
Advanced Engineering Mechanics

Topic Objective:

At the end of this topic student would be able to:

 Define the term elementary mechanics of materials

 Describe the orientation of mechanical materials

 Highlight the uses of mechanical materials

Definition/Overview:

Elementary Mechanics: Mechanical engineering is an engineering discipline that involves the

application of principles of physics for analysis, design, manufacturing, and maintenance of

mechanical systems.

Key Points:

1. Elementary Mechanics

Strengthening mechanisms are accompanied by the caveat that mechanical properties of the

material may degenerate in an attempt to make the material stronger. Applied Mechanics

shares similar methods, theories, and topics with Applied Physics, Applied Mathematics, and

Computational Science. Mechanics is, in the most general sense, the study of forces and their

effect upon matter. Typically, engineering mechanics is used to analyze and predict the

acceleration and deformation (both elastic and plastic) of objects under known forces (also

called loads) or stresses. Sub disciplines of mechanics include

 Statics, the study of non-moving bodies under known loads

 Dynamics (or kinetics), the study of how forces affect moving bodies

 Mechanics of materials, the study of how different materials deform under various types of stress
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 Fluid mechanics, the study of how fluids react to forces

 Continuum mechanics, a method of applying mechanics that assumes that objects are continuous

(rather than discrete)

Mechanical engineers typically use mechanics in the design or analysis phases of

engineering. If the engineering project were the design of a vehicle, statics might be

employed to design the frame of the vehicle, in order to evaluate where the stresses will be

most intense. Dynamics might be used when designing the car's engine, to evaluate the forces

in the pistons and cams as the engine cycles. Mechanics of materials might be used to choose

appropriate materials for the frame and engine. Fluid mechanics might be used to design a

ventilation system for the vehicle (see HVAC), or to design the intake system for the engine.

Mechanics is the branch of physics concerned with the behaviour of physical bodies when

subjected to forces or displacements, and the subsequent effect of the bodies on their

environment. The discipline has its roots in several ancient civilizations (see History of

classical mechanics and Timeline of classical mechanics). During the early modern period,

scientists such as Galileo, Kepler, and especially Newton, laid the foundation for what is now

known as classical mechanics.

2. Classical versus quantum

The major division of the mechanics discipline separates classical mechanics from quantum

mechanics. Historically, classical mechanics came first, while quantum mechanics is a

comparatively recent invention. Classical mechanics originated with Isaac Newton's Laws of

motion in Principia Mathematica, while quantum mechanics didn't appear until 1900. Both

are commonly held to constitute the most certain knowledge that exists about physical nature.

Classical mechanics has especially often been viewed as a model for other so-called exact

sciences. Essential in this respect is the relentless use of mathematics in theories, as well as

the decisive role played by experiment in generating and testing them.
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Quantum mechanics is of a wider scope, as it encompasses classical mechanics as a sub-

discipline which applies under certain restricted circumstances. According to the

correspondence principle, there is no contradiction or conflict between the two subjects, each

simply pertains to specific situations. Quantum mechanics has superseded classical

mechanics at the foundational level and is indispensable for the explanation and prediction of

processes at molecular and (sub)atomic level. However, for macroscopical processes

classical mechanics is able to solve problems which are unmanageably difficult in quantum

mechanics and hence remains useful and well used.

3. Einsteinian versus Newtonian

Analogous to the quantum versus classical reformation, Einstein's general and special

theories of relativity have expanded the scope of mechanics beyond the mechanics of

Newton and Galileo, and made fundamental corrections to them, that become significant and

even dominant as speeds of material objects approach the speed of light, which cannot be

exceeded. Relativistic corrections are also needed for quantum mechanics, although General

relativity has not been integrated; the two theories remain incompatible, a hurdle which must

be overcome in developing the Grand Unified Theory.

4. Types of mechanical bodies

Thus the often-used term body needs to stand for a wide assortment of objects, including

particles, projectiles, spacecraft, stars, parts of machinery, parts of solids, parts of fluids

(gases and liquids), etc. Other distinctions between the various sub-disciplines of mechanics,

concern the nature of the bodies being described. Particles are bodies with little (known)

internal structure, treated as mathematical points in classical mechanics. Rigid bodies have

size and shape, but retain a simplicity close to that of the particle, adding just a few so-called

degrees of freedom, such as orientation in space. Otherwise, bodies may be semi-rigid, i.e.

elastic, or non-rigid, i.e. fluid. These subjects have both classical and quantum divisions of

study. For instance, the motion of a spacecraft, regarding its orbit and attitude (rotation), is
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described by the relativistic theory of classical mechanics, while the analogous movements of

an atomic nucleus are described by quantum mechanics.

5. Sub-disciplines in mechanics

The following are two lists of various subjects that are studied in mechanics. There is also the

"theory of fields" which constitutes a separate discipline in physics, formally treated as

distinct from mechanics, whether classical fields or quantum fields. But in actual practice,

subjects belonging to mechanics and fields are closely interwoven. Thus, for instance, forces

that act on particles are frequently derived from fields (electromagnetic or gravitational), and

particles generate fields by acting as sources. In fact, in quantum mechanics, particles

themselves are fields, as described theoretically by the wave function.

Topic : Stress, Principal Stresses, Strain Energy

Topic Objective:

At the end of this topic student would be able to:

 Define the term stress

 Describe the principal stresses

 Highlight the importance of strain energy

Definition/Overview:

Stress: In continuum mechanics, stress is a measure of the average amount of force exerted per

unit area. It is a measure of the intensity of the total internal forces acting within a body across

imaginary internal surfaces, as a reaction to external applied forces and body forces. It was

introduced into the theory of elasticity by Cauchy around 1822. Stress is a concept that is based

on the concept of continuum. In general, stress is expressed as
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Where,

is the average stress, also called engineering or nominal stress, and

is the force acting over the area

Strain: In continuum mechanics, deformation is the change in shape and/or size of a continuum

body after it undergoes a displacement between an initial or undeformed configuration , at

time , and a current or deformed configuration , at the current time .

Key Points:

1. Stress

The SI unit for stress is the pascal (symbol Pa), which is a shorthand name for one newton

(Force) per square metre (Unit Area). The unit for stress is the same as that of pressure,

which is also a measure of Force per unit area. Engineering quantities are usually measured

in megapascals (MPa) or gigapascals (GPa). In imperial units, stress is expressed in pounds-

force per square inch (psi) or kilopounds-force per square inch (ksi). Stress is a second order

tensor quantity. According to Cauchy, the stress at any a point in an object, assumed to be a

continuum, is completely defined by the nine components of the Cauchy stress tensor.

The Cauchy stress tensor is not the only measure of stress that is used in practice. Other

measures of stress include the first and second Piola-Kirchhoff stress tensors, the Biot stress

tensor, and the Kirchhoff stress tensor. If the continuum body is in equilibrium it can be

demonstrated that the components of the stress tensor in every material point in the body

satisfy the equilibrium equations (Cauchy's equations of motion for zero acceleration). At the

same time, equilibrium requires that the summation of moments with respect to an arbitrary

point is zero, which leads to the conclusion that the stress tensor is symmetric, thus having

only six independent stress components, instead of the original nine, i.e.
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As a tensor, the stress tensor obeys the tensor transformation law under a change in the

system of coordinates. A graphical representation of this transformation law is the Mohr's

circle for stress. As with force, stress cannot be measured directly but is usually inferred from

measurements of strain and knowledge of elastic properties of the material. Devices capable

of measuring stress indirectly in this way are strain gauges and piezoresistors.

