= h.l..
r—i Ll el 10 e
where
P = present worth equivalent to current annual
savings of AS dollars;

n = number of years;

i = annual real rate of increase of energy and
maintenance costs;

r = real interest rate.

Show that the discounted payback period for the
capital investment of new pipe installation is 9.4
years, as stated in the extract, for the case where
i= 0.1, and r= 0.1.[Hint: the series summation
simplifiesappreciably in this case]

Extract:

“The present worth of these savings over 15 years
provides an indication of whether replacement of existing
lines is an economic proposition compared with investing
the capital amount at a real interest rate of ten percent.

Thus the present worth of the 9,000 p.a. savings is
$135,000 compared with the capital cost of $85,000 to
replace pipelines, which suggests that replacement of the
piping would be an economic proposition. The following
table sets out the present worth of the anticipated savings
for different values of ¢i and n and confirms that
replacement of the pipelines would be an economic
proposition for lower rates of increases in energy and
maintenance costs over a 15 year period (see shaded area
in table) Values are in whole dollars.”

Table 7.3 Cost savings generated by proposal

4101 | ccc 23nn C£0 CNN TT4 LAP
10,0, 320,30 206,000 »/6,600

$88,700 | $105210

8 | $40.320 | $73.800 | $101.700 | $124,800

[0 | $45.000 |$20,000 | $/35,000 | $180,000

7.2 Project evaluation and
benefit-cost analysis

Evaluating the economic impact of several
alternative project options is only the first step in
project evaluation. While we can express some
aspects of a project in terms of dollars, evaluating
its potential environmental and social impact may
present us with substantially greater challenges. For
example, freeways are clearly seen as economic and
environmental benefits in terms of fuel efficiency.
Yet their negative social impact can be considerable.
Electric power generating stations and power
transmission lines provide an effective and
econornic energy distribution system. Yet, they too
represent significant negative environmental and
social impact.
As Hollick (1993) suggests:

“Different people often have different objectives and, even
if they have similar ones, are likely to give them different
priorities. Thus two equally rational decision-makers may
evaluate the same data and come to quite different
conclusions. ....often when two groups disagree over a
proposed project, they accuse each other of being irrational
when really they have different views and objectives.”

One thing is certain: when facing a project
evaluation programme, emotion and sentiment
should be left out of the decision making process.
Typically, we could ask ourselves questions like:

“can we put a dollar value on human life?”

“how can we compare the social value of a tree-lined
streetscape with a barren freeway alternative?”

“while I want easy access to electric power, would I be
happy living next to a power station, or a power
distribution pylon?”
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Benefit-cost analysis (often cost-benefit analysis) does
not answer questions like these. However, it does
provide a rational procedure for weighing up
competing alternatives. As with structural integrity,
we tend to learn considerably more from failed
applications of decision tools than from successful
ones. The following two case examples illustrate
both of these extremes of applying cost-benefit
analysis in making technical project evaluations.

CASE EXAMPLE 7.3:

THE FORD PINTO CASE

The Ford Pinto case is mentioned in most Business
Ethics texts as an example of Cost-Benefit analysis
(see for example Birsch and Fielder, 1994).

The following case story is based on an article
compiled by Mark Dowie (general manager,
Mother Jones’ business operations), and
Alexandria Woods™!. It relates to events that took
place in the 1970s.

Facing strong competition from Volkswagen for
the lucrative small-car market, the Ford Motor
Company rushed the Pinto into production in
much less than the usual time.

Lee Iacocca, the new president of Ford, argued
forcefully that European and Japanese small-car
manufacturers were going to capture the entire
American subcompact market unless Ford put out
its own alternative, and almost immediately began
a rush programme to produce the Pinto. lacocca
wanted that little car in the showrooms of America
with the 1971 models. So he ordered his
engineering vice president, Bob Alexander, to
oversee what was probably the shortest production
planning period in modern automotive history.
The normal time span from conception to
production of a new car model (cradle-to-launch) is
about 43 months. The Pinto schedule was set at
just under 25.

Design, styling, product planning, advance
engineering and quality assurance all have flexible
time frames, and engineers can generally work at
these simultaneously. Tooling, on the other hand,
has a lead time of about 18 months. Normally, an
automobile manufacturer doesn’t begin tooling
until the other processes are almost complete.
Tooling involves the commitment of substantial
costs and management normally doesn’t make
such commitments until the production
prototypes have been thoroughly tested. But Ford’s
proposed rush programme meant that Pinto
tooling went on in parallel with product

development. Consequently, when crash tests
revealed a serious defect in the fuel tank, the tooling
was already well under way.

Ford engineers discovered in pre-production
crash tests that rear-end collisions would rupture
the Pinto’s fuel tank extremely easily. Because of
the already substantial tooling commitment, when
engineers found this defect, Ford management
chose to manufacture the car with the known
defect, even though Ford owned the patent on a
much safer fuel tank. For more than eight years
afterwards, Ford successfully lobbied, with
extraordinary vigour, against a key government
safety standard that would have forced the
company to change the Pinto’s fire-prone fuel tank.

In 1972 a woman, SG’?, was driving along the
Minneapolis highway in her new Ford Pinto.
Riding with her was a young boy, RC. As she
entered a merge lane, SG’s car stalled, and another
car rear-ended hers at an impact speed of 28 miles
per hour. The Pinto’s fuel tank ruptured, and fuel
vapours from it mixed with the air in the passenger
compartment. A spark ignited the mixture and the
car exploded in a ball of fire. As a result of this
accident SG was killed and her passenger, 13-year-
old RC, who is still alive, has suffered substantial
burns to the majority of his body.

By conservative estimates, Pinto crashes have
caused between 500 to 1000 burn deaths to people
who would not have been seriously injured if the
car had not burst into flames. We might well be
concerned as to why SG’s Ford Pinto caught fire
so easily, seven years after Government action that
brought more safety improvements to cars than
any other period in automotive history? (Nader,
1972)

Ford was permitted to wait these years because
they managed to reach an informal agreement with
the major public servants who would be making
automobile safety decisions. This was an
agreement that cost-benefit would be an acceptable
mode of analysis for evaluating safety
improvements in automobile manufacture. As a
result of this agreement, cost-benefit analysis quickly
became the basis of Ford’s argument against safer
car design.

Mother Jones has studied hundreds of reports
and documents on rear-end collisions involving
Pintos. These reports conclusively show that rear-
ending a Pinto at about 30 miles per hour would
result in the whole rear end collapsing up to the
back seat. In addition, the tube leading to the fuel-
tank cap would be torn away from the tank itself,

7.1 Mother Jones is a consumer magazine, published by The Foundation for National Progress, 731 Market Street San Frandisco

CA 94103. URL: http//ww.mothwerjones.com
7.2 See also Grimshaw v. Ford Motor Co., 174 Cal. Rptr. 348
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and fuel would immediately begin pouring onto
the road around the car. The buckled fuel tank
would be jammed up against the differential
housing, which contains four sharp, protruding
bolts likely to rip holes in the tank and exacerbate
the fuel spill. A spark under these conditions would
result in both cars exploding in flames. If the rear-
ending accident took place at about 40 miles per
hour, the doors of the Pinto would most likely jam
and the passengers would be condemned to burn
in the car.

Internal Ford company documents show that the
Pinto has been crash-tested more than 40 times
and that every test made at over 25 mph without
special structural alteration of the car has resulted
in a ruptured fuel tank. Despite this knowledge
the company chose to manufacture and release the
Pinto, based on their curiously amoral cost-benefit
analysis. To quote the Mother Jones article:

“When it was discovered the fuel tank was unsafe, did
anyone go to lacocca and tell him? ‘Hell no’, replied an
engineer who worked on the Pinto, a senior company
official for many years, who, unlike several others at Ford,
maintains a necessartly clandestine concern for safety. ‘That
person would have been fired. Safety wasn’t a popular
subject around Ford in those days. With Lee it was taboo.
Whenever a problem was raised that meant a delay on the
Pinto, Lee would chomp on his cigar, look out the window
and say: ‘Read the product objectives and get back to work’.
... As Lee lacocca was fond of saying, ‘Safety doesn’t
sell”.”

It is interesting to speculate on how Ford was
able to successfully lobby for eight years against
Federal Motor Vehicle Safety Standard 301, the
rear-end provisions of which would have forced
Ford to redesign the Pinto. Ford’s success is partly
due to their capacity to “educate” the new federal
automobile safety bureaucrats. Their “education”
was able to implant the official industry ideology
in the minds of the new officials regulating
automobile safety. Briefly summarized, that
ideology states that automobile accidents are
caused not by cars, but by 1) people and 2) highway
conditions. Mother Jones notes:

“This philosophy is rather like blaming a robbery on
the victim. ‘Well, what did you expect? You were carrying
money, weren’t you?’ It is an extraordinary experience to
hear automotive ‘safety engineers’ talk for hours without
ever mentioning cars. They will advocate spending billions
educating youngsters, punishing drunks and redesigning
street signs. Listening to them, you can momentarily begin
to think that it is easier to control 100 million drivers
than a handful of manufacturers. They show movies about

guardrail design and advocate the clear-cutting of trees 100
feet back from every highway in the nation. If a car is
unsafe, they argue, it is because its owner doesn’t properly
drive it. Or, perhaps, maintain it. “

Cost-benefit analysis was used only occasionally
in government until President Kennedy appointed
Ford Motor Company president Robert
McNamara to be Secretary of Defense.
McNamara, originally an accountant, preached
cost-benefit with all the force of a Biblical zealot.
As a management tool in a business where profit
is the major driving force, cost-benefit analysis
makes a certain amount of sense. Serious problems
arise, however, when public officials, who ought
to have more than corporate profits at heart, apply
cost-benefit analysis to every conceivable decision.
The inevitable result is that they must place a dollar
value on human life.

Once Ford was able to convince federal
regulators to measure automobile safety in terms
of cost-benefit analysis, Ford needed to have a dollar
value figure for the benefit. Rather than be so vulgar
as to suggest a price tag itself, the automobile
industry pressured the National Highway Traffic
Safety Administration to do so. In a 1972 report
the agency decided a human life was worth
$200,725. Inflationary forces have recently pushed
the figure up to $278,000. Furnished with this
useful tool, Ford immediately went to work using
it to prove why various safety improvements were
too expensive to make.

Nowhere did the company argue harder that it
should make no changes than in the area of
rupture-prone fuel tanks. Not long after the
government arrived at the $200,725-per-life figure,
it surfaced, rounded off to a cleaner $200,000, in
an internal Ford memorandum. This cost-benefit
analysis argued that Ford should not make an $11-
per-car improvement that would prevent 180
deaths by incineration per year. (This minor
change would have prevented fuel tanks from
breaking so easily both in rear-end collisions, like
SG’s, and in rollover accidents, where the same
thing tends to happen.)

Ford’s cost-benefit table is presented in a seven-
page company memorandum entitled “Fatalities
Associated with Crash-Induced Fuel Leakage and Fires”.
The memo argues that there is no financial benefit
in complying with proposed safety standards that
would admittedly result in fewer automobile fires,
fewer burn deaths and fewer burn injuries. Faced
with this terrible decision of justifying
expenditures to make the Pinto safer, it is



| Chapter 7

worthwhile to examine the real costs that might have
been incurred.

One Ford document showed that crash fires
could be largely prevented for considerably less
than $11 a car. The cheapest method involves
placing a heavy rubber bladder inside the gas tank
to keep the fuel from spilling if the tank ruptures.
Goodyear had developed the bladder and had
demonstrated it to the automotive industry. Crash-
test reports showed that the Goodyear bladder
worked well. The total purchase and installation
cost of the bladder would have been $5.08 per car.
That $5.08 could have saved the lives of SG and
several hundred others.

Unfortunately, neither is the Pinto an isolated
case of corporate malpractice in the automobile
industry, nor is Ford a lone offender. There
probably isn’t a car on the road without a safety
hazard known to its manufacturer. Furthermore,
cost-valuing human life is not used by Ford alone.
Ford was just the only company careless enough
to let such an embarrassing calculation slip into
public records. The process of wilfully trading lives
for profits is built into corporate capitalism.
Commodore Vanderbilt publicly scorned George
Westinghouse and his “foolish” air brakes while
people died by the hundreds in accidents on
Vanderbilt’s railroads.

The original draft of the Motor Vehicle Safety
Act provided for criminal sanction against a
manufacturer who wilfully placed an unsafe car
on the market. Early in the proceedings the
automobile industry lobbied the provision out of
the bill. Since then, there have been those damage
settlements, of course, but the only government
punishment meted out to auto companies for
noncompliance to standards has been a minuscule
fine, usually $5,000 to $10,000. One wonders how
long automobile manufacturers would continue
to market lethal cars if the fines were significantly
more severe, including gaol terms.

CASE EXAMPLE 7.4:
INJECTABLE CONTRAST AGENTS

This case example is taken from the Australian
Broadcasting Corporation’s ‘Health Report’, hosted
by Dr. Norman Swan.

Injectable contrast agents are radioactive dyes used
in computerised axial tomography (CAT) scans,
to provide contrast in specific organs or skeletal
structure being scanned. There has been some

concern in medical circles about adverse reactions,
sometimes deaths, caused in some patients by the
injection of these contrasting agents. A new
injectable contrasting agent, that can potentially
eliminate these adverse reactions, has recently
come onto the market. However, the new agent
costs significantly more than the older agent. The
problem is to evaluate the two alternatives in some
rational manner.

It is not true that “money is no object when lives are at
stake” since resources are limited, and society must
make choices about which life-saving or public
health activities to invest in. We need to ask
whether we are committing funds which could be
more effectively used elsewhere. We must make
comparisons between various life-saving or public
health procedures to see which gives the lowest
cost for a similar level of benefit.

The following is a simplified summary of the
comparison between old and new injectable contrast
agents:

* new agent costs 5 times as much (relative cost)

* old agent causes 5 times the number of deaths
(relative risk)

Comparative Risk (using worst-case results from
performance studies)

— old agent: 1 death/40,000 injections, could be
as low as 1 death/100,000 injections.