2. Stress as a tensor

In its full form, linear stress is a rank-two tensor quantity, and may be represented as a 3x3

matrix. A tensor may be seen as a linear vector operator - it takes a given vector and

produces another vector as a result. In the case of the stress tensor , it takes the vector

normal to any area element and yields the force (or "traction") acting on that area element. In

matrix notation:

Where, are the components of the vector normal to a surface area element with a length

equal to the area of the surface element, and are the components of the force vector (or

traction vector) acting on that element. Using index notation, we can eliminate the

summation sign, since all sums will be the same over repeated indices. Thus:

Just as it is the case with a vector (which is actually a rank-one tensor), the matrix

components of a tensor depend upon the particular coordinate system chosen. As with a

vector, there are certain invariants associated with the stress tensor, whose value does not

depend upon the coordinate system chosen (or the area element upon which the stress tensor

operates). For a vector, there is only one invariant - the length. For a tensor, there are three -

the eigenvalues of the stress tensor, which are called the principal stresses. It is important to

note that the only physically significant parameters of the stress tensor are its invariants,

since they are not dependent upon the choice of the coordinate system used to describe the

tensor. If we choose a particular surface area element, we may divide the force vector by the

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

6
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



area (stress vector) and decompose it into two parts: normal component acting normal to the

stressed surface, and a shear component, acting parallel to the stressed surface. An axial

stress is a normal stress produced when a force acts parallel to the major axis of a body, e.g.

column. If the forces pull the body producing an elongation, the axial stress is termed tensile

stress. If on the other hand the forces push the body reducing its length, the axial stress is

termed compressive stress. Bending stresses, e.g. produced on a bent beam, are a

combination of tensile and compressive stresses. Torsional stresses, e.g. produced on twisted

shafts, are shearing stresses.

In the above description, little distinction is drawn between the "stress" and the "stress

vector" since the body which is being stressed provides a particular coordinate system in

which to discuss the effects of the stress. The distinction between "normal" and "shear"

stresses is slightly different when considered independently of any coordinate system. The

stress tensor yields a stress vector for a surface area element at any orientation, and this stress

vector may be decomposed into normal and shear components. The normal part of the stress

vector averaged over all orientations of the surface element yields an invariant value, and is

known as the hydrostatic pressure. Mathematically it is equal to the average value of the

principal stresses (or, equivalently, the trace of the stress tensor divided by three). The

normal stress tensor is then the product of the hydrostatic pressure and the unit tensor.

Subtracting the normal stress tensor from the stress tensor gives what may be called the

shear tensor. These two quantities are true tensors with physical significance, and their

nature is independent of any coordinate system chosen to describe them. In fact, the extended

Hooke's law is basically the statement that each of these two tensors is proportional to its

strain tensor counterpart, and the two constants of proportionality (elastic moduli) are

independent of each other. Note that In rheology, the normal stress tensor is called

extensional stress, and in acoustics is called longitudinal stress.

Solids, liquids and gases have stress fields. Static fluids support normal stress but will flow

under shear stress. Moving viscous fluids can support shear stress (dynamic pressure). Solids

can support both shear and normal stress, with ductile materials failing under shear and

brittle materials failing under normal stress. All materials have temperature dependent
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variations in stress related properties, and non-newtonian materials have rate-dependent

variations.

3. Cauchy's stress principle

Cauchy's stress principle asserts that when a continuum body is acted on by forces (i.e.,

surface forces and body forces) there are internal reactions (forces) throughout the body

acting between the material points. Based on this principle, Cauchy demonstrated that the

state of stress at a point in a body is completely defined by the nine components of a

second-order Cartesian tensor called the Cauchy stress tensor, given by

Where,

, , and are the stress vectors associated with the planes perpendicular

to the coordinate axes,

, , and are normal stresses, and

, , , , , and are shear stresses. The first index indicates that the

stress acts on a plane normal to the axis, and the second index denotes the direction in

which the stress acts. A stress component is positive if it acts in the positive direction of

the coordinate axes, and if the plane where it acts has an outward normal vector pointing

in the positive coordinate direction.

The Voigt notation representation of the Cauchy stress tensor takes advantage of the

symmetry of the stress tensor to express the stress as a 6-dimensional vector of the form
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The Voigt notation is used extensively in representing stress-strain relations in solid

mechanics and for computational efficiency in numerical structural mechanics software.

4. Strain

In general, the displacement of a continuum body has two components: a rigid-body

displacement component and a deformation component. If after a displacement of the

continuum there is a relative displacement between particles, a deformation has occurred. On

the other hand, if after displacement of the continuum the relative displacement between

particles in the current configuration is zero i.e. the distance between particles remains

unchanged, then there is no deformation and a rigid-body displacement is said to have

occurred. Strain is the geometrical measure of deformation representing the relative

displacement between particles in the material body, i.e. a measure of how much a given

displacement differs locally from a rigid-body displacement.

Deformations results from stresses within the continuum induced by external forces or due to

changes in its temperature. The relation between stresses and induced strains is expressed by

constitutive equations, e.g. Hooke's law for linear elastic materials. Deformations which are

recovered after the external forces have been removed, are called elastic deformations. In this

case, the continuum completely recovers its original configuration. On the other hand,

irreversible deformations, which remain even after external forces have been removed, are

called plastic deformations. Such deformations occur in material bodies after stresses have

surpassed a certain threshold value known as the elastic limit or yield stress, and are the

result of slip, or dislocation mechanisms at the atomic level.

Strain is the geometrical measure of deformation representing the relative displacement

between particles in the material body, i.e. a measure of how much a given displacement

differs locally from a rigid-body displacement (Jacob Lubliner). Strain defines the amount of

stretch or compression along a material line elements or fibers, i.e. normal strain, and the

amount of distortion associated with the sliding of plane layers over each other, i.e. shear

strain, within a deforming body (David Rees). Strain is a dimensionless quantity, which can
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be expressed as a decimal fraction, a percentage or in parts-per notation. The state of strain at

a material point of a continuum body is defined as the totality of all the changes in length of

material lines or fibers, i.e. normal strain, which pass through that point and also the totality

of all the changes in the angle between pairs of lines initially perpendicular to each other, i.e.

shear strain, radiating from this point. However, it is sufficient to know the normal and shear

components of strain on a set of three mutually perpendicular directions. If there is an

increase in length of the material line, the normal strain is called tensile strain, otherwise, if

there is reduction or compression in the length of the material line, it is called compressive

strain.

5. Strain measures

Depending on the amount of strain, i.e. local deformation, the analysis of deformation is

subdivided into three deformation theories:

 Finite strain theory, also called large strain theory, large deformation theory, deals with

deformations in which both rotations and strains are arbitrarily large. In this case, the

undeformed and deformed configurations of the continuum are significantly different and a clear

distinction has to be made between them. This is commonly the case with elastomers, plastically-

deforming materials and other fluids and biological soft tissue.

 Infinitesimal strain theory, also called small strain theory, small deformation theory, small

displacement theory, or small displacement-gradient theory where strains and rotations are both

small. In this case, the undeformed and deformed configurations of the body can be assumed

identical. The infinitesimal strain theory is used in the analysis of deformations of materials

exhibiting elastic behavior, such as materials found in mechanical and civil engineering

applications, e.g. concrete and steel.

 Large-displacement or large-rotation theory, which assumes small strains but large rotations and

displacements.

In each of these theories the strain is then defined differently. The engineering strain is the

most common definition applied to materials used in mechanical and structural engineering,

which are subjected to very small deformations. On the other hand, for some materials, e.g.

elastomers and polymers, subjected to large deformations, the engineering definition of strain
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is not applicable, e.g. typical engineering strains greater than 1% (David Rees page 41), thus

other more complex definitions of strain are required, such as stretch, logarithmic strain,

Green strain, and Almansi strain. The Cauchy strain or engineering strain is expressed as

the ratio of total deformation to the initial dimension of the material body in which the forces

are being applied. The engineering normal strain or engineering extensional strain of a

material line element or fiber axially loaded is expressed as the change in length per unit

of the original length of the line element or fibers. The normal strain is positive if the

material fibers are stretched or negative if they are compressed. Thus, we have

Where, is the final length of the fiber.