As a comparison, we note that of the 9.5 million
cars in Australia 3,200, or 1/3,000 are involved in
fatal accidents each year. Non steroidal anti-
inflammatory drugs used by 20% of the population
over 50 years of age cause 1 death/4,000 from
haemorrhaging ulcers. Hence, in absolute terms,
the risk in using the old contrasting agent is
comparatively low.

— new agent: 1 death/200,000 injections. Based
on the worst case results for the old agent,
the new agent is one fifth as risky.

We need to develop a suitable evaluation scale
on which we can compare the absolute
performance of these two agents in terms of a
cost/benefit ratio. In developing this ratio we need
to recognise that the cost of the old agent needs to
be augmented by the expense of treatment needed
in cases of adverse reactions.

It has been estimated that the annual extra cost
of switching to the new agent over the old agent is:

$ 2.7 million/death prevented (based on the low
risk group);

1347
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$ 1.5 million/death prevented (based on the
average risk group);

$ 800,000/death prevented (based on high risk

group).

The ultimate measure of the effectiveness of
changing to the new agent is the cost/years of life
saved by the change. If we assume that the life
expectancy of these CAT-scan patients is 20 years,
we find the following comparative cost/benefit ratios:

$40,000/life-year saved (high risk group);

$140,000/life-year saved (low risk group).

These figures are significantly worse than those
for other life-saving procedures, such as cardiac
surgery, heart transplants, kidney transplants and
hospital-based kidney dialysis.

Clearly, there are significantly more effective
ways of spending medical funds than on the new
injection agent. Naturally, there are moderating
factors that will impact on this decision. Screening
(selectively filtering out) CAT-scan patients, who
may be at high risk of adverse reaction to the old
agent, will certainly reduce the costs per life year
saved.

Ex 7.5
Develop comparative cost/benefit ratios for the
following:
(a) changing from gas to solar powered heating
of a home swimming pool;

(b) travelling by car or by aeroplane between San
Francisco and Los Angeles (approximately
800 km), based on 2, 3 or 4 passengers
travelling together.

Ex 7.6

In aircraft design the hydraulic control lines to the
air control surfaces (atlerons) are critical to flight
safety. Most aircraft are designed with threefold
redundancy of these control lines (i.e. there are
three separate sets of lines to each control surface,
so if any one of them fails, one or other of the
remaining two can take over).

Develop a suitable cost/benefit ratio for
comparing threefold redundancy of control lines
with fourfold redundancy (the Boeing 747 has
fourfold redundancy).

Ex 7.7
Your employer is a progressive company intent on
improving working conditions for office staff. It

has been proposed that the administrative offices
should be air-conditioned. The offices house 20
full-time employees and a further 20 casuals, who
spend about 30% of their time in these offices
situated on the top floor of the company building.
It has been estimated that work improvement,
following air-conditioning, might offset running
and installation costs. Develop a suitable cost/benefit
ratio for this application. You may assume that
severe variations from the temperature norm can
reduce human work capacity and effectiveness by
approximately 20%.

7.3 Design for human users:
introductory ergonomics

Behaviourism is indeed a kind of flat-earth view of the
mind .... it has substituted for the erstwhile
anthropomorphic view of the rat, a ratomorphic view of
man. Arthur Koestler, The Ghost in the Machine, 1967

The origins of human measurement can be traced
back to the journeys of Marco Polo (1273-1295),
during which the measurement of the humans
were conducted mainly for the purposes of racial
or national comparisons (Roebuck, Kroemer and
Thompson, 1975). With increasing industrial
mechanisation, the collection and recording of
human measurements became an integral part of
workspace design. Time and motion study,
introduced by F. W. Taylor in the late 19th century
and the work of the Gilbreths in scientific motion
management (1912) led to quantification of both
human size as well as motion dynamics (Giedion,
1948; Barnes, 1949). A major motivation for large
scale studies of human body size was provided by
the need to design and build military equipment
(Randall, 1948). So, it seems that modern
workplace design in peaceful applications owes its
origins to war. Roebuck et al. (1975) note :
“The need for an integration of life science disciplines
for engineering applications was brought into focus by
World War 11, which created a whole new seties of man-
machine environment problems. In addition to such
problems as defining clothing dimensions for Army troops,
great numbers of accidents in training and operational
aircraft pointed the need for study of basic causes.
Psychologists, who were asked to study the actions of men
under stress of flying, found that the complexity of modern
military equipment was outstripping the abilities of men
to operate them.”
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7.3.1 Anthropometry

The term anthropometry is derived from the
Greek avBpwnog (man) and perpia(measuring).
Originally, the task of anthropometrists was to
measure human body size. The current science of
anthropometry measures much more than merely
size. Human behaviour is extremely complex.
Designers use a number of different conceptual
models to help order their thinking about the
different aspects of human behaviour which affect
the equipment they are designing. These are :

(a) Occupant of a workspace;
(b) Source of power;

(c) Sensor or transducer;

(c¢) Processor of information;
(d) Tracker and controller;

(e) Person with motives, emotions, habits,
preferences, maybe even some prejudices.

Figure 7.4 Standard reference planes used for human scale
measurement (After Roebuck et dl., 1975)

We also differentiate between static and dynamic
anthropometry.

Static anthropometry refers to body sizes and limb
dimensions of the population for whom we are
designing.

Dynamic anthropometry is the measure of body and
limb movements and space requirements for them.
This includes preferred types of control

movement, magnitudes of forces and torques
which can be applied, arrangements of instruments
and control devices such as pedals, levers and
handwheels.

Workspace design is only one aspect of the
general need to collect human measurements. To
design successful environments for human-
machine interactions we require a deep
understanding of all the operational needs of the
human in these complex environments. Our first
task then is to examine both the nature of human-
machine interactions and the range of
measurements that we might reliably collect about
human scale and behaviour.

Typically, body size measurements are expressed
relative to some reference planes in the body and
Figure 7.4 shows the standard reference planes
used for human scale measurement. Added to this
set of reference planes are the notions of relative
measurements taken from origins associated with
limb joints. Typically, relative to the shoulder joint
the proximal arm joint is the elbow and the distal
joint is the wrist. Motion away from the centreline
outwards is referred to as abduction, and the reverse
move is called adduction. Flexion and extension are
the folding and straightening of limbs respectively.
Roebuck et al. provide a useful glossary of terms
for all motion measurements available for
workspace design. Figure 7.5 is a sketch of a typical
portable measuring frame used in the Royal
Airforce (see also Morant, 1947).

Figure 7.5 Portable measuring frame for body size and reach
envelope assessment (After Roebuck et dl., 1975)
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Figure 7.6 (a) Front vew of standing adult male - including 95% of population (dimensions mm) based on the charts of
Dreyfuss (1967)
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Figure 7.6 (b) Side vew of standing adult male - including 95% of population (dimensions mm) based on the charts of
Dreyfuss (1967)
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Figure 7.6 (c) Frontal vew of standing adult female - including 95% of population (dimensions mm) based on the charts
of Dreyfuss (1967)
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Figure 7.6 (d) Side vew of standing adult female - including 95% of population (dimensions mm) based on the charts
of Dreyfuss (1967)
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7.3.2 People in engineering systems

Occupant of workspace

This is the anthropometric model: data is presented
in Figures 7.6(a) through 7.6(d) based on the charts
of Dreyfuss (1967), collected mainly from surveys
of the U.S. defence forces. While similar data for
other human groups may also exist, the U.S. data
may be used with slight corrections for special
racial types where necessary. In Australia, for
example, we need to correct for greater girth and
hip breadth (Roebuck et al., 1975).

An important principle is to design for a range
of users, usually from the 2.5th to 97.5th percentile,
that is, all but the smallest 2.5% and the largest
2.5%. As the data follow a normal curve (Gaussian
distribution), the 2.5th percentile point is
approximately equal to the mean minus 2.25
standard deviations and the 97.5th percentile is
correspondingly the mean plus 2.25 standard
deviations. To accommodate 95% of potential users
is considered a reasonable design objective, bearing
in mind the trouble and expense required to
accommodate the extremes. However, we use
common sense in applying these limits. An escape
hatch or doorway needs to accommodate the
97.5th percentile (largest) male, and a console for
a control task needs to have everything within reach
of the 2.5th percentile (smallest) female. Figure
7.7 shows a comparison of the extreme heights for
90% of the male population.

Height (m)

Figure 7.7 Comparative sizes in males (After Damon, Stoudt
and McFarland, 1 266)

Source of power

When a person is used to produce power it is
usually because the power has to be applied in a
variety of different ways at different places, for
example, stacking goods on shelves. The
maximum COntinuous power output a person is
capable of, depends on which muscles are called
into play but in general, 1t is of the order of 250W.
A good rule of thumb for workplace design s, that
a person should not be required to make a
continuous effort greater than about 50% of the
maximum of which he/she is capable. If the limit
is kept down to this level, work can be performed
reasonably steadily all day: exertion is kept within
the aerobic level, the level at which normal
metabolic processes replace the energy consumed
without an oxygen deficit.

Sensor or transducer

If we define the function of a transducer as the
detection of any change in the physical
environment, then we can recognise a
corresponding human function. However, in this
capacity a person may function in two different
ways:

(a) detector of a signal and initiator of some process

in response to that signal;

(b) monitor of an on-going process where he/she
1s expected to take some action if a signal
indicates a change in the process.

The two tasks are different. In the first case the
sensory load tends to be high, and the function of
the human perceptual system is to discriminate,
and identify the stimuli that are relevant from those
that are not. Almost any industrial task serves as
an example: assembly work, machining and press
operation.

On the other hand, in the watch-keeping task,
there is, typically, a low level of stimulation. The
task is to determine when (or if) a signal has
occurred. Usually, the task is monotonous: for
example, inspecting dimensions of industrial
components, operating control rooms of power
stations, or chemical plants, and watching radar
screens in aircraft control towers.

Errors may occur in both types of task but for
different reasons. In the first case, they are the
result of overload, where discriminations between
stimuli are too difficult to make, or are required
too rapidly. In the second case, errors may be the
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result of underloading, when there is insufficient
activity to keep the operator alert. The latter
situation was described as a vigilance task by the
American psychologist, N. H. Mackworth (1950).
The classic vigilance effect is a sharp drop in the
probability that a signal will be detected after a
person has been on watch for half an hour or so.

Processor of information

First of all, we must quantify the information in
incoming stimuli and in human responses to them.
To do this we use the special mathematical theory
of communication due to Shannon and Weaver
(1949).

Information implies a gain of knowledge in some
manner. In order for information to be conveyed
there must initially be some uncertainty. The
amount of information potentially available
increases with the amount of uncertainty in the
situation. In this context, information is associated
with reduction in uncertainty. The basic notion of
information theory is to measure the amount of
information in a series of equally likely outcomes
(for example, successive tosses of a coin) by
measuring the total number of binary yes-no
decisions that must be made in order to obtain a
precise identification. The unit of measurement
1s a single binary decision, called a bit, a contraction
of binary digit. The bit of information is the amount
required to reduce uncertainty by a half. Thus if
there are 32 equally likely alternatives, the number
of binary decisions required to identify one
alternative is five, that is, log, (32).

In general, the amount of information H
contained in a set of equally likely alternatives is
equal to the logarithm to the base 2 of the number
of alternatives n from which the choice is made,
or

H = log, (n).

The rate at which people can process information
depends on how that information s coded (see
Miller, 1957). In one experimental task based on
readings of ordinary English prose rates of 45 bits
per second were observed. If a person is engaged
in a sensorimotor task, such as driving a car, then
the amount of alphanumeric information he/she
can process (for example, from road signs) is
greatly reduced.

It takes people time to react to a signal. Reaction
times can vary enormously according to individual
differences, level of alertness of the person
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concerned, level of fatigue, information load
experienced, and whether or not a signal is
expected. The correct detail design of information
displays is often crucial to the successful
performance of engineering systems. This is
highlighted by an Air Force study of the types of
error most frequently made in responding to
instruments and signals. Misinterpretation of
multipointer instruments (for example, some types
of altimeter) was commonest - 18% of all errors
made. Misinterpretation of the direction of
indicator movement was next - 17%. Failure to
respond to warning lights or sounds - 14%. Errors
associated with poor legibility - 14%. The
likelihood of such errors being made can be
significantly reduced by attention to detail design.
Murrell (1965) gives a comprehensive set of
recommendations for information to be displayed
and for selecting the appropriate design for
displays:

(a) Quantitative reading — The exact value in some
conventional unit has to be available: for
example, aircraft altimeter, wattmeter, digital
clock.

(b) Qualitative reading — An approximate
indication of the state of the system is
required: for example, high, normal, or low,
or within agreed tolerance limits for normal
performance.

(c) Check or dichotomous reading — Is the state of
the system O.K. or not? Is the warning light
onoroff ?

(d) Tracking — A rather special case in which a
desired level of performance of a system has
to be achieved and maintained by the active
control of the operator. It is necessary to
provide rate information: for example, a
moving pointer on a dial which indicates
closure onto the desired level.

Tracker and controller

The general definition of a tracking task is any
situation in which a changing input has to be
matched in some way by a system output, which
is under the control of the human operator. As
tracker and controller, a person functions as an
element of a dynamic system. The system may be
stable or unstable. A stable system tends towards a
steady state if, when it is perturbed by a change in
input, it tends afterwards to settle down again,
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either in a new steady state appropriate to the input
it has received, or in its former state. If an unstable
system is perturbed from its setting by a change in
input, it tends to diverge from its previous state
instead of settling down. Most systems employing
human controllers are neither completely stable
nor completely unstable: they are stable within a
limited range, and tend towards instability as these
limits are approached. An aircraft or motor car is
stable within normal operating limits. Ships,
helicopters, or submarines are unstable. Without
constant attention to its controls, any one of these
vehicles will not maintain a steady course.

Human use of human beings

Norbert Wiener (1894-1964), who is credited with
establishing the science of cybernetics, towards the
end of his life became concerned about the
relationship between humans and machines. In his
book, Human use of human beings (Wiener, 1954)
he argues strongly for the separation of mindless
and monotonous tasks that machines are capable
of performing from the more associative thought
processes possessed by humans. We have already
made reference earlier to vigilance tasks. In this
context we interpret Wiener’s thesis to suggest that
errors in human performance don’t only result
from insufficient levels of signal stimuli, but also
from insufficiently engaging task content.

In addition, it is easy to forget that people have
attitudes, habits, preferences, emotions and
ambitions. These factors may complicate a design
problem, but they must be considered nonetheless.
There is no point in designing a switch or control
to be operated in one way when everyone has a
strong preference for operating it in some other
way. Some expectations are almost universal and
very strong: for example, we almost universally
expect that clockwise movement on a dial indicates
an increase. These are known as population
stereotypes, and a system which runs counter to them
is sure to fail through incorrect operation, as soon
as the operator becomes flustered or overloaded.
Naturally, this would be most likely to occur in an
emergency, when correct operation is more
important than ever.

Motivation

Why do people behave in the way they do ? What
are their motives ? Attempts by psychologists to
come to grips with the complexities of human
motivation have given rise to a variety of theories.

One of the best known is that due to Maslow
(1970), who postulated a hierarchy of needs which
human beings may strive to satisfy. Once a need
toward the lower end of the hierarchy is satisfied,
the one above it becomes the most important to
an individual.

(a) Physiological needs - food, shelter, sleep, sex;

(b) Safety needs - security, freedom from fears of
want, danger, unemployment;

(c) Social needs - need for love, affection, a sense
of belonging;

(d) Esteem - need for self-respect and the respect

of others;

(¢) Need for self-fulfilment, self-actualization.

Maslow distinguishes between behaviour
motivated by deficiency needs, (a) to (d), and that
motivated by growth needs, (e). To put the matter
briefly, he argues that the satisfaction of growth
motivation leads to growing health of the
individual, whereas the satisfaction of deficiency
needs only prevents illness.

Another influential social scientist, Herzberg, has
developed a similar theory and applied it to
industrial conditions (Herzberg et al., 1959). He
argues that there is one set of factors that lead to
positive job satisfaction (growth needs), and another
set that, while not involved in positive satisfaction,
is sufficient to arouse job dissatisfaction (hygiene
needs). The factors which prevent or end job
dissatisfaction are the major environmental aspects
of work. Those which produce positive attitudes
to work are achievement, recognition,
responsibility, and advancement. According to
Herzberg's view of their role, managers have a
responsibility not only to arrange for the effective
use of hygiene factors (for example, by providing
good working conditions) but also to aid the
psychological growth of employees and encourage
them to become self-actualisers. Cotgrove,
Dunham and Vamplew (1971) describe a case
where these ideas were applied to improve the
operations of a nylon-spinning plant.

Aesthetics

Whereas renaissance nudes tended to be bulkier
and more lumpy than today’s slim fashion models,
renaissance architecture is still much admired. Our
conception of beauty is very subjective and may
vary over a period of time. In the 1950s, as we
emerged from the war years, aesthetic elegance was
associated with streamlined contours on almost all
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household equipment, from table lamps to
refrigerators. None of these items was intended
to fly anywhere, but by association of human
imagination with what, at that time, seemed the
height of engineering achievement, streamlined
design may have been an appropriate extension to
household items. Current design of consumer
goods pays much more attention to function than
appearance. This is precisely the approach
suggested by the American architect Louis Henry
Sullivan when he wrote “form follows function” in
his 1896 book, The Tall Office Building Artistically
Considered.

It is difficult for the engineer to find a firm
foundation in the shifting sands of fashion and
taste. A lack of response to aesthetics sometimes
induces hostile attitudes in community leaders. In
one controversy, in England, regarding the
construction of electricity transmission lines across
a stretch of beautiful countryside, the editor of a
leading newspaper, The Times, addressed the
following question to the head of the electricity
authority, “When electricity pylons are being evolved,
are designers concerned with aesthetics brought in or is
this work left to the engineers?” The implications of
this question are obvious: aesthetics ought to be
considered at the early design stage, and not during
construction.

One of the prime uses of aesthetics, in the design
of an engineering product, is to indicate function
and purpose. Simple, easy-to-perceive forms,
which recognise and reflect function and purpose,
automatically do this. A suburban train travels
forwards: it should look as though it does in fact
do this. Long horizontal lines should be
emphasised in the appearance of its carriages
instead of arrays of short vertical lines
corresponding to the openings for doors and
windows.

Important concepts relevant to discussions on
aesthetics include:

Sform and proportion;
visual balance - achieved by a subconscious

association with the principles of physical
balance, for example, weights and levers;

clarity of form and expression - lack of clutter, a
product looking as though it will do what it
does;

colour;

rthythm - an effect gained by repetition, for
example, a balustrade;

surface texture,

unity - a coherence of parts forming the whole,
achieved through some fundamental
similarity.

For further reading see Ashford (1969). An
interesting study of the adaptation of form to
purpose in living creatures and plants is that by
Thompson (1961). More recent texts dealing with
aesthetics in architecture, art and culture are by
Holgate (1992), Crowther (1993), Dipert (1993)
and Matravers (1998).

Environmental factors

Important environmental factors are: air
temperature and humidity, air velocity,
illumination, noise and vibration. Any discussion
of these matters must be based on a firm
foundation of specialised branches of engineering
science, which is outside the scope of this book.
Murrell’s treatment (1965) is particularly helpful.
See also Kryter (1970).

CASE EXAMPLE 7.5: A CEMENT MIXER

The sequence of photographs shown in Figure 7.8
are due to Dr Errol Hoffmann, an internationally
respected human factors specialist. The pictures
show the construction of the premixer section of
a motorised cement mixer, and its operation by a
97.5th percentile person. The photos shown in
7.8(h) and 7.8(g) elicit particularly horrified
responses from a first-time audience. While this is
only a cautionary example, suggesting “please don’t
design this way”, it is salutary to realise that someone
has gone to great lengths in designing and
constructing the machine shown in Figure 7.8.

Design for people with disabilities

Little systematic research has been carried out into
the capacities and requirements of people
handicapped by physical disability or disease. The
one precept that can be laid down with certainty is
that the design of equipment to be used by people
with disabilities must closely involve the end user.
The essence of our precept is that without this
involvement the result may be seriously
misdirected.

Goldsmith (1967) has considered in great detail
architectural design criteria for people with physical
disabilities who are handicapped by buildings. Although
mainly concerned with people in wheelchairs, his
book is an essential starting point for any designer

in this field.

1357



Economic, social and environmental issues

358 | N

S SR
(a) Premixer parts

i e

(g) Loading pedal returning (h) Loading pedal fully returned

Figure 7.8 Assembly and operation of a cement premixer



| Chapter 7

Ex 7.8

You have been contracted to design a student carrel
(private work area) in a university library. The
carrel is in a progressive library with computing
and video facilities. The design will be the
prototype for all the libraries of your university
and possibly a model for other learning
institutions. Prepare an initial appreciation for this
design problem and develop some preliminary
sketch plans for the carrel showing major
dimensions.

Ex 7.9
A large legal business has asked your help in

planning their mail sorting and distribution system.

at their company headquarters, installed on the top
three floors of a 20 storey building. The company
has several hundred employees, and receives mail
and parcels from national and international clients.
Mail is delivered to the mail room, situated in the
basement of the building, each day in the morning
and it needs to be distributed to the several floors
on which the legal offices are situated. A key
component of the mail distribution system is the
mail trolley used to deliver mail to each floor.

Prepare an initial appreciation of this design
problem. Also prepare a preliminary design for the
mail trolley.

Ex 7.10

People in wheelchairs have access to classrooms
in university departments. There is a need for a
special fitting to be used by wheelchair users to
allow them to take notes, and to write reports,
while still in their chair. Prepare an initial
appreciation for this special fitting.

Ex 7.11

Consider the photographs in Figure 7.8. Identify
and list as many of the potential operational
problems with the premixer shown as you are able.
Based on your list of potential operational
problems, write a set of design specifications for a
consultant, to be briefed to redesign the premixer.

In preparing your design specification, it is not
intended to repair problems with the premixer
shown in Figure 7.8. You should specify the
redesign based on the dimensions and operating
characteristics of a standard cement mixer. The
purpose of the premixer is to permit dry mixing
of a batch of the ingredients while the mixer is
mixing the previous batch.
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7.4 Managing risk and hazards:
fault, failure and hazard analysis
in engineering systems

When things fail, never trust the guy with the smile: he
has found someone to blame it on. Anonymous

The goal of every engineer is to retire without getting
blamed for a major catastrophe. Scott Adams, “The
Ditbert Principle”

In any design problem there is a risk element to be
considered. Designers continually face the
challenge of risking failure. In structural integrity
problems we deal with this risk by making use of
factors of safety, to reduce the risk to a credible level.
In the design of engineering products and systems
we need to develop procedures for assessing the
nature and level of risk involved.

We are primarily concerned with designing and
planning for product quality, which in this context
1s distinguished by two factors:

PRESENCE - the presence of product
performance characteristics which conform
to quality targets and give value for money;
and

ABSENCE - the absence of defects due to
tailures of components and assemblies to
perform their intended functions.

An unacceptably large deviation from a quality
target constitutes a failure. Designers and planners
are charged with the responsibility of preventing
all failures thought by them to be potentially
possible, or at least of reducing the incidence of
such failures to an acceptably low level.

The arrays of events leading up to and deriving
from a failure are usually sufficiently complex to
warrant the development of special aids to thinking
and analysis. Aerospace, chemical and automotive
industries have taken the lead in doing this.
Important aids are :

*  Causal Networks - these identify clear cause/
effect relationships between preceding and
subsequent events: Fishbone diagrams,
discussed in the section on decision making
in Chapter 6 may be used as causal networks;

*  Fault Tree Analysis (FTA) - these show the
causal relationships between some failure
event and the preceding causes that may have
lead to the failure event, by backward
chaining;
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* Lvent diagrams - these allow forward chaining
from a specific initiating fault to some
ultimate hazard event.

We now briefly examine these tools in
connection with some simplified case examples.

7.4.1 Causal networks

Causal networks display large and complex arrays
of information, and thus enhance our ability to
manage and solve quality problems. They are used
as aids for :

(a) diagnosing the cause(s) of failures which have
already occurred (diagnosis);

(b) planning the prevention of undesired failures
(prognosis).

Imagination and judgment are required in both
(a) and (b) to construct causal networks which
encompass all credible paths to and from a failure,
and also in (b) to decide what constitutes a credible

failure in the first place.

CASE EXAMPLE 7.6:

FAILURE OF MAIN BEARING ON
TUNNELLING MACHINE

This is an example of causal construction.

A large and expensive bearing has failed in a
tunnel boring machine. The machine was used for
constructing the Melbourne underground rail-

loop tunnel, commencing at the Jolimont rail
yards, and proceeding North-West towards the
Treasury building. Figure 7.9 shows the style of
operation with a tunnel boring machine.

Figure 7. 10 The faifed main bearing with the works supervisor
(approximately |.7 m tall} indicating the scale. The bearing
is situated in the vicinity of the “muck ring” indicated in
Figure 7.9.

The machine cost approximately $2 million and
was expected to complete the works in about 3000
hours. After approximately 900 hours the machine
reached the Treasury building site and the cutting
head of the machine, weighing nearly 50 tonnes,
fell off. This cutting head carried 40 disc cutters
and was held on the drive mechanism by a large,
2m diameter, double row tapered roller bearing,

MUCK RING i

HYDRAULIC CONTROLS TORQUE ARMS /i DUST SUPPRESSIO

~ Y |

10 © ofy 1

o o ol I

IR SN b s R o e
: MONORAIL AND HOIST

Figure 7.9 Schematic diagram of tunnelling with a tunnel borer



| Chapter 7

part of which broke and this was thought to be the
main cause of the failure (refer to Figure 7.10).

The cost of repairs and delays to the works was
estimated at $0.5 million. A consultant was asked
to examine the design to determine the cause and
to advise if the planned repair could guarantee the
return of the tunnelling machine to a state capable
of completing the project safely.

MODES OF FAILURE FOR BEARINGS:

(a) surface fatigue - pitting and deep surface
damage;

(b) part of the bearing outer race fails (parts
break off);

(c) partofthe inner race fails (parts break off).
PossiBLE CAUSES:

(a) overloading;
(b) inadequate lubrication;
(c) misalignment;

(d) material failure (inadequate heat treatment
or wrong material).

PoSSIBLE CONSEQUENCES:

(a) bearing makes low rumbling noise, machine
overhaul is planned and eventually bearing
is replaced at a convenient time;

(b) bearing breaks at inconvenient time; machine
stops, 1t is overhauled with associated delays.

7.4.2 Fault tree analysis

A Fault Tree is a network representing causal
relations for a system or component. The
relationship is described in terms of a logic diagram
using ‘and’ and ‘or’ gates.

*  The failure appears as the top event in the
tree and is linked to more basic underlying causes by
event statements and logic gates.

*  Fault Tree Analysis (FTA) uses backward-
chaining logic based on successive posing of
questions of the form:

“What prior event could have led to failure event X ?”

Figure 7.11 shows a partial causal net for the
tunnelling machine bearing failure and Figure 7.12
shows a generic form of a fault tree.

| logic and gate:

| output event occurs if all input events
\
have occurred

D=
| logic or gate: =] M S0
| output event occurs if any one of the
| input events have occurred

Repair of Costly delays;

machine Uncertainty of

l__‘ reliable operation

F.'Ln‘hiu«‘ immobilised |

Cutting head
falls off

!

Catastrophic

Other sources
of failure:

drive system; cave in;

porver loss; efc

failure
bearing

/4
i

% Misalignment

Lubrication
+} :
!‘._ fails

Figure 7.11 Logic gates and partial fault tree for bearing
failure

Structure of a fault tree

The undesired failure appears as the top event, and
this is linked to more basic fault events by event
statements and logic gates. The analysis is focused
on possible combinations of components and
events that lead to the ultimate failure.

The method depends on a backward chaining
logic and identifies sets of causal relations leading
to the particular quality failure under investigation.