The engineering shear strain is defined as the change in the angle between two material line

elements initially perpendicular to each other in the undeformed or initial configuration. The

stretch ratio or extension ratio is a measure of the extensional or normal strain of a

differential line element, which can be defined at either the undeformed configuration or the

deformed configuration. It is defined as the ratio between the final length and the initial

length of the material line.

The extension ratio is related to the engineering strain by

This equation implies that the normal strain is zero, i.e. no deformation, when the stretch is

equal to unity. The stretch ratio is used in the analysis of materials that exhibit large

deformations, such as elastometers, which can sustain stretch ratios of 3 or 4 before they fail.

On the other hand, traditional engineering materials, such as concrete or steel, fail at much

lower stretch ratios, perhaps of the order of 1.001 (reference?) The logarithmic strain ,
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also called natural strain, true strain or Hencky strain. Considering an incremental strain

(Ludwik)

the logarithmic strain is obtained by integrating this incremental strain:

Where, is the engineering strain. The logarithmic strain provides the correct measure of the

final strain when deformation takes place in a series of increments, taking into account the

influence of the strain path (David Rees).

The Green strain is defined as

The Green strain is addressed in more detail in the article on finite strain theory.

The Euler-Almansi strain is defined as

The Euler-Almansi strain is addressed in more detail in the finite strain theory.

6. Description of deformation

It is convenient to identify a reference configuration or initial geometric state of the

continuum body which all subsequent configurations are referenced from. The reference

configuration need not to be one the body actually will ever occupy. Often, the configuration

at is considered the reference configuration, . The configuration at the current

time t is the current configuration. For deformation analysis, the reference configuration is

identified as undeformed configuration, and the current configuration as deformed

configuration. Additionally, time is not considered when analyzing deformation, thus the
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sequence of configurations between the undeformed and deformed configurations are of no

interest.

The components of the position vector of a particle in the reference configuration,

taken with respect to the reference coordinate system, are called the material or reference

coordinates. On the other hand, the components of the position vector of a particle in the

deformed configuration, taken with respect to the spatial coordinate system of reference, are

called the spatial coordinates There are two methods for analysing the deformation of a

continuum. One description is made in terms of the material or referential coordinates, called

material description or Lagrangian description. A second description is of deformation is

made in terms of the spatial coordinates it is called the spatial description or Eulerian

description.

There is continuity during deformation of a continuum body in the sense that:

 The material points forming a closed curve at any instant will always form a closed curve at any

subsequent time.

 The material points forming a closed surface at any instant will always form a closed surface at

any subsequent time and the matter within the closed surface will always remain within.

Topic : Failure And Failure Criteria

Topic Objective:

At the end of this topic student would be able to:

 Define the term failure analysis and failure mode

 Describe the history of failure analysis

 Highlight the implementation of failure analysis

Definition/Overview:
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Failure Analysis: Failure analysis is the process of collecting and analyzing data to determine

the cause of a failure and how to prevent it from recurring.

Failure Mode: "The manner by which a failure is observed; it generally describes the way the

failure occurs."

Failure Effect: The immediate consequences a failure has on the operation, function or

functionality, or status of some item.

Key Points:0

1. History

Learning from each failure is both costly and time consuming, and FMEA is a more

systematic method of studying failure. As such, it is considered better to first conduct some

thought experiments. FMEA was formally introduced in the late 1940s for military usage by

the US Armed Forces. Later it was used for aerospace/rocket development to avoid errors in

small sample sizes of costly rocket technology. An example of this is the Apollo Space

program. The primary push came during the 1960s, while developing the means to put a man

on the moon and return him safely to earth. In the late 1970s the Ford Motor Company

introduced FMEA to the automotive industry for safety and regulatory consideration after the

Pinto affair. They also used it to improve production and design.

Although initially developed by the military, FMEA methodology is now extensively used in

a variety of industries including semiconductor processing, food service, plastics, software,

and healthcare. It is integrated into Advanced Product Quality Planning (APQP) to provide

primary risk mitigation tools and timing in the preventing strategy, in both design and

process formats. The Automotive Industry Action Group (AIAG) requires the use of FMEA
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in the automotive APQP process and publishes a detailed manual on how to apply the

method. Each potential cause must be considered for its effect on the product or process and,

based on the risk, actions are determined and risks revisited after actions are complete.

Toyota has taken this one step further with its Design Review Based on Failure Mode

(DRBFM) approach. The method is now also supported by the American Society for Quality

which also provides detailed guides on applying the method

2. Implementation

In FMEA, failures are prioritized according to how serious their consequences are, how

frequently they occur and how easily they can be detected. An FMEA also documents current

knowledge and actions about the risks of failures for use in continuous improvement. FMEA

is used during the design stage with an aim to avoid future failures. Later it is used for

process control, before and during ongoing operation of the process. Ideally, FMEA begins

during the earliest conceptual stages of design and continues throughout the life of the

product or service. The purpose of the FMEA is to take actions to eliminate or reduce

failures, starting with the highest-priority ones. It may be used to evaluate risk management

priorities for mitigating known threat vulnerabilities. FMEA helps select remedial actions

that reduce cumulative impacts of life-cycle consequences (risks) from a systems failure

(fault). It is used in many formal quality systems such as QS-9000 or ISO/TS 16949.

3. Using FMEA when designing

FMEA can provide an analytical approach, when dealing with potential failure modes and

their associated causes. When considering possible failures in a design like safety, cost,

performance, quality and reliability an engineer can get a lot of information about how to

alter the development/manufacturing process, in order to avoid these failures. FMEA

provides an easy tool to determine which risk has the greatest concern, and therefore an

action is needed to prevent a problem before it arises.The development of these specifications

will ensure the product will meet the defined requirements.

4. The pre-work
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The process for conducting an FMEA is straightforward. It is developed in three main

phases, in which appropriate actions need to be defined. But before starting with a FMEA, it

is important to complete some pre-work to confirm that robustness and past history are

included in the analysis. A robustness analysis can be obtained from Interface Matrices,

Boundary Diagrams and Parameter Diagrams. A lot of failures are due to noise factors and

shared interfaces with other parts and/or systems, because engineers tend to focus on what

they control directly. To start it is necessary to describe the system and its function. A good

understanding simplifies the further analysis. This way an engineer can see which uses of the

system are desirable and which are not. It is important to consider both intentional and

unintentional uses! Unintentional uses are a form of hostile environment. Next a block

diagram of the system needs to be created. This diagram gives an overview of the major

components or process steps and how they are related. These are called logical relations

around which the FMEA can be developed. It is useful to create a coding system to identify

the different system elements. The block diagram should always be included with the FMEA.

Before starting the actual FMEA, a worksheet needs to be created, which contains the

important information about the system, such as the revision date or the names of the

components. On this worksheet all the items or functions of the subject should be listed in a

logical manner, based on the block diagram.

Example FMEA Worksheet

Function
Failure
mode

Effects
S

(severity
rating)

Cause(s)
O

(occurrence
rating)

Current
controls

D
(detection

rating)

CRIT
(critical

characteristic

RPN
(risk

priority
number)

Recommended
actions

Responsibility
and target
completion

date

Action
taken

Fill tub

High
level
sensor
never
trips

Liquid
spills on
customer
floor

8

level sensor
failed
level sensor
disconnected

2

Fill
timeout
based
on time
to fill to
low
level
sensor

5 N 80

Perform cost
analysis of
adding
additional
sensor halfway
between low
and high level
sensors

Jane Doe
10-Oct-2010
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5. Step 1: Severity

Determine all failure modes based on the functional requirements and their effects. Examples

of failure modes are: Electrical short-circuiting, corrosion or deformation. It is important to

note that a failure mode in one component can lead to a failure mode in another component.