Note that a command fault is defined as a
component being in a failed condition due to
improper control signals or noise.
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Table 7.4 Symbols used in Fault Tree Andlysis

Primary fault events resulting from combinations of more basic faults acting through | ' Rectanioie I—:l

logic gates; a pnmary fan‘ure for which the componem is held accountable.

Secondary failure; a failure for which the component is not held accountable; for

|
}
|

tolerance conditions of amplitude, frequency, residence-time and energy mpufs

n nts, such as out-o]
example excessive stress caused by neighbouring compone ut-of- | Diamond <>

from external sources.

Basic component failure; the limit of resolution of a fault tree, usually an event {or Cirdle O

which quality and reliability data are available.

" ]

Table 7.4 shows the type of symbols used in Fault
Tree analysis, together with their interpretations.

System failure or accident
the Top Event

|

The fault tree consists of sequences of

events that lead to the system failure or
accident
The sequences of events are built by
AND, OR, or other logic gates

The events above the gates and all evens that heve
a more basic cause are denoted by rectangles

The event is descrtibed in the rectangle

The sequences finally lead to a basic cause for

&)

the limit of resolution of the fault tree

Figure 7.12 A generic fault tree

Advantages and disadvantages of fault trees:

Advantages :

* direct the attention of the designer to possible
sequences of events leading to quality failure;

provide a concise but information-rich
graphic aid to the thinking of designers and
managers;

provide insights, not easily obtained by other
means, into the behaviour of complex
systems (e.g. automotive systems) and into
the interactions between the components of
such systems;

provide an effective and convenient way of
communicating ideas between different
Design and Planning Teams.

Disadvantages:

L 4

based on binary decisions, either something
has happened or it hasn’t, shades of grey are
excluded;

can become excessively complicated, unless
a modicum of practical judgment is
exercised by Design and Planning Team.

which there is failure data available. Some guidelines for construction of fault
The basic causes are denoted by circles and represent trees :

Replace an abstract event by a less abstract
event;

Example: “Current to motor on too long” instead of

“Motor operates too long”.

Classify an event into more elementary
events;

Example: “Explosion by overfilling ”, or “Explosion

by runaway reaction”, instead of “Explosion of
tank” .

Identify distinct causes of an event;
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Example: “Excessive feed” and “loss of cooling” improve their products (see for example Hawkins
instead of “Runaway reaction”. and Woollons, 1998; Perkins, 1996; Astridge,
* Couple “trigger event” with “No protective 1996; Clark and Paasch, 1996; Hatty and Owens,
action”; 1995). ETA is often applied to chains of events
Example: “Loss of cooling” coupled with “No system hypothesized to describe accidents having severe
shutdown”, instead of “Overheating”. or catastrophic consequences.

Figure 7.13, shows a partial event tree developed

* Find co-operative causes for an event; :
P ’ during a study of the safety of nuclear power

Example: “Leak of flammable fluid” and “Relay reactors. The critical part of the reactor is its cooling
» ;. » . - -

sparks”, instead of “Fire”. system, and the chosen initiating event (the worst

* Pinpoint a component failure event; credible accident) 1s breakage or fracture of the coolant

. . . ipe, event A, with a probability of occurrence of
Example: “No current in wire”, instead of “No BP P R

current to motor”; “Main valve is closed” coupled A _ d L
with “Bypass valve is not opened”, instead of “No Note (1): Here we have made the approximation

cooling water P/I« = PA(I - PB)(I - Pc)(l - PD)(I N PE)
=P

7.4.3 Event Tree Analysis A>
since all the various probabilities of failure are very
Event Tree Analysis (ETA) makes use of forward- small.

chaining logic by asking questions such as ¢ Atthe first branch of the event tree, the status

“What happens if this component fails in some particular of the electric power supply is considered,
Jailure mode ?” (event B): P, is the probability of electric
or, in general, what consequences follow from a power failing.

postulated initiating event.

ETA is thus closely related to Potential Failure
Modes and Effects Analysis (PFMEA), a quality
management tool used by many manufacturers to

* Ifitis available, the next-in-line system, the
emergency core cooling system (ECCS) is
studied, (event C).

A B C

: : Lt |) D i E ; Relariuf?l \ Potential
! Pipe ! Electric :Emergency ! Fission ;Contamment ! probability ! quantity of
1 fracture | power core cooling 1 product | integrity | of release of ' releflseqf
| | | system | removal | L fission products | Jission products
| [ t [ [ 1 i
stem
! ! ! ! Y ! Succeeds p.Neey ' "
| | | X \ r——-l—-“- ; b very sma
Fails I
i : | i [ Succeeds | L22 P, x Pg, X
i ! i Succeeds X P ; X
i ' 1 * i EL i
! 1 [ 1 1 1 P. xP ]
i 1 i i { ! A D1 !
i i Succeeds | N ol y |
| i . ! i afls [
| 1 [ . Ppy ) Sy 'y X Pps x Ppy
I ! I i | Pp, !
b ! ! | ! 1 i
1 Initiation 1 i} Fails ! . : P, x Pcy N
i i | . i ‘
I i | _!'lfatls " ) |
o Pa v Por ' - P, X P~y x Pp;
i ! g Py, 1 . i
I ¥ Fails | 2 X . \
| ! ' - P, x Pgy - ---+ verylarge
Py, ’ ’ ‘

Figure 7.13 FPartial event tree for nuclear power plant
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* Failure of the ECCS results in fuel meltdown
and varying amounts of fission product
released (event D), depending on the integrity
of the reactor containment system, (event E).

* If there is no electric power, the emergency
core cooling pumps and sprays do not
function, in fact none of the post-accident
corrective functions can be performed.
Potentially a very large quantityof fission
products may be released, the probability of

this combination of events being P, - P,,.

* Ifelectric power is available, the next choice
for study is the availability of the ECCS. If it
is unavailable (probability P_ ), then we
follow the appropriate path in the event tree,
and so on for the radioactivity removal system
(probability of failure P, ) and containment
integrity (probability of failure P.).

By working through the entire event tree, we
produce a spectrum of release magnitudes and their
probabilities for the various accident sequences.

In practice, nuclear design is predicated on the
possibility of coolant pipe fracture, but each of the
safety systems is assumed to operate successfully
(i.e. 1t is assumed that the various probabilities of
failure are very small, leading to the approximation
identified in Note 1).

Ex 7.12

—Sh Relief valve

Thérmostat Hot water supply

Cold water supply
—3

!

\ ) Pilot

Gas supply
::t.’\/ — ,}\
[\

Gas control valve

Pilot-on thermostat —

Figure 7. 14 Schematic layout of a domestic hot water supply
system

Economic, social and environmental issues |

Figure 7.14 shows the main components of a
domestic gas hot water supply system.

(a) Draw up a fault tree, considering tank explosion
as the rop event.

(b) Consider the condition that the pilot light is
blown out as an initiating event. Draw up an event
tree to indicate the way in which one could
estimate the probability of a tank explosion
resulting from this event.

Clearly state all assumptions. -

Ex 7.13

In the pumping system shown in Figure 7.15, the
tank is filled in 10 minutes and empties in 50
minutes: thus the cycle time is one hour.

After the switch is closed, the tiner is set to open
the contacts in 10 minutes. If the mechanisms fail,
then the alarm horn sounds and the operator opens
the switch to prevent a tank rupture due to
overfilling.

(a) Prepare a fault tree for this system.

(b) Prepare an event tree with the timer failure
as the initiating event.

Operator
orn

Switch  Contactor []_'—_]

Power = }

supply T
Timer  Pump Tank

Figure 7.15 Tank pressure cycling system
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| Appendices

APPENDIX A: CONVERSION TABLES

INDEX OF CONVERSION TABLES:

Table Al
Table A2
Table A3
Table A4
Table A5
Table A6
Table A7
Table A8
Table A9
Table A.10
Table A 11
Table A.12
Table A.13
Table A 14
Table A 15
Table A.16
Table A 17
Table A.18
Table A.19
Table A.20
Table A.21
Table A.22
Table A.23
Table A.24

GENERAL NOTES:

— these tables are adapted from a format used by Orica Engineering (formerly ICl Australia)

LENGTH

AREA

VOLUME

VOLUME RATE OF FLOW  (volume/ftime)
MASS

MASS RATE OF FLOW  {mass/time)
VELOCITY

DENSITY  (mass/volume)

SECOND MOMENT OF AREA

MOMENT OF INERTIA

FORCE

MOMENT OF FORCE  (torgue)
PRESSURE

STRESS

ENERGY, WORK, HEAT

POWER, HEAT FLOW RATE

DYNAMIC VISCOSITY ()

KINEMATIC VISCOSITY  (u/p)

DENSITY OF HEAT FLOW RATE  (heat /area /time)

HEAT TRANSFER COEFFICIENT (heat /area Aime /temperature_interval)

THERMAL CONDUCTIVITY  (heat x length /area /time /temperature_interval)

SPECIFIC HEAT CAPACITY (heat /mass /temperature_interval)
SPECIFIC ENERGY  (heat /mass)
VOLUMETRIC ENERGY  (heat fvolume)

— table format used by permisssion, Orica Engineering

— the units within each table are listed in order of increasing unit magnitude (e.g mm < cm < ft)
— equivalent values are read horizontally across the table, with units stated in the top row

— preferred St units are highlighted in the top row

— values in the tables are quoted to a maximum of 6 significant figures (5 if in exponential notation)

— values with fewer significant figures are generally exact
— subscripts and exponents in unit names are printed in-line for clarity



Table A.| LENGTH
min cm in fi yd m km mile
| 0.1 3.9370E-02 | 3.2808E-03 | 1.0936E-03 | E-03 | E-06 6.2137E-07
10 I 0.39370 | 3.2808E-02 | 1.0936E-02 0.01 [E-05 6.2137E-06
254 2.54 I 0.08333 | 2.7778E-02| 0.0254 2.54E-05 | 1.5783E-05
304.8 30.48 12 | 0.33333 0.3048 3.048E-04 | |.8939E-04
914.4 91.44 36 3.00 I 0.9144 9.144E-04 | 5.681BE-04
IE+03 100 39.3701 3.28084 1.0936| | |E-03 6.2137E-04
|[E+06 IE+05 39370.1 3280.84 1093.61 IE+03 | 0.62137
| 609344 160934 63360 5280 760 1609.34 1.60934 |
Notes: I m (micron) = |[E-06 m = 3.937E-05 in
| thou = 0.0254 mm = 0.001 in
| (ngstrm) = IE-10 m
| UK nautical mile = 6080 ft = 1853.2 m
| international nautical mile = 6076.1 ft = 1852 m
Table A.2 AREA
mmn2 cm2 in2 fi2 yd2 m2 acre hectare km2 mile2
| 0.01 |.5500E-03 | |.0764E-05 | |.1960E-06 |E-06 2.4711E-10 IE-10 E-12 3.8610E-13
100 | 0.155000 | I.0764E-03 | 1.1960E-04 |E-04 2.4711E-08 | E-08 [E-10 3.8610E-1|
645.16 6.45160 | 6.9444E-03 | 7.7160E-04 | 6.4516E-04 | |.5942E-07 | 6.4516E-08 | 6.4516E-10| 2.4910E-10
92903.0 929.030 | 44 | O.111111 | 92903E-02 | 2.2957E-05 | 9.2903E-06 | 9.2903E-08 | 3.5870E-08
836127 8361.27 1296 9.00 | 0.836127 | 2.0661E-04| 8.3613E-05| 8.3613E-07 | 3.2283E-07
|[E+06 IE+04 1550.00 10.7639 I.19599 | 2.471 1 E-04 |E-04 | .O000E-06 | 3.8610E-07
4.0469E+09 [4.0469E4+07| 6272640 43560 4840 4046.86 | 0.404686 | 4.0469E-03 | 1.5625E-03
|[E+ 10 IE+08 |.5500E+07 107639 11959.9 IE+04 2.47105 | |E-02 3.8610E-03
[E+12 IE+10 [.5500E+09]| 1.0764E+07| 1195990 |E+06 247.105 100 | 0.386102
2.5900E+ 12|2.5900E+ 10| 4.014E+09 [2.7878E+07|3.0976E+06 | 2.5900E+ 06 640 258.999 2.58999 |
Notes: | are = 100 m2
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Table A3 VOLUME