Therefore each failure mode should be listed in technical terms and for function. Hereafter

the ultimate effect of each failure mode needs to be considered. A failure effect is defined as

the result of a failure mode on the function of the system as perceived by the user. In this way

it is convenient to write these effects down in terms of what the user might see or experience.

Examples of failure effects are: degraded performance, noise or even injury to a user. Each

effect is given a severity number(S) from 1(no danger) to 10(critical). These numbers help

an engineer to prioritize the failure modes and their effects. If the severity of an effect has a

number 9 or 10, actions are considered to change the design by eliminating the failure mode,

if possible, or protecting the user from the effect. A severity rating of 9 or 10 is generally

reserved for those effects which would cause injury to a user or otherwise result in litigation.

6. Step 2: Occurrence

In this step it is necessary to look at the cause of a failure and how many times it occurs. This

can be done by looking at similar products or processes and the failures that have been

documented for them. A failure cause is looked upon as a design weakness. All the potential

causes for a failure mode should be identified and documented. Again this should be in

technical terms. Examples of causes are: erroneus algorithms, excessive voltage or improper

operating conditions. A failure mode is given a probability number(O),again 1-10. Actions

need to be determined if the occurrence is high (meaning >4 for non safety failure modes and

>1 when the severity-number from step 1 is 9 or 10). This step is called the detailed

development section of the FMEA process. Occurrence also can be defined as %. If a none

safety issue happened less than 1%, we can give 1 to it. It is based on your product and

customer specification.

7. Step 3: Detection
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When appropriate actions are determined, it is necessary to test their efficiency. Also a

design verification is needed. The proper inspection methods need to be chosen. First, an

engineer should look at the current controls of the system, that prevent failure modes from

occurring or which detect the failure before it reaches the customer. Hereafter one should

identify testing, analysis, monitoring and other techniques that can be or have been used on

similar systems to detect failures. From these controls an engineer can learn how likely it is

for a failure to be identified or detected. Each combination from the previous 2 steps,

receives a detection number(D). This number represents the ability of planned tests and

inspections at removing defects or detecting failure modes. After these 3 basic steps, Risk

Priority Numbers (RPN) are calculated.

8. Risk Priority Numbers

RPN do not play an important part in the choice of an action against failure modes. They are

more threshold values in the evaluation of these actions. After ranking the severity,

occurrence and detectability the RPN can be easily calculated by multiplying these 3

numbers: RPN = S x O x D This has to be done for the entire process and/or design. Once

this is done it is easy to determine the areas of greatest concern. The failure modes that have

the highest RPN should be given the highest priority for corrective action. This means it is

not always the failure modes with the highest severity numbers that should be treated first.

There could be less severe failures, but which occur more often and are less detectable. After

these values are allocated, recommended actions with targets, responsibility and dates of

implementation are noted. These actions can include specific inspection, testing or quality

procedures, redesign (such as selection of new components), adding more redundancy and

limiting environmental stresses or operating range. Once the actions have been implemented

in the design/process, the new RPN should be checked, to confirm the improvements. These

tests are often put in graphs, for easy visualisation. Whenever a design or a process changes,

an FMEA should be updated.

A few logical but important thoughts come in mind:

 Try to eliminiate the failure mode (some failures are more preventable than others)

 Minimize the severity of the failure
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 Reduce the occurrence of the failure mode

 Improve the detection

In Section 2 of this course you will cover these topics:

Applications Of Energy Methods

Beams On An Elastic Foundation

Curved Beams

Topic : Applications Of Energy Methods

Topic Objective:

At the end of this topic student would be able to:

 Define the term energy method

 Describe the energy principles in structural mechanics

 Highlight the applications of energy methods

Definition/Overview:

Energy Method: The concept of energy and its transformations is extremely useful in

explaining and predicting most natural phenomena.

Key Points:

1. Energy principles in structural mechanics

Energy principles in structural mechanics express the relationships between stresses, strains

or deformations, displacements, material properties, and external effects in the form of

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

19
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



energy or work done by internal and external forces. Since energy is a scalar quantity, these

relationships provide convenient and alternative means for formulating the governing

equations of deformable bodies in solid mechanics. They can also be used for obtaining

approximate solutions of fairly complex systems, bypassing the difficult task of solving the

set of governing partial differential equations. The strain energy release rate (or energy

release rate) is the energy dissipated during fracture per unit of newly created fracture surface

area. This quantity is central to fracture mechanics because the energy that must be supplied

to a crack tip for it to grow must be balanced by the amount of energy dissipated due to the

formation of new surfaces and other dissipative processes such as plasticity. For the purposes

of calculation, the energy release rate is defined as

where U is the potential energy available for crack growth and a is the crack area (crack

length for two-dimensional problems). The units of G are J/m2. The energy release rate

failure criterion states that a crack will grow when the available energy release rate G is

greater than or equal to a critical value Gc

The quantity Gc is the fracture energy and is considered to be a material property which is

independent of the applied loads and the geometry of the body.

2. Relation to fracture toughness

For two-dimensional problems (plane stress, plane strain, antiplane shear) involving cracks

that move in a straight path, the mode I stress intensity factor (KI) is related to the energy

release rate (G) by
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Where, E is the Young's modulus and E' = E for plane stress and E' = E / (1 − ν2) for plane

strain. Therefore the energy release rate failure criterion may also be expressed as

Where, KIc is the mode I fracture toughness.

Topic : Beams On An Elastic Foundation

Topic Objective:

At the end of this topic student would be able to:

 Define the term beams and loads

 Describe the beams on an elastic foundation

 Highlight the driven foundations

Definition/Overview:

Beams: Beams generally carry vertical gravitational forces but can also be used to carry

horizontal loads.

Load: The loads carried by a beam are transferred to columns, walls, or girders, which then

transfer the force to adjacent structural compression members. In Light frame construction the

joists rest on the beam.

Key Points:
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1. Beams on an Elastic Foundation

Common beam profiles are the C-channel, the hollow structural section beam, the pipe, and

the angle. Typically, under gravity loads, the original length of the beam is slightly reduced

to enclose a smaller radius arc at the top of the beam, resulting in compression. The same

original length of the middle of the beam, generally halfway between the top and bottom, is

the same as the radial arc of bending, and so it is under neither compression nor tension, and

defines the neutral axis. A deep foundation is a type of foundation distinguished from

shallow foundations by the depth they are embedded into the ground. There are many reasons

a geotechnical engineer would recommend a deep foundation over a shallow foundation, but

some of the common reasons are very large design loads, a poor soil at shallow depth, or site

constraints (like property lines). There are different terms used to describe different types of

deep foundations including piles, drilled shafts, caissons, and piers. The naming conventions

may vary between engineering disciplines and firms. Deep foundations can be made out of

timber, steel, reinforced concrete and pre-tensioned concrete. Deep foundations can be

installed by either driving them into the ground or drilling a shaft and filling it with concrete,

mass or reinforced.

2. Driven foundations

Prefabricated piles are driven into the ground using a pile driver. Driven piles are either

wood, reinforced concrete, or steel. Wooden piles are made from trunks of tall trees.

Concrete piles are available in square, octagonal, and round cross-sections. They are

reinforced with rebar and are often prestressed. Steel piles are either pipe piles or some sort

of beam section (like an H-pile). Historically, wood piles were spliced together when the

design length was too large for a single pile; today, splicing is common with steel piles,

though concrete piles can be spliced with difficulty. Driving piles, as opposed to drilling

shafts, is advantageous because the soil displaced by driving the piles compresses the

surrounding soil, causing greater friction against the sides of the piles, thus increasing their

load-bearing capacity.
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3. Pile foundation systems

Foundations relying on driven piles often have groups of piles connected by a pile cap (a

large concrete block into which the heads of the piles are embedded) to distribute loads

which are larger than one pile can bear. Pile caps and isolated piles are typically connected

with grade beams to tie the foundation elements together; lighter structural elements bear on

the grade beams while heavier elements bear directly on the pile cap.

4. Pier and grade beam foundation

In most drilled pier foundations, the piers are connected with grade beams - concrete beams

at grade (also referred to as 'ground' beams) - and the structure is constructed to bear on the

grade beams, sometimes with heavy column loads bearing directly on the piers. In some

residential construction, the piers are extended above the ground level and wood beams

bearing on the piers are used to support the structure. This type of foundation results in a

crawl space underneath the building in which wiring and duct work can be laid during

construction or remodeling.

Topic : Curved Beams

Topic Objective:

At the end of this topic student would be able to:

 Define the term beam theory

 Describe the curved beams

 Highlight the construction of beams and arches

Definition/Overview:
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Beam Theory: Euler-Bernoulli beam theory, or just beam theory, is a simplification of the linear

isotropic theory of elasticity which provides a means of calculating the load-carrying and

deflection characteristics of beams.

Key Points:

1. Arch

An arch is a curved structure capable of spanning a space while supporting significant

weight. The beam theory can also be applied to curved beams allowing the stress to be

determined for shapes including crane hooks and rings. When the dimensions of the cross

section are small compared to the radius of curvature of the longitudonal axis the bending

theory can be relatively accurate. When this is not the case even using the modified

Bernoulli-Euler only provides approximate solutions

2. Symbols

ε = strain

e = eccentricity (r c - r n) (m)

c c = Distance from centroid axis to

inner surface. (m)

c i = Distance from neutral axis to

inner surface. (m)

c o = Distance from neutral axis to

outer surface. (m)

dφ= Surface rotation resulting from

bending stress

σ = stress (N/m2)

E = Young's Modulus = σ /e (N/m2)

y = distance of surface from neutral

surface (m).

r n = Radius of neutral axis (m).

r c = Radius of centroid (m).

r = Radius of axis under consideration

(m).

I = Moment of Inertia (m4 - more

normally cm4)

Z = section modulus = I/y max(m
3 -

more normally cm3)
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3. Theory

The sketch below shows a curved member subject to a bending moment M. The neutral axis

r n and the centroid r c are not the same.

This is the primary difference between a straight beam and a curved beam.

The strain at a radius r =

The strain is clearly 0 when r = at the neutral axis and is maximum when r = the outer radius

of the beam (r = r o )

Using the relationship of stress/strain = E the normal stress is simply.

The location of the neutral axis is obtained from summing the product of the normal stress

and the area elements over the whole area to 0

4. Neutral Axis for a Rectangular Section..

5. Curved Beam in Bending

The stress resulting from an applied bending moment is derived from the fact that the

resisting moment is simple the integral over the whole section of the moment arm from the

neutral axis (y) multiplied by σdA (= dF). Moment equilibrium is achieved if

The curved beam flexure formula is in reasonable agreement for beams with a ratio of curvature

to beam depth of rc/h of > 5 (rectangular section). As the beam curvature/depth radius increases

the difference between the maximum stress calculated by curved beam formula and the normal

beam formula reduces. If the ratio is about 8 then a maximum stress error of only about 5%
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results from using the straight beam formulae. The above equations are valid for pure

bending. In the more normal cases of e.g crane hooks, the bending moment is due to forces

acting on one side of the section under consideration. The bending moment, in this case has to

be taken about the centroidal axis , not the neutral axis and the additional tensile or compressive

stresses have to be considered to obtain the resultant stresses on the section.

Example/Case Study:

Example Hook Calculation

The hook is lifting a load of 25000N.

The stress values plotting against r are shown below:

The tensile stress at the inner surface is calculated at 126.76 N/mm2 and the compressive stress at

the outer surface is calculated at -42,25 N/mm2...This section profile results in a tensile stress

three times greater than the compressive stress. A more efficient section with the stresses

balanced would result from having a wider inner section and a thinner outer section.

In Section 3 of this course you will cover these topics:

Elements Of Theory Of Elasticity

Pressurized Cylinders And Spinning Disks

Torsion
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Topic : Elements Of Theory Of Elasticity

Topic Objective:

At the end of this topic student would be able to:

 Define the term elasticity method

 Describe the elements of theory of elasticity

 Highlight the modeling elasticity

Definition/Overview:

Elasticity Method: Elasticity methods are available for an elastic solid such as beams, columns,

shafts, plates and shells may be modeled.

Key Points:

1. Theory of Elasticity

To establish the element's stiffness or flexibility relation, we can use the elasticity approach

for more complex two- and three-dimensional elements. The solution of elasticity problems

requires the solution of a system of partial differential equations, which require at most the

solution of an ordinary differential equation. The theory of elasticity allows the solution of

structural elements of general geometry under general loading conditions. A material is said

to be elastic if it deforms under stress, but then returns to its original shape when the stress is

removed.

2. Modeling elasticity

The elastic regime is characterized by a linear relationship between stress and strain, denoted

linear elasticity. Good examples are a rubber band and a bouncing ball. This idea was first
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stated by Robert Hooke in 1675 as a Latin anagram whose solution he published in 1678 as

"Ut tensio, sic vis" which means "As the extension, so the force." This linear relationship is

called Hooke's law. The classic model of linear elasticity is the perfect spring. Although the

general proportionality constant between stress and strain in three dimensions is a 4th order

tensor, when considering simple situations of higher symmetry such as a rod in one

dimensional loading, the relationship may often be reduced to applications of Hooke's law.

Because most materials are elastic only under relatively small deformations, several

assumptions are used to linearize the theory. Most importantly, higher order terms are

generally discarded based on the small deformation assumption. In certain special cases, such

as when considering a rubbery material, these assumptions may not be permissible. However,

in general, elasticity refers to the linearized theory of the continuum stresses and strains.

3. Transitions to inelasticity

Above a certain stress known as the elastic limit or the yield strength of an elastic material,

the relationship between stress and strain becomes nonlinear. Beyond this limit, the solid

may deform irreversibly, exhibiting plasticity. A stress-strain curve is one tool for visualizing

this transition. Furthermore, not only solids exhibit elasticity. Some non-Newtonian fluids,

such as viscoelastic fluids, will also exhibit elasticity in certain conditions. In response to a

small, rapidly applied and removed strain, these fluids may deform and then return to their

original shape. Under larger strains, or strains applied for longer periods of time, these fluids

may start to flow, exhibiting viscosity.

Topic : Pressurized Cylinders And Spinning Disks

Topic Objective:

At the end of this topic student would be able to:

 Define the term gas cylinder

 Describe the applications of gas cylinder
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Definition/Overview:

Gas Cylinder: A Gas cylinder or Pressurized cylinder is a vessel used to store gases at high

pressure.

Key Points:

1. Applications

Applications for gas cylinders include:

 Pneumatic reservoirs in transport and industry

 Storage of medical gases

High pressure cylinders that are used multiple times are hydrostatically or ultrasonically

tested and visually examined every few years.

When gases are supplied in gas cylinders, the cylinders have a stop angle valve at the end on

top. High purity gases will sometimes use CGA-DISS ('Diameter Index Safety System')

connections. Gas cylinders are often color coded, but the codes are not standard across

different jurisdictions, and sometimes are not regulated.