mm3 ml in3 I US gal UK gal ft3 yd3 m3
| |1E-03 6.1024E-05 |E-06 2.6417E-07 ] 2.1997E-07 | 3.5315E-08 | |.3080E-09 |E-09
IE+03 | 6.1024E-02 |E-03 2.6417E-04] 2.1997E-04 | 3.5315E-05| 1.3080E-06 |E-06
16387.1 16.3871 | |.6387E-02 | 4.3290E-03 | 3.6047€-03 | 5.7870E-04 | 2.1433E-05| 1.63B7E-05
IE+06 IE+03 61.0237 | 0.264172 | 0.219969 | 3.5315E-02| 1.3080E-03 IE-03
3.7854E+06 3785 231.000 3.785 | 0.832674 | 0.133681 | 4.951E-03 | 3.7854E-03
4.5461E+06]| 4546.09 277.419 4.54609 1.20095 | 0.160544 | 5.9461E-03 | 4.5461E-03
2.8317E+07| 28316.8 1728 28.3168 7.48052 6.22884 | 3.7037E-02 | 2.8317€-02
7.6455E+08| 764555 46656 764.555 201.974 168.179 27 | 0.764555
IE+09 IE+06 61023.7 IE+03 264.172 219.969 353147 1.30795 I
Notes: I 1= 1.00 dm3 (according to the 1974 definition of the litre)
= 1.000028 dm3 (according to the 1901 definition of the litre)
I ml= 1.000028 cm3 (according to the 1901 definition of the litre)
| US barrel = 42 USgal = 34.97 UK gal
| fluid oz = 2841 ml
I UK pint = 568.2 ml
| litre = 1.760 UK pints
Table A.4 VOLUME RATE OF FLOW (volume/time)
litres /h ml /s gal /h m3 /d [ /min gal /min m3 /h ft3 /min 1/s ft3 /s 1E6 gal /d m3 /s
| 0.277778 | 0.219969 0.024 |.6667E-02 | 3.6662E-03 IE-O3 5.8858E-04 | 2.7778E-04 | 9.8096E-06 | 5.2793E-06 | 2.7778E-07
3.6 I 0.791889 B8.64E-02 0.060 1.3198E-02| 3.6E-03 |2.1189E-03 |E-03 3.5315E-05] 1.9005€-05 IE-06
4.54609 1.26280 | 0.109106 [ 7.5768E-02 | |.6667E-02 | 4.5461E-03 | 2.6757E-03 | 1.2628E-03 | 4.4595E-05| 2.4E-05 |.2628E-06
41,6667 I1.5741 9.16539 | 0.694444 | 0.152756 | 4.1667E-02| 2.4524E-02| |.1574E-02 | 4.0873E-04 | 2.1997€-04 | 1.1574E-05
60 16.6667 13.1982 |.44 | 0.219969 0.060 3.5315E-02 | 1.6667E-02 | 5.8858E-04 | 3.1676E-04 | 1.6667E-05
272.765 75.7682 60 6.54637 4.54609 | 0.272765 | 0.160544 | 7.5768BE-02| 2.6757E-03| 1.44E-03 [ 7.5768E-05
1000 277.778 219.969 24 16.6667 3.66615 | 0.588578 | 0.277778 | 9.8096E-03 | 5.2793E-03 | 2.7778E-04
1699.01 471.947 373.730 40.7763 28.3168 6.22884 1.69901 | 0.471947 | 1.6667E-02 | 8,9695E-03 | 4.7195E-04
3600 1000 791.889 86.4 60 13.1982 3.6 2.11888 ] 3.5315E-02 | 1.9005€-02 1E-03
101941 28317 22423.8 2446.58 1699.01 373.730 101.941 60 28.3168 | 0.538171 [ 2.8317E-02
189420 52617 41666.7 4546.09 3157.01 694.444 189.420 111.489 52.6168 |.85814 | 5.26 | 7E-02
3.6E+06 IE+06 791889 86400 60000 13198.2 3600 2118.88 1000 353147 19.0053 ]

Notes: Il =

gal =
| US gal =

0.001 m3 (according to the 1974 definition of the litre)
UK or Imperial gallon
0.833 UK gal

GLE |
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Table A.5 MASS
S oz b (lbm) ke | slug awvt US ton t (tonne) UK ton
| 3.5274E-02 | 2.2046E-03 IE-03 6.8522E-05 [ |.9684E-05| 1.1023E-06 1E-06 9.8421E-07
28.3495 I 6.25E-02 | 2.8350E-02 [ 1.9426E-03 | 5.5804E-04 [ 3.125E-05 | 2.8350E-05 [ 2.7902E-05
453.592 |6 | 0.453592 | 3.1081E-02 | 8.9286E-03 5E-04 4.5359E-04 | 4.4643E-04
IE+03 35.2740 2.20462 | 6.8522E-02 | 1.9684E-02 | |.1023E-03 IE-03 9.8421E-04
14593.9 514.785 32,1740 14.5939 | 0.287268 | |.6087E-02 | 1.4594E-02 | |1.4363E-02
50802.3 1792 112 50.8023 3.48107 ] 5.6E-02 | 5.0802E-02 0.05
907185 32000 2000 907.185 62.1619 17.8571 I 0.907185 | 0.892857
IE+06 35274.0 2204.62 IE+03 68.5218 19.684| 1.10231 | 0.984207
1016047 35840 2240 1016.05 69.6213 20 1.12 1.01605 [
Notes: the tonne is often abbreviated "te" to distinguish it from the UK ton or the US ton
the unit of pound-mass is often abbreviated as "lbm" to distinguish it from the pound-force, “Ibf*
the US Customary System preferred base units are the foot, pound-force, and second
the slug is the unit of mass in the foot-pound-second (FPS) system
| slug = | Ibf.s2/ff
| quintal = 100 kg
Table A.6 MASS RATE OF FLOW (mass/time)
tlyr UK ion /yr Ib /h kg /h 8l Ib /min tid UK ton /d t/h UK ton /h Ib /s kels
| 0.984207 | 0.251669 | 0.114155 | 3.1710E-02 | 4.1945E-03 | 2.7397E-03 | 2.6965E-03 | 1.1416E-04 |.1235E-04 | 6.9908E-05 | 3.1710E-05
1.01605 | 0.255708 | 0.115987 | 3.2219E-02 | 4.2618E-03 | 2.7837E-03 | 2.7397E-03 [ |.1599E-04 | 1.1416E-04] 7.1030E-05 [ 3.2219E-05
3.97347 3.91071 | 0.453592 | 0.125998 | 1.6667E-02 | |.0886E-02 | 1.0714E-02 [ 4.5359E-04 | 4.4643E-04 | 2.7778E-04 | 1.2600E-04
8.76 8.62165 2.20462 | 0.277778 | 3.6744E-02 0.024 2.3621E-02 1E-03 9.8421E-04 | 6.1240E-04 | 2.7778E-04
31.5360 31.0379 7.9366 3.6 | 0.132277 | B8.64E-02 |B.5035E-02| 3.6E-03 |3.5431E-03 | 2.2046E-03 IE-03
238.408 234.643 60 27.2155 7.55987 I 0.653173 | 0.642857 |2.7216E-02 | 2.6786E-02 | 1.6667E-02 [ 7.5599E-03
365 359.235 91.8593 4].6667 I1.5741 1.53099 ] 0.984207 | 4.1667E-02 | 4.1009E-02 | 2.5516E-02 [ |.1574E-02
370.857 365 93.3333 42.3353 11.7598 1.55556 1.01605 | 4.2335E-02 | 4.1667E-02 | 2.5926E-02 [ |.1760E-02
8760 8621.65 2204.62 IE+03 277.778 36.7437 24 23.6210 [ 0.984207 | 0.612395 | 0.277778
8900.57 8760 2240 1016.05 282.235 37.3333 24,3851 24 1.01605 | 0.622222 | 0.282235
14304.5 14078.6 3600 1632.93 453.592 60 39.1904 38.5714 1.63293 1.60714 | 0.453592
31536 31037.9 7936.64 3600 IE+03 132.277 B86.4 85.0354 36 3.54314 2.20462 ]
Notes: | yr taken as 365 days
I USton = 2000 Ibm ("short ton")
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Table A.7 VELOCITY
mm /s St /min o fs km /h ft/s mile /h n /s km /s
[ 0.196850 0. 3.6E-03 | 3.2808E-03 | 2.2369E-03 |E-03 | E-06
5.08 \ 0.508 |.8288E-02 | 1.6667E-02| 1.1364E-02| 5.08E-03 | 5.08E-06
10 1.96850 [ 0.036 3.2808E-02 | 2.2369E-02 0.01 |E-05
277.778 54,6807 27.7778 [ 0911344 | 0.621371 | 0277778 |2.7778E-04
304.8 60 30.48 1.09728 [ 0.681818 0.3048 3.048E-04
447,040 88 44.7040 1.60934 |.46667 [ 0.44704 | 4.4704E-04
|E+03 196.850 |00 3.6 3.28084 2.23694 [ |E-03
|E+06 196850 IE+05 3600 3280.84 2236.94 IE+03 |
Notes: | UK knot = |.853 km /hr
I international nautical knot (Kn) = [.852 km /hr
Table A.8 DENSITY  (mass/volume)
kg /m3 Ib /ft3 b /UK gal | g¢/cm3 ton [yd3 Ib fin3
[ 6.2428E-02 | 1.0022E-02 |E-03 7.5248E-04 | 3.6127E-05
16.0185 [ 0.160544 | 1.6018E-02 | 1.2054E-02 | 5.7870E-04
99.7764 6.22884 [ 9.9776E-02 | 7.5080E-02 | 3.6047E-03
[E+03 62.4280 10.0224 \ 0.752480 | 3.6127E-02
1328.94 82.9630 13.3192 1.32894 [ 4.801 | E-02
27679.9 1728 277.419 27.6799 20.8286 |
Notes: lglem3 = | kg/dm3 = | t/m3 = | g/ml = | kg/litre

(based on the 1901 definition of the litre)
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Table A9 SECOND MOMENT OF AREA
mm4 cmd in4 frd md4
| | E-04 2.4025E-06 | |.1586E-10 IE-12
|E+04 | 2.4025E-02 | |.1586E-06 |E-08
416231 41.6231 | 4.8225E-05 | 4.1623E-07
8.6310E+09 863097 20736 | 8.6310E-03
IE+12 |E+08 2.4025E+06 115.862 [
Notes: this unit is often wrongly called the "moment of inertia"
Table A.10 MOMENT OF INERTIA
kg.mm2 kg.cm2 lbm.in2 bm.fi2 .m2
| 0.0I 3.4172E-03 | 2.3730E-05 | E-06
100 | 0.341717 | 2.3730E-03 |E-04
292.640 2.92640 | 6.9444E-03 [ 2.9264E-04
42140.1 421.40| 144 | 4.2140E-02
IE+06 IE+04 3417.17 23.7304 |
Notes: the unit of pound-mass is often abbreviated as "Ibm"
this is to distinguish it from the pound-force, "Ibf"
Table A.11 FORCE
pdl N Ibf keaf kN tonf
[ 0.138255 [ 3.1081E-02| |1.4098E-02 | 1.3825E-04 | 1.3875E-05
7.23301 I 0.224809 | 0.101972 |E-03 I.0036E-04
32.1740 4.44822 | 0.453592 | 4.4482E-03 | 4.4643E-04
709316 9.80665 220462 I 9.8067E-03 | 9.842 1 E-04
723301 IE+03 224.809 101.972 I 0.100361
72069.9 9964.02 2240 1016.05 9.96402 [
Notes: the unit of pound-force is often abbreviated as "Ibf"
this is to distinguish it from the pound-mass, "lbm"
the kgf is sometimes known as the kilopond, "kp"
the poundal, "pd!", is the force required to accelerate |lbm at | ft/s2
| pdl = | Ibm.ft/s2
IN = IE+05 dyn
Table A.12 MOMENT OF FORCE (torque)
N.onm pal.ft Ibfin N.m Ibfft kgfm UK tonfin | UK tonfft
I 2.3730E-02 | 8.8507E-03 |E-03 7.3756E-04 | 1.0197E-04 | 3.9512E-06 | 3.2927E-07
42,1401 I 0.372971 | 4.2140E-02] 3.1081E-02 | 4.2971E-03 | |1.6651E-04| 1.3875E-05
112.985 2.68117 | 0.112985 | 8.3333E-02 I.1521E-02 | 4.4643E-04 | 3.7202E-05
|E+03 23.7304 8.85075 | 0.737562 | 0.101972 | 3.9512E-03 | 3.2927E-04
1355.82 32.1740 12 1.35582 | 0.138255 | 5.3571E-03 | 4.4643E-04
9806.65 232715 86.7962 9.80665 7.23301 | 3.8748E-02 | 3.2290E-03
253086 6005.82 2240 253.086 186.667 25.8076 | 8.3333E-02
3037032 72069.9 26880 3037.03 2240 309.691 12 |
Notes: I N.om = IE+07 dyn.cm




Table A.13 PRESSURE
dyn fem2 Pa Ibf/fi2 mbar mm Hg in H20 kPa in Hyg Ibf /in2 kgf fem2 bar atm
| 0.1 2.0885E-03 |E-03 7.5006E-04 | 4.0146E-04 | E-04 2.9530E-05] 1.4504E-05] 1.0197E-06 |E-06 9.8692E-07
10 | 2.0B85E-02 |E-02 7.5006E-03 | 4.0146E-03 IE-03 2.9530E-04 | 1.4504€E-04| 1.0197E-05 |E-05 9.8692E-06
478.803 47.8803 I 0.478803 [ 0.359131 | 0.192222 | 4.7880€-02| 1.4139E-02 | 6.9444E-03 | 4.8824E-04 | 4.7880E-04 | 4.7254E-04
IE+03 100 2.08854 | 0.750062 | 0.401463 0.1 2.9530E-02| 1.4504E-02| 1.0197E-03 IE-03 9.8692E-04
1333.22 133.322 2.78450 1.33322 | 0.535240 | 0.133322 | 3.9370E-02| 1.9337E-02 | 1.3595E-03 ] 1.3332E-03 [ |.3158E-03
2490.89 249.089 5.20233 2.49089 |.86832 | 0.249089 | 7.3556E-02 | 3.6127€-02 ] 2.5400E-03 | 2.4909E-03 | 2.4583E-03
|E+04 IE+03 20.8854 10 7.50062 4.01463 | 0.295300 | 0.145038 | |.0197E-02 1E-02 9.8692E-03
33863.9 3386.39 70.7262 33.8639 254 13.5951 3.38639 | 0491154 | 3.4532E-02| 3.3864E-02| 3.3421E-02
68947.6 6894.76 |44 68,9476 51.7149 27.6799 6.89476 2.03602 | 7.0307E-02 | 6.8948E-02 | 6.8046E-02
980665 98066.5 2048.16 980.665 735.559 393.701 98.0665 28.9550 14.2233 0.980665 [ 0.96784|
IE+06 |E+05 2088.54 |E+03 750.062 401.463 100 29.5300 14.5038 1.01972 I 0.986923
1013250 101325 2116.22 1013.25 760 406.782 101.325 29.9213 14.6959 1.03323 1.01325 |
Notes: | kgffem2 = | kpfem2 = | technical atmosphere
| torr = | mm Hg (to within | part in 7 million)
| Pa = | N/m2
Table A.14 STRESS
dyn /em2 Pa pdl /fi2 Ibf /fi2 kPa 1bf /in2 kef fem2 MPa kgffmm2 hbar UK tonf /in2
| 0.1 6.7197E-02 | 2.0885E-03 |E-04 |.4504E-05 | 1.0197E-06 1E-O07 1.0197E-08 |E-08 6.4749E-09
10 ] 0.671969 | 2.0885E-02 IE-03 | 4504E-04 | 1.0197E-05 IE-06 1.0197E-07 |E-07 6.4749E-08
14.8816 1.48816 | 3.1081E-02 | 1.4882E-03 | 2.1584E-04 | 1.5175E-05 | |.4882E-06 | 1.5175E-07 | |1.4882E-07 | 9.6357E-08
478.803 47.8803 32.1740 | 4.7B80E-02 | 6.9444E-03 | 4.8824E-04 | 4.7880E-05 | 4.8824E-06 | 4.7880E-06 | 3.|1002E-06
IE+04 IE+03 671.969 20.8854 I 0.145038 | 1.0197E-02 |1E-03 1.0197E-04 IE-04 6.4749E-05
68947.6 6894.76 4633.06 144 6.89476 | 7.0307E-02 | 6.8948E-03 | 7.0307€-04 | 6.8948E-04 | 4.4643E-04
980665 98066.5 65897.6 2048.16 98.0665 14.2233 I 9.8067E-02 0.0l 9.8067E-03 | 6.3497E-03
IE+07 1E+06 671969 20885.4 IE+03 145.038 10.1972 | 0.101972 0.1 6.4749E-02
9.8067E+07]9.8067E+06] 6.5898E+06| 204816 9806.65 1422.33 100 9.80665 I 0.980665 0.634971
IE+08 IE+07 |6.7197E+06| 208854 1E+04 1450.38 101.972 10 1.01972 I 0.647490
|.5444E+08]| 1.5444E+07| 1.0378E+07| 322560 15444.3 2240 157.488 15,4443 1.57488 |.54443 |
Notes: the standard SI unit of pressure is the pascal (Pa)

however the megapascal (MPa) is frequently a more convenient unit in structural integrity design
the unit "pounds-force per square inch” is often abbrewviated "psi”