If the internal pressure exceeds the mechanical limitations of the cylinder the vessel will fail

mechanically. If the cylinder's contents are liquid but become a gas at ambient conditions,

this is commonly referred to as a Boiling Liquid Expanding Vapor Explosion. The burst discs

are backed with a low-melting-point metal, so that the valve must be exposed to excessive

heat before the burst disc can rupture. In a fire, the pressure in a gas cylinder rises in direct

proportion to its temperature; it is called Ideal Gas Law.
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Topic : Torsion

Topic Objective:

At the end of this topic student would be able to:

 Define the term torsion

 Describe the calculations for torsion

 Highlight the reasons for the calculation of torsion in a construction process

Definition/Overview:

Torsion: In solid mechanics, torsion is the twisting of an object due to an applied torque.

Key Points:

1. Torsion

In solid mechanics, torsion is the twisting of an object due to an applied torque. In circular

sections, the resultant shearing stress is perpendicular to the radius. For solid or hollow shafts

of uniform circular cross-section and constant wall thickness, the torsion relations are:

Where:

 R is the outer radius of the shaft.

 τ is the maximum shear stress at the outer surface.

 Φ is the angle of twist in radians.

 T is the torque (Nm or ftlbf).

 l is the length of the object the torque is being applied to or over.
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 G is the shear modulus or more commonly the modulus of rigidity and is usually given in

gigapascals (GPa), lbf/in2 (psi), or lbf/ft2.

 J is the torsion constant for the section . It is identical to the polar moment of inertia for a round

shaft or concentric tube only. For other shapes J must be determined by other means. For solid

shafts the membrane analogy is useful, and for thin walled tubes of arbitrary shape the shear flow

approximation is fairly good, if the section is not re-entrant. For thick walled tubes of arbitrary

shape there is no simple solution, and FEA may be the best method.

 the product GJ is called the torsional rigidity.

The shear stress at a point within a shaft is:

Where:

 r is the distance from the center of rotation

The highest shear stress is at the point where the radius is maximum, the surface of the shaft.

High stresses at the surface may be compounded by stress concentrations such as rough

spots. Thus, shafts for use in high torsion are polished to a fine surface finish to reduce the

maximum stress in the shaft and increase its service life.

The angle of twist can be found by using:

2. Polar moment of inertia

The polar moment of inertia for a solid shaft is:

Where, r is the radius of the object.

The polar moment of inertia for a pipe is:
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Where, the o and i subscripts stand for the outer and inner radius of the pipe.

For a thin cylinder

J = 2π R3 t

Where, R is the average of the outer and inner radius and t is the wall thickness.

3. Failure mode

The shear stress in the shaft may be resolved into principal stresses via Mohr's circle. If the

shaft is loaded only in torsion then one of the principal stresses will be in tension and the

other in compression. These stresses are oriented at a 45 degree helical angle around the

shaft. If the shaft is made of brittle material then the shaft will fail by a crack initiating at the

surface and propagating through to the core of the shaft fracturing in a 45 degree angle

helical shape. This is often demonstrated by twisting a piece of blackboard chalk between

one's fingers.

In Section 4 of this course you will cover these topics:

Unsymmetric Bending And Shear Center

Plasticity In Structural Members. Collapse Analysis.

Plate Bending

Topic : Unsymmetric Bending And Shear Center

Topic Objective:

At the end of this topic student would be able to:

 Define the term bending

 Describe the symmetrical bending
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 Highlight the shear center

Definition/Overview:

Bending: In engineering mechanics, bending (also known as flexure) characterizes the behavior

of a structural element subjected to an external load applied perpendicular to the axis of the

element. A structural element subjected to bending is known as a beam. A closet rod sagging

under the weight of clothes on clothes hangers is an example of a beam experiencing bending.

Bending produces reactive forces inside a beam as the beam attempts to accommodate the

flexural load; the material at the top of the beam is being compressed while the material at the

bottom is being stretched. There are three notable internal forces caused by lateral loads: shear

parallel to the lateral loading, compression along the top of the beam, and tension along the

bottom of the beam. These last two forces form a couple or moment as they are equal in

magnitude and opposite in direction. This bending moment produces the sagging deformation

characteristic of compression members experiencing bending.

For unsymmetrical sections the equation must be used:

In engineering mechanics, bending characterizes the behavior of a structural element subjected to

an external load applied perpendicular to the axis of the element.

Key Points:

1. Bending
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Bending produces reactive forces inside a beam as the beam attempts to accommodate the

flexural load the material at the top of the beam is being compressed while the material at the

bottom is being stretched.

2. Simple or symmetrical bending

Beam bending is analyzed with the Euler-Bernoulli beam equation. The classic formula for

determining the bending stress in a member is:

Simplified for a beam of rectangular cross-section to:

 σ is the bending stress

 M - the moment at the neutral axis

 y - the perpendicular distance to the neutral axis

 Ix - the area moment of inertia about the neutral axis x

 b - the width of the section being analyzed

 h - the depth of the section being analyzed

This equation is valid only when the stress at the extreme fiber (i.e. the portion of the beam

furthest from the neutral axis) is below the yield stress of the material it is constructed from.

At higher loadings the stress distribution becomes non-linear, and ductile materials will

eventually enter a plastic hinge state where the magnitude of the stress is equal to the yield

stress everywhere in the beam, with a discontinuity at the neutral axis where the stress

changes from tensile to compressive. This plastic hinge state is typically used as a limit state

in the design of steel structures.
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3. Complex or asymmetrical bending

The equation above is, also, only valid if the cross-section is symmetrical. For asymetrical

sections, the full form of the equation must be used (presented below):

4. Complex bending of homogeneous beams

The complex bending stress equation for elastic, homogeneous beams is given as where Mx

and My are the bending moments about the x and y centroid axes, respectively. Ix and Iy are

the second moments of area (also known as moments of inertia) about the x and y axes,

respectively, and Ixy is the product of inertia. Using this equation it would be possible to

calculate the bending stress at any point on the beam cross section regardless of moment

orientation or cross-sectional shape. Note that Mx, My, Ix, Iy, and Ixy are all unique for a

given section along the length of the beam. In other words, they will not change from one

point to another on the cross section. However, the x and y variables shown in the equation

correspond to the coordinates of a point on the cross section at which the stress is to be

determined.

Shearing in continuum mechanics refers to the occurrence of a shear strain, which is a

deformation of a material substance in which parallel internal surfaces slide past one another.

It is induced by a shear stress in the material. Shear strain is distinguished from volumetric

strain, the change in a material's volume in response to stress. Often, the verb shearing refers

more specifically to a mechanical process that causes a plastic shear strain in a material,

rather than causing a merely elastic one. A plastic shear strain is a continuous (non-

fracturing) deformation that is irreversible, such that the material does not recover its original

shape. It occurs when the material is yielding. The process of shearing a material may induce

a volumetric strain along with the shear strain. In soil mechanics, the volumetric strain
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associated with shearing is known as Reynolds' dilation if it increases the volume, or

compaction if it decreases the volume.

The shear center is an imaginary point on a section, where a shear force can be applied

without inducing any torsion. Also, if the section is twisted, it rotates around this imaginary

point. For this reason, it is also known as the center of twist. In general, the shear center is

not the centroid. For cross-sectional areas having one axis of symmetry, the shear center is

located on the axis of symmetry. For those having two axes of symmetry, the shear center

lies on the centroid of the cross-section. In some materials such as metals, plastics, or

granular materials like sand or soils, the shearing motion rapidly localizes into a narrow

band, known as a shear band. In that case, all the sliding occurs within the band while the

blocks of material on either side of the band simply slide past one another without internal

deformation. A special case of shear localization occurs in brittle materials when they

fracture along a narrow band. Then, all subsequent shearing occurs within the fracture. Plate

tectonics, where the plates of the Earth's crust slide along fracture zones, is an example of

this. Shearing in soil mechanics is measured with a triaxial shear test or a direct shear test.

Topic : Plasticity In Structural Members. Collapse Analysis.

Topic Objective:

At the end of this topic student would be able to:

 Define the term plasticity

 Describe the perfect plasticity

 Highlight the mathematical description of plasticity

Definition/Overview:

Plasticity: In physics and materials science, plasticity is a property of a material to undergo a

non-reversible change of shape in response to an applied force.
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Key Points:

1. Perfect Plasticity

Perfect plasticity is a property of materials to undergo large shear deformation without any

increase of stress. For many ductile metals, tensile loading applied to a sample will cause it to

behave in an elastic manner. Each increment of load is accompanied by a proportional

increment in extension, and when the load is removed, the piece returns exactly to its original

size. However, once the load exceeds some threshold (the yield strength), the extension

increases more rapidly than in the elastic region, and when the load is removed, some amount

of the extension remains. A generic graph displaying this behavior is below. It must be noted

however that elastic deformation is an approximation and its quality depends on the

considered time frame and loading speed. If the deformation behavior includes elastic

deformation as indicated in the graph below it is also often referred to elastic-plastic or

elasto-plastic deformation.

Plasticity is a description of a material behavior to undergo irreversible deformation without

fracture or damage. This is found in most metals, and in general is a good description for a

large class of materials. Perfect plasticity is a property of materials to undergo irreversible

deformation without any increase in stresses or loads. Plastic materials with hardening

necessitate increasingly higher stresses to result in further plastic deformation. Generally

plastic deformation is also dependent on the deformation speed, i.e. usually higher stresses

have to be applied to increase the rate of deformation and such materials are said to deform

visco-plastically. Microscopically at the crystal level, plasticity in metals is usually a

consequence of dislocations. In most crystalline materials such defects are a rare exception

on the rule presented by unit cell of the crystal. However, there are also materials where

defects are very numerous and are part of the very crystal structure, in such cases plastic

crystallinity can result.
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2. Mathematical descriptions of plasticity

2.1. Deformation theory

There are several mathematical descriptions of Plasticity. One is deformation theory

(see e.g. Hooke's law) where the stress tensor (of order d in d dimensions) is a

function of the strain tensor. Although this description is accurate when a small part

of matter is subjected to increasing loading (such as strain loading), this theory cannot

account for irreversibility.

The image above represents a shear stress component with respect to a shear strain

component, under increasing strain loading. Ductile materials can sustain large plastic

deformations without fracture. However, even ductile metals will fracture when the

strain becomes large enough - this is as a result of work-hardening of the material,

which causes it to become brittle. Heat treatment such as annealing can restore the

ductility of a worked piece, so that shaping can continue.

2.2. Flow plasticity theory

In 1934, Egon Orowan, Michael Polanyi and Geoffrey Ingram Taylor, roughly

simultaneously, realized that the plastic deformation of ductile materials could be

explained in terms of the theory of dislocations. The more correct mathematical

theory of plasticity, flow plasticity theory, uses a set of non-linear, non-integrable

equations to describe the set of changes on strain and stress with respect to a previous

state and a small increase of deformation.

3. Yield criteria
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If the stress exceeds a critical value, as was mentioned above, the material will undergo

plastic, or irreversible, deformation. This critical stress can be tensile or compressive. The

Tresca and the von Mises criteria are commonly used to determine whether a material has

yielded. However, these criteria have proved inadequate for a large range of materials and

several other yield criteria are in widespread use.

4. Tresca criterion

This criterion is based on the notion that when a material fails, it does so in shear, which is a

relatively good assumption when considering metals. Given the principal stress state, we can

use Mohrs circle to solve for the maximum shear stresses our material will experience and

conclude that the material will fail if:

Where σ1 is the maximum normal stress, σ3 is the minimum normal stress, and σ0 is the

stress under which the material fails in uniaxial loading. A yield surface may be constructed,

which provides a visual representation of this concept. Inside of the yield surface,

deformation is elastic. Outside of the surface, deformation is plastic.

5. Von Mises criterion

This criterion is based on the Tresca criterion but takes into account the assumption that

hydrostatic stresses do not contribute to material failure. Von Mises solves for an effective

stress under uniaxial loading, subtracting out hydrostatic stresses, and claims that all effective

stresses greater than that which causes material failure in uniaxial loading will result in

plastic deformation.
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Again, a visual representation of the yield surface may be constructed using the above

equation, which takes the shape of an ellipse. Inside the surface, materials undergo elastic

deformation. Outside of the surface they undergo plastic deformation.

Topic : Plate Bending

Topic Objective:

At the end of this topic student would be able to:

 Define the term bending stiffness

 Describe the plate bending

 Highlight the calculations for bending stiffness

Definition/Overview:

Bending Stiffness: The bending stiffness EI of a beam or a plate relates the applied bending

moment to the resulting deflection of the beam

Key Points:

1. Bending Stiffness

The bending stiffness EI of a beam (or a plate) relates the applied bending moment to the

resulting deflection of the beam. It is the product of the elastic modulus E of the beam
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material and the area moment of inertia I of the beam cross-section. According to elementary

beam theory, the relationship between the applied bending moment M and the resulting

curvature κ of the beam is

Where, w is the deflection of the beam and x the spatial coordinate. In the literature

sometimes the above definition is given with a minus sign depending on convention.

2. Columns

Columns are elements that carry only axial force - either tension or compression - or both

axial force and bending (which is technically called a beam-column but practically, just a

column). The design of a column must check the axial capacity of the element, and the

buckling capacity. The buckling capacity is the capacity of the element to withstand the

propensity to buckle. Its capacity depends upon its geometry, material, and the effective

length of the column, which depends upon the restraint conditions at the top and bottom of

the column. The effective length is K * l where l is the real length of the column. The

capacity of a column to carry axial load depends on the degree of bending it is subjected to,

and vice versa. This is represented on an interaction chart and is a complex non-linear

relationship.

3. Beams

A beam may be:

 cantilevered (supported at one end only with a fixed connection)

 simply supported (supported vertically at each end; horizontally on only one to withstand

friction, and able to rotate at the supports)

 continuous (supported by three or more supports)
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 a combination of the above (ex. supported at one end and in the middle)

Beams are elements which carry pure bending only. Bending causes one section of a beam

(divided along its length) to go into compression and the other section into tension. The

compression section must be designed to resist buckling and crushing, while the tension

section must be able to adequately resist the tension.

4. Struts and ties

A truss is a structure comprising two types of structural element, ie struts and ties. A strut is a

relatively lightweight column and a tie is a slender element designed to withstand tension

forces. In a pin-jointed truss (where all joints are essentially hinges), the individual elements

of a truss theoretically carry only axial load. From experiments it can be shown that even

trusses with rigid joints will behave as though the joints are pinned. Trusses are usually

utilised to span large distances, where it would be uneconomical and unattractive to use solid

beams.

5. Plates

Plates carry bending in two directions. A concrete flat slab is an example of a plate. Plates

are understood by using continuum mechanics, but due to the complexity involved they are

most often designed using a codified empirical approach, or computer analysis. They can

also be designed with yield line theory, where an assumed collapse mechanism is analysed to

give an upper bound on the collapse load. This is rarely used in practice.

6. Shells

Shells derive their strength from their form, and carry forces in compression in two

directions. A dome is an example of a shell. They can be designed by making a hanging-

chain model, which will act as a catenary in pure tension, and inverting the form to achieve

pure compression.
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7. Arches

Arches carry forces in compression in one direction only, which is why it is appropriate to

build arches out of masonry. They are designed by ensuring that the line of thrust of the force

remains within the depth of the arch.

8. Catenaries

Catenaries derive their strength from their form, and carry transverse forces in pure tension

by deflecting (just as a tightrope will sag when someone walks on it). They are almost always

cable or fabric structures. A fabric structure acts as a catenary in two directions.