1000 Ibfin2 =

| MN/mm2 =

| kpsi
| MPa =

I N/fmm2

6LE |
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Table A.15 ENERGY, WORK, HEAT
of Slbf cal kegfm |7 Bm Chu keal M] hp.h EWh therm
| 0.737562 0.238846 | 0.101972 IE-03 9.4782E-04| 5.2657E-04 | 2.3885E-04 IE-06 3.7251E-07| 2.7778E-07 | 9.4782E-09
1.35582 | 0.323832 0.138255 | 1.3558E-03 | 1.2B51E-03[ 7.1393E-04 [ 3.2383E-04 I.3558E-06 | 5.0505E-07 [ 3.7662E-07 | |.2851E-08
4.18680 3.08803 | 0.426935 | 4.1868E-03 | 3.9683E-03 | 2.2046F-03 IE-03 4.1868E-06 [ 1.5596E-06 | 1.1630E-06 | 3.9683E-08
9.80665 7.23301 2.34228 | 9.8067E-03 [ 9.2949E-03 | 5.1638E-03 | 2.3423E-03 | 9.8067E-06 3.6530E-06 | 2.7241E-06 | 9.2949E-08
IE+03 737.562 238.846 101.972 I 0.947817 | 0.526565 | 0.238846 |E-03 3.7251E-04 | 2.7778E-04| 9.4782E-06
1055.06 778.169 251.996 107.586 1.05506 | 0.555556 | 0.251996 | 1.055(1E-03] 3.9301E-04| 2.9307E-04 IE-05
1899.10 1400.70 453.592 193.654 1.89910 1.8 | 0.453592 | 1.8991E-03| 7.0743E-04| 5.2753E-04| 1.8E-05
4186.80 3088.03 IE+03 426.935 4.18680 3.96832 2.20462 | 4.1868E-03 | 1.5596E-03 | 1.1630E-03 | 3.9683E-05
1E+06 737562 238846 101972 E+0Q3 947.817 526.565 238.846 | 0.372506 | 0.277778 | 9.4782E-03
2.6845E+06] 1 .9800E+06] 641187 273745 2684.52 2544.43 1413.57 641.187 2.68452 | 0.745700 | 2.5444E-02
3.6E+06 [2.6552E+06] 859845 367098 3600 3412.14 1895.63 859.845 3.6 1.34102 | 3.4121E-02
I.0551E+08(7.7817E+07 2.5200E+07[ 10758576 105506 IE+05 55555.6 25199.6 105.506 39.3015 29.3071 [
Notes:; the "cal" is the International Table calorie
1.014 hp.h (metric) = | hp.h = 7457 Wh = 2.685 M|
| thermie = I.163 kWh = 4.186 M| = 999.7 kcal
| ft.pdl = 0.04214 |
| erg = |E-07 |
Table A.16 POWER, HEAT FLOW RATE
B th Chu /h W kecal /h [rlbf /s kgfm /s metric hp hp kW teal /h MW
| 0.555556 | 0.293071 0.251996 | 0.216158 | 2.988B5E-02| 3.9847E-04] 3.9301E-04 | 2.9307E-04 2.5200E-04 | 2.9307E-07
1.8 1 0.527528 | 0.453592 | 0.389085 | 5.3793E-02| 7.1724E-04| 7.0743E-04 5.2753E-04 | 4,5359E-04 | 5.2753E-07
341214 1.89563 | 0.859845 | 0.737562 | 0.101972 | 1.3596E-03| | .3410E-03 IE-03 8.5985E-04 1E-06
3.96832 2.2046 1,16300 | 0.857785 | 0.118593 | 1.5812E-03[ 1.5596E-03 [ I.1630E-03 |E-03 | 1630E-06
4.62624 2.5701 1.35582 1.16579 | 0.138255 | 1.8434E-03| I.8182E-03 [ 1.3558E-03 ] I.1658E-03 | 1.3558E-06
33.4617 18.5898 9.80665 8.43220 7.23301 | 1.3333E-02] 1.3151E-02 | 9.8067E-03 | B.4322E-03 | 9.8067E-06
2509.63 1394237 735.499 632.415 542.476 75 | 0.986320 | 0.735499 | 0.632415 | 7.3550E-04
2544.43 1413.574 745.700 641.187 550.000 76.0402 1.01387 | 0.745700 | 0.641187 | 7.4570E-04
3412.14 1895.63 IE+03 859.845 737.562 101.972 |.35962 1.34102 | 0.859845 IE-03
3968.32 2204.62 1163.00 IE+03 857.785 118.593 1.58124 1.55961 I.163 I 1.1630E-03
3412142 1895634 IE+06 859845 737562 101972 1359.62 1341.02 IE+03 859.845 I
Notes: I W= 1)/
| cal fs = 3.6 keal th
I ton of refrigeration = 3517 W = 12000 Bth h
lergfs = |E-07 W

___| o8sg
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Table A.17 DYNAMIC VISCOSITY  (u)
N.s /m2 kg /m.h bm /[fi.h P P Pa.s pdl.s /fi2 kgfs /m2 Ibfs /fi2 Ibfh /ffi2
[ 3.6E-03 | 2.4191E-03 |E-03 IE-05 IE-06 6.7197E-07 | 1.0197E-07 | 2.0885E-08 | 5.8015E-12
277.778 [ 0.671969 | 0.277778 | 2.7778E-03 | 2.7778E-04 | | .8666E-04 | 2.8325E-05 | 5.8015E-06 | 1.61 | 5E-09
413.379 |.48816 [ 0.413379 |4.1338E-03|4.1338E-04 | 2.7/78E-04 | 4.2153E-05 | 8.6336E-06 | 2.3982E-09
IE+03 3.6 2.41909 [ 0.0! |E-03 6.7197E-04 [ 1.0197E-04 | 2.0885E-05 | 5.8015E-09
IE+05 360 241.909 100 | 0.1 6.7197€-02 | 1.0197E-02 | 2.0885E-03 | 5.8015E-07
|E+06 3600 2419.09 [E+03 10 [ 0.671969 | 0.101972 | 2.0885E-02 | 5.8015E-06
1488164 5357.39 3600 1488.16 14,8816 |.48816 | 0.151750 | 3.1081E-02 | 8.6336E-06
9806650 35303.9 23723.2 9806.65 98.0665 9.80665 6.58976 [ 0.204816 | 5.6893E-05
4.7880E+07| 172369 | 15827 47880.3 478.803 47.8803 32.1740 4.88243 [ 2.7778E-04
|.7237E+11)6.2053E+084.1698E+08| |.7237E+08| 1723689 172369 |15827 17576.7 3600 [
Notes: | ¢P (“centipoise”) = | mN.s/m2 = | g/ms
I P ("poise") = | g/lems = | dyn.s fem?2
| Pas = I Nis/m2 = I kg /ms
| pdls ft2 = | Ibm ft.s
| Ibfs M2 = | slug ffts
Table A.18 KINEMATIC VISCOSITY (u/p)
in2 /h rm2 /s *) ft2/h em2 fs (%) m2 /h in2 /s fi2 /s m2 /s
[ 0.179211 | 6.9444E-03 | |1.7921E-03 | 6.4516E-04 | 2.7778E-04 | 1.9290E-06 | 1.792 1 E-07
5.58001 [ 3.8750E-02 IE-02 3.6000E-03 | 1.5500E-03 | 1.0764E-05 [E-06
| 44 25.8064 [ 0.25806 | 9.2903E-02 0.04 2.7778E-04 | 2.5806E-05
558.001 100 3.8750]1 | 0.36 0.15500 [ 1.0764E-03 IE-04
1550.00 277.778 10.7639 2.77778 [ 0.43056 | 2.9900E-03 | 2.7778E-04
3600 645.160 25 6.45160 2.32258 [ 6.9444E-03 | 6.4516E-04
518400 92903.0 3600 929.030 334.45| 144 [ 9.2903E-02
558001 | IE+06 38750.1 [E+04 3600 1550.00 10.7639 |
Notes: I mm2 /s = I St (centistokes)
| cm2 /s = | St (stokes)

saoipuaddy !
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Table A.19 DENSITY OF HEAT FLOW RATE (heat /area /time)
W /m2 kcal /m2.h | Bt [fi2.h  |Chu [f2.h | keal /[ft2.h kW /m2
[ 0.859845 | 0.316998 | 0.176110 | 7.9882E-02 |E-03
[.163 1 0.368669 | 0.204816 | 9.2903E-02| I.1630E-03
3.15459 2.71246 [ 0.555556 | 0.251996 | 3.1546E-03
5.67826 4.88243 1.8 | 0.453592 | 5.6783E-03
12.5184 10.7639 3.96832 2.20462 |.2518E-02
1000 859.845 316.998 176.110 79.8822 I
Notes: this quantity is also called "ENERGY FLUX"
Table A.20 HEAT TRANSFER COEFFICIENT (heat /area /time /temperature_interval)
W/m2K |kcal /m2.h.°C |Btu [fi2h.°F  |kcal fi2.h.°C [ kW /m2.K | Bu [ft2.5s.°F  |kcal fem2.5.°C
| 0.859845 0.176110 7.9882E-02 |E-03 4.8919E-05 | 2.3885E-05
l.163 | 0.204816 9.2903E-02 [ I.1630E-03| 5.6893E-05 | 2.7778E-05
5.67826 4.88243 | 0.453592 | 5.6783E-03 | 2.7778E-04 |.3562E-04
12.5184 10.7639 2.20462 [ |.2518E-02| 6.1240E-04 | 2.9900E-04
|E+03 859.845 176.110 79.8822 [ 4.8919E-02 | 2.3885E-02
20441.7 17576.7 3600 1632.93 20.4417 l 0.488243
41868.0 36000 7373.38 3344.5| 41.8680 2.04816 I
Notes: this quantity is also called "THERMAL CONDUCTANCE"

a temperature interval of |°C(degree Celsius) is the same as | K (kelvin)
a temperature interval of |°C(degree Celsius) is the same as |.8°F (degree Fahrenheit)

temperature conversion from Fahrenheit ("TF") to Celsius ("TC"): TC(°C) = [TF(°F)-32]/1.8

temperature conversion from Celsius ("'t") to kelvin ("T"):  T(K) = t(°C) + 273.16

| Btu /ft2.h.°F =
| W/m2.°C =

| Chu ft2.h.°C

IE-04 W /cm2.°C

| Z8E
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Table A2 THERMAL CONDUCTIVITY (heat x length /area /time /temperature_interval)
Btu.in /fi2.h.°F  |kcal.in [fi2.h.°C W/mK cal /m.h.°C (B [fth°F  |cal jem.s.°C
| 0.453592 0.144228 0.124014 | 8.3333E-02 | 3.4448E-04
2.20462 ] 0.317968 0.273403 0.183719 | 7.5945E-04
6.93347 3.14497 | 0.859845 0.577789 | 2.3885E-03
8.06363 3.65760 1.16300 | 0.671969 | 2.7778E-03
12 544311 1.73073 |.48816 | 4.1338E-03
2902.91 1316.74 418.680 360 241.909 |
Notes: | Btu.in /ft2.h.°F = 1.0000 Chu.in ft2.h.°C
| Btu /fh.°F= 1.0 Chu /fft.h.°C
| W/m.°C= [E-02 W /em.°C = 1.00 kWmm /m2.°C
Table A.22 SPECIFIC HEAT CAPACITY (heat /mass ftemperature_interval)
J kg K |frlbf/bm.°F |kgfm /kg.°C | kL/kg.K |Btu /lbm.°F |kcal /kg.°C
[ 0.185863 0.101972 IE-03 2.3885E-04 | 2.3885E-04
5.38032 | 0.548640 | 5.3803E-03 | 1.2851E-03 | 1.2851E-03
9.80665 1.82269 [ 9.8067E-03 | 2.3423E-03 | 2.3423E-03
IE+03 185.863 101.972 I 0.238846 | 0.238846
4186.80 778.169 426.935 4.18680 I 1.00000
4186.80 778.169 426.935 4.18680 1.00000 [
Notes: | Btu Abm.°F = | Chu /ibm.°C
Table A.23 SPECIFIC ENERGY (heat /mass)
J kg fribf/lbm | kgfm /kg kJ /kg Bru /lbm kecal fkg M] /kg
| 0.334553 | 0.101972 IE-03 4.2992E-04 | 2.38B5E-04 |E-06
2.98907 ] 0.304800 | 2.9891E-03| 1.2851E-03 | 7.1393E-04 | 2.9891E-06
9.80665 3.28084 [ 9.8067E-03 | 4.2161E-03 | 2.3423E-03 | 9.8067E-06
IET03_ | 334553 | 101972 I 0.429923 | 0238846 | E-03
2326 778.169 237.186 2.326 | 0.555556 | 2.3260E-03
4186.80 1400.70 426.935 4.18680 1.8 | 4.1868E-03
IE+06 334553 101972 IE+03 429.923 238.846 |
Notes: examples of quantities with this unit include:
"CALORIFIC VALUE, MASS BASIS"
"SPECIFIC LATENT HEAT"
I']/g= | k| /g
| keal kg = | Chu /lbm
Table A.24 VOLUMETRIC ENERGY  (heat Avolume)
J/m3 k] /m3 kcal /m3 Bru /ft3 Chu /ft3 M] /m3
| IE-03 2.3885E-04 | 2.6839E-05 | |.4911E-05 | E-06
[E+03 | 0.238846 | 2.6839E-02( |.4911E-02 IE-03
4186.80 4.18680 I 0.112370 | 6.2428E-02 | 4.1868E-03
37258.9 37.2589 8.89915 [ 0.555556 | 3.7259E-02
67066.1 67.066| 16.0185 1.8 | 6.7066E-02
IE+06 IE+03 238.846 26.8392 14.9107 |
Notes: examples of quantities with this unit include:

"CALORIFIC VALUE, VOLUME BASIS"

| therm (100000 Btu) /UK gal =
| thermie flitre =

I M| /m3 =

23208 MJ /m3
4185 M| /m3
| | /em3

| 383
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APPENDIX B: STANDARD SIZES AND

PREFERRED NUMBER SERIES

Standard Sizes

Standardised sizes and modular components are
widely used in modern engineering and design
practice. The ongoing processes of standardisation
and modularity are reflected in the standard sizing
applied to the myriad range of consumer and
industrial products. Historically this approach has
evolved from the standardisation and
mechanisation techniques developed at the US
Armory at Springfield, Pennsylvania, prior to and
during the United States Civil War (1861-1865).
The modern application of such techniques is
popularly attributed to Henry Ford and the Ford
Motor Company and is a reflection of the ongoing
need for engineers to achieve efficient, elegant and
economical design solutions.

The selection of standard sizes follows two broad
approaches: dimensional coordination and preferred
numbers.

Dimensional Coordination

The application of dimensional coordination varies
with the engineering discipline. It is a tool
primarily for architects, builders and the industries
supplying building components. Products should
be based on a standard module or appropriate sub-
modules and multi-modules. With the increased
use of prefabricated and pre-assembled units in the
building industry it is important that dimensional
coordination is used to determine component sizes
for the industry.

The International Standards Organisation and
many national standards bodies have adopted a base
module of 100 mm.

Preferred horizontal multi-modules are 300 mm,
600 mm, 900 mm, 1200 mm, 1500 mm, 3000 mm,
and 6000 mm. Preferred vertical multi-modules
are 100 mm, 300 mm and 600 mm. Increments of
100 mm are recommended up to 3000 mm
maximum.

The system of dimensional coordination
provides for controlling planes in both the vertical
and horizontal directions. Controlling planes can
represent the outer faces of load-bearing walls or
columns, the floor level and the underside of
ceilings. The distance between controlling planes
across a wall column or floor is a control zone and
between two adjacent controlling planes bounding
control zones is the controlling dimension. The
controlling dimension is made up of one or more
coordinating dimensions. The dimensions of standard
components should be based on coordinating
dimensions.

The dimensions of components are derived from
the modular coordination space they are to occupy.
The modular coordinating dimension should be
an appropriate multiple or sub-multiple of the base
module. The manufacturing size of the component
provides for manufacturing tolerances for the
component, positioning tolerances and joint
allowance which may be positive (i.e. an overlap)
or negative (i.e. a clearance). The component size
is usually designated by the nominal size derived
from the coordinating dimensions.

Preferred Numbers

To promote efficiency and economy in design,
designers tend to use convenient round numbers
for the dimensions they choose. The notion of a
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round number is formalised in so-called tables of
preferred numbers. Such tables of numbers give
guidance to designers in choosing convenient
values for dimensional sizes. The system of
preferred sizes is based on a number of geometric
series derived by Col. Charles Renard in the 1870s.
They have been adopted and promulgated by
various government and international standards
organisations such as the ISO (International
Organisation for Standardisation), ANSI
(American National Standards Institute), SAE
(Society of Automotive Engineers), BSI (British
Standards Institution), and Standards Australia.

Preferred sizes based on a Renard series of
preferred numbers have more significance in
engineering than does dimensional coordination.
They are used in equipment rating and sizing and
the sizing of semi-finished products used generally
by engineering industry. The common series and
their ratios are given in the table below.

This table lists the preferred numbers in the R5,
R10, R20 and R40 series and gives rounded values
which may be preferable under some
circumstances. The first rounding is indicated as
R’ and the more rounded series by R”.

The Renard series are given names such as R 5,
R 10, R 20. This naming reflects the number of
intervals per decade in the series:

— R 5 gives 5 increments in each decade (i.e. 5
increments between 1 and 10; 5 increments
between 10 and 100; 5 increments between
100 and 1000, etc);

— R 10 gives 10 increments in each decade;

— R 20 gives 20 increments in each decade, and
sO on.

The series may be used by manufacturers for the
determination of product size ranges and by users
in design selection to reduce the factory stores
inventory. The decision required is how fine or
coarse the size progression should be and the upper
and lower limits of size.
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APPENDIX C:

PROPERTIES OF SECTIONS

] 387

rectangular:
A=bh

7=0
z=0
_ kb’
712
Izz = 9’1—3

12

hollow rectangular:
A=2b+h-2t)
y=0

z=0

I, = %{mf ~(h =21t —2t)3:|

= é(Bhbz —6hbt + 4h? + b — 6621 +12b8° —8t3)

I =%[bh3—<b—2t)(h—2t)3}

= é(3bh2 —6bht + 468 + h* — 6kt + 1207 —8:3)

circular:
4D
4

7=0
z=0

D*
I = I =

moE 64

hollow circular:

T 2} o _
A-4(D d ) (D=1}
y=0
z=0

I =1, =%(D‘ -d') =%’(D—¢)(D2-2Dt+2z2)
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triangular:
a=t

2
?=§ ; z=0

o
GG T e

b’ hb’

I =L, +Ay =— ; =
24 GG y 12 2z 48

hollow triangular (constant thickness):

l:l—(t/h)— (2t/u/)2+(t/h)2 W=dw ; H=hh

A:w?h(l—lz)
_—hl-/lz(2,+3t/h) . _
s ¢
I =é£—{3-/14 ﬁ212(1+3t/h)2—_22_{1—/12(/1+3t/h)]2}
I, =%(1—x‘) ; Iu=%[3—l4—212(1+3t/h)2]
diamond:
Ath
T2
y=0 ; z=0
ke [ b
AT I =7 48
hollow diamond:
2
§=1—-;)£ 1+(w/h)2
A:l’z—h(l-gz)
=0 ; z=0
3 3
I =%(1—§‘) ; 1a=%8—(1 ¢)
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- beam:
A=2bf +h(w=2f)
7=0 ; £=0
2£6% +(h-2fw’
Ly = 12
wh3+(b—w)2f(3h2—6hf+4f2)
12

]

IZZ =

channel:

A=hw+2f(b-w)

p #2672
2 hw+2f(b-w)

| g =1, - AZ*

’ _:II_L 2;b3+(h—2f)w3

["—'__—J Iyy - 3

L _ b —(b=w)h-2s)
12

semi- circular:
nR?

R A==

. (37: - 8)(37: + 8)
2r

ani

8

Ny
it

CIERS

Ioe =R

I =Izz =

hollow semi - circular:
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APPENDIX D: BEAM FORMULAE

concentrated load distributed load moment load
cantilever beam " cantilever beam ' cantilever beam
a
W q -
z ’ 4 g D o
s R M,
L x Lo x Lex
concentrated load i distributed load moment load
* simple supports *  simple supports * simple supports
N - d
i T M
Lex Lo x Ley 0

concentrated load
simple supports

(overhung)
| b w
[ \
e 0—
Lex
concentrated load distributed load moment load
fixed supports " fixed supports * fixed supports
a
w q
b d /
Lo x Le x

external load conventions:

M ’R(f. Pﬁ ;\ 1,

1 2




[ Appendices

concentrated load
" cantilever beam

! w
by

distributed load
cantilever beam

reactions:

(0=x<a)

(a<xSL):

reactions:

@5x3L

i

| 391
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moment load
cantilever beam

concentrated load
* simple supports

reactions:

(0sx<L)

reactions:

(OSxSa):

(a<x$L>:
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concentrated load ) L-b b
b. E— reactions: R, = W[T) ; R, = W(z
(overhung) M,=0 . M, =0
w
! ? i (0sx<L} V=R,
& L—b
T
M=w}=—2
- ()
Wwib-L
6= ( )(Lz -3x%)
6EIL
- W(b—L)x( - 2)
6EIL

(L<x£b): V=W

6= g%[w ~6be+L(45-L)]

y= W((;_IL) [+ +(L-3b) + L]
wi(b-L)
et O
distributed load I i
simple supports reactions: R, = 5 R, = 5
M( =0 N M2 =0
q
% 0sx<Ly V=gq £—x]
lax ( ) 2
M= ﬂé’f(L ~x)
6=—1_{60:>-4x’-1)
24EI
)
24E]
Yoo = = SqL4 @x = £

384EI 2



Introduction to engineering design

394 : . o
;?;r:f:n:uf::rts reactions: Ry= A—Ll ; R, = "“Ag()*
1\/11 ':O N 1\/{2 =
el
|%"—‘. (0 <xg a): V= M,
LM, L
) M= M,,(x)
L

8= M, (3x2 +3a% —6al. +2L2)
6EIL

y= :20[’1‘_ (x2 +342 —6aL+2L2}

(a <x< L): V= —%

M = M()( X zL]

g=Mo (3x2 —6Lx+21 +3a2}
6EIL

y= M, [x3 —3Lx% + x(2L2 + 3a2)- 3&]
6EIL

trated load
- ;2231’:';:015 - reactions: R, = W(L"a) (Za ’ L) - [/[/:12(3L —Za)
N 1 L! &) L3
l_MV}/a(L—a) Mzmwﬁ(Lﬂ:)
I 12
(O <x% a): V=R,
WL -a)
~da

M= ———L—}—*[X(Za +L) - aL]
wiL - x

b= [x(2a +L)L24L]
W(L —a)z x°

y= W[x(za +L)-3aL]

(a(xSL): V=-R,

M=W (L;—f)z[x(zau)—@]n(x—a)

m:’

2EIL

W (L - )
UPYSTR

221 - a)e- (31~ 24} —L3]

[+(2a-3L) +aL]
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distributed load
fixed supports

moment load
fixed supports

reactions:

(0<x<L)

reactions:

(0<x<a)

(a<xSL):

=1L . R =4k
T 2
_ g _
Y D)
V:%@-zﬂ
M:i@u—w’ﬁ)
=—1§;AL—2xXL—@
N
r= MEA )
__.a _L
Ve =7 30 El )
6a(L -
R =M, “(L3 a) > R, =-FR,
L-3a)L- 2L -3
Mleo( ‘Ii)f “) M, =M, 12 a)“
V=R,
My(L=a)[ 64
M=—2 i—qu-yﬂ
I? L
9=MO(L_H) 3—ax2+(L—3a>x}
En? | L
Y_AQ@:a{ix&JL—%)f
EII? |L 2
V=R,
A4=A%“(mﬂﬁw)x-@L—3@
I? L

| 395



l Index

| 397

AUTHOR INDEX

Adams, J.L. 297, 299, 302, 305 Emerson, R.W. 275
Adams, S. 359 Euler, L. 144, 147
Agricola 112, 113 Farquharson, F.B. 4
Alexander, R.C. 300 Field, BW. 332
Ashford, F. 357 Fielder, J.H. 345
Astridge, D.G. 363 Fiore, Q. 270, 271
Barnes, R M. 348 Fltzgerald, E. 3
Bauer, G. 112 Flogge, W. 144
Beard, AE. 289 French, M. J. 271, 272, 273, 292
Beitz, W. 292 Frost, N.E. 89
Benham, PP. 264 Fuchs, H.O. 85
Bernoulli, D. 144 Gale, WKV 112
Birsch, D. 345 Giedion, S. 348
Bloom, B.S. 241 Goldberg, D.E. 330
Box, G.E.P 332 Goldsmith, S. 357
Buzan, A. 291 Goodier, J.P 87, 103, 108
Carroll, L. 323 Goodman, J. 40
Chase, W. G. 290 Gordon, J.E. 265
Clapeyron, B.PE. 166 Hatty, M. 363

Clark, G.E. 363 Hawkins, PG. 363
Clarke, A. C. 299 Hertz, J. 101, 107
Clarke, R.L. 289 Herzberg, EM.B. 356
Collins, J.A. 82, 83, 85, 86, 89 Hewat, T. 4

Cooper, D.F. 291 Holgate, A. 357
Cotgrove, S. 356 Holick, M. 329, 339, 344
Crowther, P 357 Holmes, O.W. 240
Damon, A. 354 Horne 270

deBono, E. 292, 299, 339 Horrigan, D. 87
Dinnik, A.N. 108 Huber, M.T. 108
Dipert, R.R. 357 Hunter, J.S. 332
Dowie, M. 345 Hunter, W.G. 332
Dreyfuss, H. 354 Infeld, L. 242
Dunham, J. 356 Ishibashi, A. 108
Einstein, A. 242 Ishikawa, K. 327

Emde, F. 103 Jahnke, E. 103



Introduction to engineering design |

398 [
Juvinall, CR. 86 Prandtl, L. 144
Kelly, EC. 239, 272 Pugh, S. 329
Klein, J.H. 291 Rheingold, H. 299

Koestler, A. 348
Kratwohl, D.R. 241
Kroemer, KH.E. 348
Kryter, KD. 357
Kusiak, A. 269
Lagrange, J.L. 144
Lamé, G. 166
Landgraf, RW. 82
Leeman, E. 278
Lipson, C. 86

Mann, JY. 82
Manson, S.S. 85
Marples, D.L. 326
Marsh, K.J. 89, 90
Masia, B.B. 241
Masiow, A H. 356
Matravers, D. 357
McFarland, R.A. 354
McGowan, P 306
McKim, R.H. 281, 292, 297, 299, 306
McLuhan, M. 270, 271
McPherson, N. 112
Mendosa, E. 14
Miller, G.A. 355
Milner, P 112

Miner, M.A. 86
Minsky, M. 299
Minsky, M.L. 299
Mitchell, M.R. 82
Monk, R. 29

Morant, G.M. 349
Morgan, M.H. 49
Murrell, KEH. 355, 357
Ord-Hume, A. W. 291
Osgood, C.C. 82
Owens, N. 363
Paasch, R.K. 363

Pahl, G. 292
Palmgren, A. 86, 108
Parmee, I.C. 330
Perkins, D. 363
Peterson, R.E. 88, 260
Petroski, H. 4, 49, 241, 273
Pook, L.E. 89, 90
Popper, K. 300

Rittel, H. 239, 241, 290
Rodenacker, W.G. 278
Roebuck, J.A. Jr. 348, 349, 354
Samuel, A.E. 87, 290, 291
Shannon, C.E. 355
Shigley, J.E. 85, 86, 149
Simon, H. A. 290

Smith, D.K. 300
Soderberg, C.R. 90
Stephens, R.I. 85

Stoudt, HW. 354
Strunk, W. 338

Sullivan, L.H. 357
Thalmann, D. 299
Thalmann, N.M. 299
Thompson, WD'A. 357
Thompson, W.G. 348
Timoshenko, S.P.