In Section 5 of this course you will cover these topics:
Shells Of Revolution With Axisymmetric Loads
Buckling And Instability

Topic : Shells Of Revolution With Axisymmetric Loads

Topic Objective:

At the end of this topic student would be able to:

 Define the term shell integration

 Describe the calculations for shell integration

Definition/Overview:

Shell Integration: Shell integration is a means of calculating the volume of a solid of revolution,

when integrating along an axis perpendicular to the axis of revolution.
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Key Points:

1. Shell Integration

The idea is that a "representative rectangle" (used in the most basic forms of integration such

as ∫ x dx) can be rotated about the axis of revolution; thus generating a hollow cylinder. Shell

integration (the shell method in integral calculus) is a means of calculating the volume of a

solid of revolution, when integrating along an axis perpendicular to the axis of revolution. It

makes use of the so-called "representative cylinder". Intuitively speaking, part of the graph of

a function is rotated around an axis, and is modelled by an infinite number of hollow pipes,

all infinitely thin. The idea is that a "representative rectangle" (used in the most basic forms

of integration such as ∫ x dx) can be rotated about the axis of revolution; thus generating a

hollow cylinder. Integration, as an accumulative process, can then calculate the integrated

volume of a "family" of shells (a shell being the outer edge of a hollow cylinder) as volume

is the antiderivative of area, if one can calculate the lateral surface area of a shell, one can

then calculate its volume.

The necessary equation, for calculating such a volume, V, is slightly different depending on

which axis is serving as the axis of revolution. These equations note that the lateral surface

area of a shell equals: 2 pi (π) multiplied by the cylinder's average radius, p(y), multiplied by

the length of the cylinder, h(y). One can calculate the volume of a representative shell by: 2π

* p(y) * h(y) * dy, where dy is the thickness of the shell that being some number approaching

zero. Shell integration can be considered a special case of evaluating a double integral in

polar coordinates.
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2. Calculation

Mathematically, this method is represented by:

if the rotation is around the x-axis (horizontal axis of revolution), or

if the rotation is around the y-axis (vertical axis of revolution).

So here the function p(x) is the distance from the axis and h(x) is the length of the shell,

generally the function being rotated. The values for a and b are the limits of integration, the

starting and stopping points of the rotated shape (note the limits are units of the Axis of

Revolution).

Topic : Buckling And Instability

Topic Objective:

At the end of this topic student would be able to:
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 Define the term buckling

 Describe the buckling in columns

 Highlight the calculations for buckling in columns

Definition/Overview:

Buckling: In engineering, buckling is a failure mode characterized by a sudden failure of a

structural member subjected to high compressive stresses.

Key Points:

1. Buckling

Mathematical analysis of buckling makes use of an axial load eccentricity that introduces a

moment, which does not form part of the primary forces to which the member is subjected. A

free-standing, vertical column of circular cross-section, with density ρ, Young's modulus E,

and radius r, will buckle under its own weight if its height exceeds a certain critical height:

Buckling is also a failure mode in pavement materials, primarily with concrete, since asphalt

is more flexible. Buckling will generally occur slightly before the theoretical buckling

strength of a structure, due to plasticity of the material. When the compressive load is near

buckling, the structure will bow significantly and approach yield. If the load on the column is

applied suddenly and then released, the column can sustain a load much higher than its static
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buckling load. Maximum buckling occurs near the impact end at a wavelength much shorter

than the length of the rod, at a stress many times the buckling stress if the rod were a

statically-loaded column. The critical condition for buckling amplitude to remain less than

about 25 times the effective rod straightness imperfection at the buckle wavelength is:

σL = ρc2h

2. Buckling in columns

The ratio of the effective length of a column to the least radius of gyration of its cross section

is called the slenderness ratio (sometimes expressed with the Greek letter lambda, λ). This

ratio affords a means of classifying columns. All the following are approximate values used

for convenience.

 A short steel column is one whose slenderness ratio does not exceed 50; an intermediate length

steel column has a slenderness ratio ranging from 50 to 200, while a long steel column may be

assumed to have a slenderness ratio greater than 200.

 A short concrete column is one having a ratio of unsupported length to least dimension of the

cross section not greater than 10. If the ratio is greater than 10, it is a long column (sometimes

referred to as a slender column).

 Timber columns may be classified as short columns if the ratio of the length to least dimension

of the cross section is equal to or less than 10. The dividing line between intermediate and long

timber columns cannot be readily evaluated. One way of defining the lower limit of long timber

columns would be to set it as the smallest value of the ratio of length to least cross sectional area

that would just exceed a certain constant K of the material. Since K depends on the modulus of

elasticity and the allowable compressive stress parallel to the grain, it can be seen that this

arbitrary limit would vary with the species of the timber. The value of K is given in most

structural handbooks.
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If the load on a column is applied through the center of gravity of its cross section, it is called

an axial load. A load at any other point in the cross section is known as an eccentric load. A

short column under the action of an axial load will fail by direct compression before it

buckles, but a long column loaded in the same manner will fail by buckling (bending), the

buckling effect being so large that the effect of the direct load may be neglected. The

intermediate-length column will fail by a combination of direct compressive stress and

bending.

In 1757, mathematician Leonhard Euler derived a formula that gives the maximum axial load

that a long, slender, ideal column can carry without buckling. An ideal column is one that is

perfectly straight, homogeneous, and free from initial stress. The maximum load, sometimes

called the critical load, causes the column to be in a state of unstable equilibrium; that is, any

increase in the load, or the introduction of the slightest lateral force, will cause the column to

fail by buckling. The formula derived by Euler for columns with no consideration for lateral

forces is given below. However, if lateral forces are taken into consideration the value of

critical load remains approximately same.

Where,

F = maximum or critical force (vertical load on column),

E = modulus of elasticity,

I = area moment of inertia,

l = unsupported length of column,
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K = column effective length factor, whose value depends on the conditions of end support of

the column, as follows.

For both ends pinned (hinged, free to rotate), K = 1.0.

For both ends fixed, K = 0.50.

For one end fixed and the other end pinned, K = 1.0/√2.0.

For one end fixed and the other end free to move laterally, K = 2.0.

Examination of this formula reveals the following interesting facts with regard to the load-

bearing ability of columns.

 Elasticity and not compressive strength of the materials of the column determines the critical

load.

 The critical load is directly proportional to the second moment of area of the cross section.

 The boundary conditions have a considerable effect on the critical load of slender columns. The

boundary conditions determine the mode of bending and the distance between inflection points

on the deflected column. The closer together the inflection points are, the higher the resulting

capacity of the column.

The strength of a column may therefore be increased by distributing the material so as to

increase the moment of inertia. This can be done without increasing the weight of the column

by distributing the material as far from the principal axes of the cross section as possible,

while keeping the material thick enough to prevent local buckling. This bears out the well-

known fact that a tubular section is much more efficient than a solid section for column

service. Another bit of information that may be gleaned from this equation is the effect of

length on critical load. For a given size column, doubling the unsupported length quarters the

allowable load. The restraint offered by the end connections of a column also affects the
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critical load. If the connections are perfectly rigid, the critical load will be four times that for

a similar column where there is no resistance to rotation (hinged at the ends).

Since the moment of inertia of a surface is its area multiplied by the square of a length called

the radius of gyration, the above formula may be rearranged as follows. Using the Euler

formula for hinged ends, and substituting Ar2 for I, the following formula results.

where F / A is the allowable stress of the column, and l / r is the slenderness ratio.

Since structural columns are commonly of intermediate length, and it is impossible to obtain

an ideal column, the Euler formula on its own has little practical application for ordinary

design. Issues that cause deviation from the pure Euler strut behaviour include imperfections

in geometry in combination with plasticty/non-linear stress strain behaviour of the column's

material. Consequently, a number of empirical column formulae have been developed to

agree with test data, all of which embody the slenderness ratio. For design, appropriate safety

factors are introduced into these formulae.
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