25, 49, 50, 62, 63, 69, 8, 87, 101, 103, 108, 144

Vamplew, C. 356

von Mises, R. 144

Wahl, AM. 139
Waterton, WA. 4
Weaver, W. 355

Weber, RL. 14

Weir, J. G. 290, 291
White, E.B. 338

Wiener, N. 356

Wilde, D. J. 330

Wohler, A. 82, 83, 88, 90
Woods, A. 345

Woollons, D.J. 363
Yoshino, H. 108

Young, W.C. 25, 107, 264
Zimmerli, EP 139, 140



| Index

SUBJECT INDEX

| 399

A

A-M diagram 90-94
constant life curves 90
infinite life curve 90
springs 140

aesthetics 356

annual cost equivalent 342, 342-348

anthropometry 349
body size 349
design for displays 355
dynamic 349
population stereotypes 356
processor of information 355
sensor or transducer 354
source of power 354
static 349
tracker and controller 355
workspace 354

audit
design 295
structural 241

axial loading
columns 144

axial stress
pressure vessels 170

backward-chaining 280
beam behaviour 25-26
beam columns 155
beams

conventions 25

hogging 26

neutral layer 25

sagging 26
behaviour
motivation 356
bending stress
welded joints 228
benefit-cost-analysis 326, 344-348
bolt and screw terminology
bolted joints 211-212
bolted joints 195
stiffness 200
bug-list 284
butt-welds
pressure vessels 171

C

capital recovery factor 341, 342
cash flow 341
causal networks 360
codes of practice
bolted joints 206
pressure vessels 164
columns 144-155. See also generic engineering
components
beam columns 155
buckling 144, 147
long/slender columns 147
critical buckling load 148
design algorithms 152
design method 152
design rules 155
eccentric loading 153
eccentricity ratio 154
effective length 149
elastic curves 144
end fixity 149
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Euler buckling 144 D
fixed-pinned 149
General Method of Design 146 decision support systems
Johnson parabola 152 benefit-cost-analysis 326, 344-348
Johnson-Euler curve 152 design tree 327
radius of gyration 149, 150-151 fishbone diagrams 327
secant formula 154 in design 323
short 151 mput/output analysis 325
slenderness ratio 149 mathematical modelling 330
complexity 291 morphological analysis 326
component 239 optimisation 330
key load-bearing 239 response surface 332
concept-map 291 scaled check lists 328
concurrent engineering 294 decision tables 328
constraint deferred judgement 299-300
in design 294, 325 DEFP
contact phenomena 101 Distortion energy failure predictor 69-70
contact stresses 101-110 delimitation 303
brinelling 103 design
conforming contact 108 enformulation 278
deformations 104 problem solving 272-273
failure in bearing 103 design boundary 294
general contact between ellipsoidal bodies 106 design constraint 294
107 design goal 294
geometry 104 design life 240
non-conforming contact 108 design method
spheres in contact 103-106 pressure vessels 168
stress fields generated 107 design parameter 294
corrosion 57-59 design process 292-295
corrosion allowance design requirement 294
pressure vessels 172 design rules
cost axially loaded components 155
fixed 340 bolted joints 215
initial 340 pinned joints 221
of project 339 pressure vessels 171, 179
annual cost equivalent 342, 342-348 shafts 122
capital recovery factor 341, 342 springs 143
cash flow 341 welded joints 230

discounted payback period 342 design tree 327-328

present worth factor 341, 342 disabled

simple payback period 342 design for 357
operating 340 discipline
overall 340 in design 271
recurrent 340 discordance 291
variable 340 discounted payback period 342

criteria E
in design 294, 325
ED-PAD 295

effective length
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welded joint 226, 227
effectiveness 324
embodiment

in design 280
end fixity

columns 149
endurance limit 82

shafts 121

springs 139
enformulation

in design 278-292, 284-288
engineering component 3

design synthesis 111
engineering materials 52-57

aluminium 57

copper (brass, bronze) 57

free-cutting steel 54

hardening 54

high-strength low-alloy (HSLA) steels 55

nickel alloys 57

plain carbon steels 53

plastics and composites 59

selection 60-66

special steels 56

stainless steels 56

steel and cast iron 53

wood and concrete 60
ergonomics 348-359

anthropometry 349
estimation 15-21

rational 19
event diagrams 360

F

factor of safety 72-74
allowable-stress 72
design factor 72
load factor 72
safe-load/working-load 72
stress factor 72
working-stress 72

factors of safety 5

faiture predictors
brittle materials 66
distortion energy 69-70, 118

shafts 122

maximum principal stress 66-67

shafts 123

maximum shear stress 67-69, 118, 146

multiaxial stress 67
static loading 62-66
von Mises-Hencky theory 69

failure

fatigue
crack-growth 82, 83
crack-initiation 82
fracture 82
intensity 5
operational 5
planes of failure
pinned joints 218
technical 5
unpredictable (acts of God) 5
worst credible accident 5

fatigue 82-94

beachmarks 83
bolted joints 208
cumulative damage 83, 86
dislocation theory 85
endurance limit
eftect of geometry 87-89
effect of surface coating 89
effect of surface finish 89
notch radius 87
notch sensitivity 87
fluctuating load 83
fully-reversed load 83
Gerber assumption 90
high-cycle 83
ideal endurance limit 86
load cycles 83-84
low-cycle 83
Miner’s rule 86
modified Goodman line 90, 92
repeated load 83
S-N diagram 85
stress field 85

fault tree analysis 359, 361-363
fault/failure analysis 327, 359-364

causal networks 359, 360
event diagrams 360
fault tree analysis 359

fillet welds
parallel loading 225. See also mechanical con-

nections: welded joints

fishbone diagrams 327
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fitness for purpose 324, 330
flexibility

in design 301
fluency

in design 301
forward-chaining 280

G
gedankenexperiment 242

generic engineering components 23-24, 239

columns 144-155
shafts 112-124

H

hard information 284
hazards 359-364
heuristic 15
heuristics 290
hoop stress

pressure vessels 169

idea-log 281
information theory

bit 355
initial appreciation 294-299
input/output analysis 324, 325-326
Ishikawa diagram 327
islands of certainty

in design 284

L

Liberty ship 11
loss of opportunity 339, 340-342
Lueders lines 63

M

mathematical modelling 330
mechanical connections 187-195
bolted joints 195
anchor point 196
Bolt and screw terminology 211-212
bolt force 199, 204-205
codes of practice 206
connection regions 196
contact surface 196
design equations 203, 208

design rules 215
effective gasket seating width 206
elements in parallel 202
external force on 196
failure criteria 205-206
fatigue 208-209
flange 196
friction joints 206-207
gasket contact force 199
grades of SAE bolting 210
joint force 205
modes of failure 198
nuts,dilation 212
pre-loaded 200
pre-loading torque 212
proof strength of a bolt 209
sealing force 196
series of elements 201
shank thinning 208
simple mathematical model 198
stiffness of bolt and joint 200-202
structural failure of bolts 207
thread terminology 210-211
threaded fasteners 209-212
types of threaded fasteners 212
clamped joints 189
classification 188-194
fasteners 189, 195
glued joints 194
load-carrying 188
pinned joints 193, 215-221
design rules 221
eye-plates 216
key dimensions 217
modes of failure 218
planes of failure 218
shear-connectors 215
typical applications 216
structural connection 187
welded joints 221-230
allowable stresses 225
bending moments 228-229
bending stress 228
combined stresses 229
design for strength 224-225
design rules 230
effective length 226, 227
fillets-parallel loading 225-226
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leg length 225
oblique loads 228
throat 225
transverse loading 226-228
types 223-224
mode of failure 51-52
axial compression
columns 147
axial tension 146
bolted joints 198
buckling 52
columns 144
corrosion 52
creep 52
excessive-deflection 52
fatigue 52
fracture (rupture) 52
pinned joints 218
pressure vessels 164
wear/erosion 52
yielding 52
modelability 291
Mohr’s circle construction 119, 176
moment of resistance 25
morphological analysis 326-327
motivation 356
MPFP
Maximum principal stress failure predictor 66~
67
MSFP
Maximum shear stress failure predictor 67-69
multiaxial stress
bending and torsion 112, 131
pressure vessels 167

necking down 64
novelty 290

o

objectives

in design 294, 325
One-Hoss Shay 240
optimisation 330

P

parameter
in design 294

permanent set 63
pinned joints 215
design rules 221
eye-plates 216
modes of failure 218
pin deflection 221
planes of failure 218
typical applications 216
pre-loading torque
bolted joints 212
present worth factor 341, 342
pressure vessels
axial stress 170
butt-welds 171
corrosion allowance 172
deformations 174-175
design 164-179
design method 168
design rules 171, 179
design stress intensity 168
external bending 175
full radiography 171
hoop stress 169
large compressive bending stress 177
large tensile bending stress 176
mode of failure 164
modified design rule 172
Mohr’s circle construction 176
multiaxial stress 167
non-cylindrical 177
quench-annealing 171
radial stress 170
rupture 164
small bending stress 176
spot radiography 171
standard codes of practice 164
strakes 171
stress-relieving 171
thick walled cylindrical
principal stresses 172
thick-walled cylindrical 172-174
peak values of stress 173
thin-walled cylindrical 167-172
typical 165-167
welded joint efficiency 171
welding and inspection 171
yielding 164
principal stress 65
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pressure vessels
thick walled cylindrical 172
problem
complexity 291
discordance 291
enformulation 278, 284-288
evolution 279
modelability 251
novelty 290
seriousness 291
statement
goal-directed 281
need-directed 281
problem clarification 292
problem intensity 290-292
problem solving
backward-chaining 280
barriers to idea generation 302
conceptual blockbusting 302
deferred judgement 299-300
delimitation 303
flexibility 301
fluency 301
forward-chaining 280
generating ideas 295--302
heuristics 290
in design 272-273
clarification 292
hard information 284
islands of certainty 284
soft information 284
perceptual barriers 302-305
tunnel vision 305
problem-boundary 290
proportional limit 63

R

radial stress

pressure vessels 170
radius of gyration

columns 150-151
real interest rate 340
received wisdom 271
requirement

in design 294
response surface 332
rotating beam test 82
rule of thumb. See also estimation

S

scaled check lists 328
secant formula
columns 154
second moment of area 25
seriousness 291
service load 3
shafts 112-124. See also generic engineering
components
actual stress 120
deflection 123
bending 121
torsional 122
design codes 120
design rules 122
dynamic loading 120
fully reversed torque 121
gearbox 114
hollowness ratio 117
keyway 115
limiting stress 120
modes of failure 118-119
out-of-balance forces 116
output shaft 114
overhung 116
principal stresses 119. See also principal stress
pulsating torque 121
resolved loads 114-115
solids pump 116-117
steady torque 121
stress concentration 115
von Mises’ stress 119
shear-connectors
pinned joints 215
simple payback period 342
simultaneous engineering 294
slenderness ratio 149
soft information 284
springs
A-M diagram 140
active coils 137, 141, 143
bending and torsion 131
binding 140
bottoming 140
buckling 140
common types 132
compression
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static loading 136-138

design rules 143

elastic phenomena 132

materials 142

mechanical 131-143

shear stress endurance limit 139

special types 133

spring index 137

spring rate 138

stiffness 132

tension springs 140

torsion springs 140

vibration 142

Wahl correction 139
standard codes of practice

pressure vessels 164
structural audit 241
structural distillation 21-23

T

Tacoma Narrows Bridge 4

theories of failure. See also failure predictors: static

loading
thought experiment 242
thread terminology
bolted joints 210
trade-off 323, 330
triaxial stress
pressure vessels 167

v

units

ampere 14
candela 14
Kelvin 14
kilogram 14
metre 14
mole 14
second 14

SI (International System of Units) 14

utility 339. See also loss of opportunity
utility function 330

Vv

von Mises’ stress 70

w

welded joints. See mechanical connections: welded

joints
bending moments 228-229
bending stress 228
combined stresses 229
design rules 230
effective length 226, 227
leg length 225
oblique loads 228
parallel loading 225-226
shear stress 229
throat 225
transverse loading 226-228

wisdom

in design 271
received 271

worst credible accident 5, 13, 239, 363
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